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can affect concentration of glucose in the absorbing region are often not
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.

VRHATNCA R 1 R

*159159* *G00002*



~of the IIght

-

accurately known. Measurenents of bl ood glucose |levels can therefore be
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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
;;resent 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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which the transit time is measured increases. A speed of sound in blood determined from a

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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different "scan" positions in the body pegion. Since different organs
and/or features in the body region mﬁllsusually be di stingui shed by
different | evels of concentration of a substance, a concentration map of

t he substance, provided in accordance with an enbodi nent of the present
invention, will, in general, imge the organs and/or features. As a result
sonme enbodi nents of the present invention are used to 20 i mage organs and
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usi ng the determ ned absorption coefficient to determ ne concentration of
the conponent in the region. 7 WO 02/ 1577G PCT/ 1 L01/007. 10 Optionally
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i n speed. of . soun t ed
of shuondsabhARIEE e Seblie bR Ao e piokeAl SR Ackhid Bnbi8 B RehaBRE S
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f ' rst pofdiLdfinkd ah®Gilyele dsed HE fithite dACataBas 8F%he components in the bolus.

Different particular 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 eleciromagnetic 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



using the difference in the transit tinmes to determne a change in the
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determ ned speeds of sgund. |In, sonme enpodi nents of the present invention,
the regi®hditlrent lenalt AE qonsentralion ofa subBERse; 8 CORSTRERR 0o omecw stance,
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sound conprises: transmtting ultrasound S |nC|den e reg on
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t r ansmi JsPbeholesten! of oxidized ALt momymoltm@ regigh ofa psrsen'srbodyyimages of phique num

df t h t f It d th f
the 111 <oafit eoRaRpRIER Heneuo hORERRRe Bt o same: using a0

di fference befygens therefdre Srovaed, SRC @m)raaﬁ@auwm | S elBodiglent BfNMhet pRs&RaNgE
in the speed of sound in the region. 9
25  invention, A method for assaying a component of a localized region of interest in a body

Py

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 ulirasound; 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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t he i nt esohguizss 4 ciangaahspeed af pdundah iteyregibnt | nes t hat the pul se travel s back
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I n sone enbodi nents of the present invention, at |east one pul se of

radi ati on conprises a mcrowave pul se. In sone enbodi nents of the present
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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.



25 |l east one light pulse conprises a pulse of visible light. In sonme
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in a 15 dyngntiey £eisRie il theTRIqReRFRITCItARAIR tBht thdverses Bi8eBdion.nvention, the
conponent i's LDL chol esterol or oxidized LDL cholesterol. In sone

fenbodi ment s oPptionsllpmeeswiing Mrethengmin freqenesaeemprises: Hansuniing ameiasquad
o nebthod" B AR ot ASHRGT ARESY fetoRLuRBg BF g e f R BRERRE oy 0"

by |i ghttheGegioypllinainadng khd r¢gionatitththeta Rastamiediphivpilee Pl % Wirasctadwaybt at
a pul se repetition frequency taq rat e phot oacoustic waves _ in the region;

het er odyAPFRSCRHE hsciveioniase ieein Aot deasLoRGHaSS Dilse Renh PEGo Bt eubwmsialiico
beam havj; g, an i BAUSARK £A8bs uhrRbidd Bloldh ik tSoR SRR s Frequency

shift in the frequency of a first portion of 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
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

10



frequency by an offset frequency; and detecting acoustic waves at the

of fset frequency. Optionally, heterodyning conprises focusing the acoustic
ref erencewb@ansi’n t he region 25 so that acoustic energy i RCThEOW®ZIOON from
the reference beamis sufficient to cause the region to respond

non- | i negfth YnrbRelfRUSEiof; ?)tc%érigél!n'ﬁninéﬁingﬁnt%%&r@ labhb:68a b REpulde l'foﬂ éé&hggng

exanpl es of enbodi nenTs o present invention are described bel ow'
wi t h refteckerand fodh ftrayersek thaoughcthedregione tip intraducing 4 pylse &f, ulirafonnd dutio the

Gener al 1EP BFLT R orr b Ao BRRen by RIG cHARP RS ton tlfafts ng,
appear . BhdiRdaty HAverRbs GRMRMANR Apdatiab UndSc;SMMIVG) dBtetdiRidd eH Efan@E Gn

-chosen for conveni ence and clari t{gof presentation and are not necessarily
showd t ;bseratien oerdhé pashlengthawsing the detgrmised amouwts of wiodrdienrray.

PCT/1LO1/007-40 Figs., A1 .C h tically.sh | t i
‘person's blo S&fn:ﬁ’g%g 0‘@‘?6%‘883?%33&‘;%%1? %évce\éﬂéq,?tﬁ’e \%éf{?léésjd:g%i%ﬁ?{ff glgl%?'y I "ir']“ogg in
a regi ono@itiohdE tiRASTN. @pﬁ&ﬁﬂy%tehhlrﬁﬁ%@ﬁfch@dh fok: thdregiof FoRipridést thadshiifing

absorbed by glucose, in accordance with an enbodi mnent of the present
i nvent i gitraseum o thedody, schematical |y show a gl uconeter neasuring bl ood

gl ucose by sensin t r,asg Is . ' e With an
rbodi ment of MoRESsHsaRREAn S bl bh Sl WP REROhERRE
gl ugoetegioiaAs tehiiGingl Madica dfals chabye oLtk ing delangssundisyeddised By af leagund

in blood, in accordance with an enbodi nent of the 10 present inventian;
Fi gs. 4 ®erdtgoredhirysdipepoupled te thsmadyrandwehenein doe metiod MpEiseTmsssusiBssi ng

Doppl i ' [ G | ; bl ood i
L e L R P R e S T e
accordance Whhsdiie esmitdifigng off the hgregphe Sevdntiony @b tlen; ongnpuldd Jfi gdiatioA- 5B

schematically show a gl uconeter neasuring bl ood glucose by sensing Doppl er
shifts i99miSesHa SRICEOWRGaB!ser & some eatpodmeniypf Bicorgsanhimvention, #) lged ons

bei h q ._ . : . . e
i t 13 an TP gl OB AE s Bl bt 80F o BBPTCEA cfibUiG bF BRSPS
show a ghueamniove] e abkastyons puiadf radiagion gompriteastpeisel ofilights 20 per son' s body,

i n accordance _wt n. enbod,i nt of the present i nyenti gqn. DETAI ILED .
DESCRI PTI ON d&leg\/gcﬁrtpgwg\%de , in accordance fith an embodiment of the present %nventlon,

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 light having a wavelength at which light is

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 illuminating 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-1 C schematically show a gl uconeter 20 neasuring a person's bl ood
gl ucose by sensi ng phot oacousti c waves generated in blood in a part 24 of
t he persomb:bsmdy, in accordance with an enbodi nent of theCcpnes@ot4o

i nvention. G uconeter 20 conprises at |east 25 one ultrasound transducer

absor bed e B kG bEA B Tort i e B B Y BHER PRt th BB’ '

ul t r asowoficéntratistlot e cangondie il thghégiemur ce. At | east one ultrasound

transducer 26 _is acoustical]y coupled to region_ 24 and iis used to profile

acoustic i npdaptiallyniar ¢aneihod in accordanerdwith ap egbodiment 9f the present 1uVeRHRN.

| ocat e | 1 I i | i apd
ot hods B ma e fud it ing lobRPe dd FRAIGyERLA0 chARK AR

t r an$ducaracddsticsrefegentet braing diet imkthod dndpoised Hluatindtémsthe aegob iwithd atvless ene 22

in body part..24 using pethods kn in the art. For exapple, |ocation of
*bl ood v@é%eéﬂlé:\z 3 %émp@barr%ﬁtmg\é@/ aeih%fgfqnﬁgwaze & & BHIsp trepeiitian B4 ound
reflect RO AN i) ; I q,lﬁﬁe@d by
vel oci t)?g%éfa oo%ﬂi c%Aatnﬁe ogo%% dé%ssee,ﬁjggédsrhﬁgg%ﬁg% ngfogg%p%ﬁgﬁsﬁ 061% t he
vel oci t \light ptilse thirtrddétsrngiae abheehtrationubf thesompbnemcindbe region. tOyetiddatipdthe

vessel . { | pcati.on of bl ood yvessel c be, formed, by sensi X

refl ect ihgl?% pyFse Jram gg@@ﬁgeals} 8hY Rett ilg&% P’?ﬂlr%% ”&ng‘é“%%etb? TSR ﬁégg%}?agﬁd
varijgd ubhr@seuigdytransducers, configurations of transducers and ul trasound
i magi ng nethods suitable for use in practicing the present invention and

| ocati ng bl odd scmss elnodinaerith @finthe npresent anventian, Isemitg phetoacmssdugaves 28 may
conprise a,.single transducer or lurality of transqucetrs. At |.east one
Cr ansdudartised ot 1E R Eischon drRaticRr cinp tor SR BRAY RS Sihsten SR RER
as a polddnp?idey ﬁl%aéﬁ{ﬁﬁg RSN Hrdptatisd 41 188 QBASlindeRFed e R 1401 e BnsBud@i Nt
sensor that senses ulfrasound waves in a relatively large solid angle. At

| east ormdthebadjucer 26 may conprise a shaped transducer that generates a
col lLi.mat ed beam of ulirasound d senses ultrasound in a | atj vely.smal |
sol 119 angl e. T opie SOOI o e e B (o6 Methat deifies Aglpripning &

ul t r asoypehtioh M SEUEBIoR. O ﬁénaﬁ?'ﬂe@mﬁﬁtﬁ% 5 Wchish Rt tEOREI0R doRipridls frehsAfaEat e

and steer a 15 beam of ultrasound. At Teast one transducer 26 nmay conprise
a pi ezoalllzseopnd inte thedwdyer or ot her transducer known in the art, such as an

"optical" ult d transducer .th nyeris. pul ses. of icC energy. into
acoustic ener(g@%%&}”i é%f U "%a% J)?ﬁ?gg? &gﬁﬁ}?uiceﬁogl YRRV clg%g’élgat}"ﬁ rﬁ%logrt?i cle
ent i t| edvithih @@rohcertaibBt €Clekthan s Hhvddnglis &Sthe Miltr&66ndvd & leas OhcRiiRes&E ONd
Acoustics", b 20 Natsuda, 11th | CPPP, Japan 2000, the discl osure of

o)
whi @R | @pmﬁw%alﬁunins@épﬁétw for ther iegion. cogirives fosatin therregionto prifyn @8 and
detect Y LELARRYHE 104 ST 3 BAveRAgdY BT BleGRRAGARE 1P Rfst! BB Wion. Optionally,

determining a location for the region comprises locating the region to within an uncertainty of

o)

-

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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In sonme enbodi nents of the present invention sanme transducers are used to
both generate and sense ul trasound waves. I n sone enbodi nents of the
present iweeptimwe at | east 25 one transducer that is usedpCoiLoiA0sM t
ultrasound is not used to sense ultrasound. In Figs |A- 1C and figures
that follow, THefe ia e éﬁ‘@ﬁ&ed)ﬁn RERERALSWitAAN ediboldBAGIt 0P B prbdehBfRehtibn,
transducer 26 is assune of exanple, to both transmt and sense
ultr aso@rme@aﬁdl o on@sm@olmwllfe@u@sw aglaftr eqreptisings | 4skayingd camprventidcdbeed

pul se of: Yl t n cpnt.r t

ul trasoufr'lv Te% g%sdgg%?h flrg f’ %églr?s&ﬁgtbog& aﬁcoré%gotﬁga %’%{h%ga}'fll cﬁg%“ %q&%a%f

ul t r asogafbodhnGs olfmm@pxle@day 11ﬂwhhoﬁ,4andvﬁis1ﬂﬁylﬂg bresliefimpasufeindnts pfuraRensed
by arc line, se%mants 32. Sone of the energy in at |east one ultrasound

puI sé 32s§ B companent s 2afunglien pk @&at#%p%wegsglens ia provigder anpieags| of dhe

one ul ¢ ARER O b niinod GRS at EAIRE IR e PRy B aoR Bl 02!
pul se 3&oimposansed dnythet imegstofotbe tegionasaquhddt byars diffeent2inagity afodality.

generates sigpals rest%ona ve thereto that the ultrasound transducer
transmi tQ@ptiogallyntheo|dpiderenip mmeging, s1qdakity3 copmaises sfasoyad r gregingd 18 some s,
usi ng od
vossql  SERHABONink BrisBR Blimich R 1ok, Aol BERAS Bl BB BRBaRE"
36 a0 atsehspadt ueei: tdlacpdreviesth ghe ARapa providadnfromendsayihg \thd ecinpyngndraatii e to
pul se 32 or ref| ected pul se 38. Reflected pulse 38 may then be identified
as origi PPAgCat | east one bl ood vessel 22 by sensing a Doppler shift
|ntherefle t t r t | us
40. The Iocathl gsﬁmg]&% I@?‘Odi%&t‘/%sdge %éggn%yﬂg% et ereﬁ1€dn dsfafg% g@?ﬁeh?g%@g
bet ween emtiodireerds ofithe preserfitenyentiorshefiving thody cumithiman/esiy32 are transnmitted

and a tinme at, which | er hlfted ultraso d aul se 38 arriyves .at
ul trasound t rArSHYcEP ‘fgl%e 5 ozﬁcfg? Present ipgentiog, the fralee s aplagys depesibmy pom

ref hect ifig ceftssseﬂeﬁlgxoﬁlreognlﬁa&aéﬁ&téfe%%h &% ﬁ?veﬁeroﬂﬂ%tesc&ﬁ o}teni §@gippne
bl ood vessel 22 as a result of the wal avi ng acoustic | ance

di f f er emholestornl ton exalizadstDE chojssttroicln swine ¢rabaodimaniis adding presert leventibh,sthe | t
shoul d t}e not.ed that energy fromat |east one ultrasound pul se 32 is not
only 15 PURCdEREYYy at | east one bl ood vessel 22 and features thereof. In
general, energiérd {sG0HALr ProEAEd, 3R BeddrddRs %ﬁ%@é&%ﬁ@nﬂ of th&ple8&t 8ve¥ion
tissue |nterfaces and regions in body part 24 in which the acoustic

i npedanae miethosh &rgdetectingp phivtgaconstics wraves rgbrm‘aucré ninsa aﬁglpheoii)aelmiyt by light

a0 eSS oabeis GEveRt WARRANEbr R BERAFH rihe YennsFO8 sepBfoy o
npl e

D)

tra du&&P‘P‘z"é“%g B‘é’ﬂ&a‘f"@ St‘%ﬁ‘?ﬁ N
acoust i Gehefagdshdteacaitictwis es REeR @boﬁohﬁﬂ&odﬁimg he S prtdh@dﬁsti@&ﬁéveE4

In sonme enbodi nents of the present i nvention acoustic energy reflections
are usedvith ag aeqush peicreaet Bedne hpying arrequsneyf thabishifieg Hemdhe pulgs wepstision

transdu ties of
body paﬁeé’qﬁ %‘? gt bgl Q}&?‘Sﬁpﬁ%@ueﬁﬁ r%yﬁ %? fé[:t?rf?ag:tgé?t%gvﬁ%%? Fans % Z%Eetgﬁ%&?cg; t he body
part are her edptidnalty, Hevéledyﬂmg écﬁnlﬁ‘ises fownsiag e aohitly eferdice bEas il thyasgien. 25
In sonme enbodi ments of the present invention, ultrasound gener ated by at
Lea®d orf@ that acoustic energy in the region from the reference beam is sufficient to cause the reglon

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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transducer 26 has a frequency greater than SMHz. I n sone enbodi nents of the
present invention the frequency is substantially equal to or greater than

| OVHz. Somo@d2msmopagates in body tissue at a velocity of alpowhaLdi/oobwm per

m crosecond and has a useful penetration depth for detection of features in
tissue, whi chbs 1lal1¢ . j J

i ncr eases. F(r)Fr1 g%%Auﬁ%%ﬁgﬂﬁ %ﬁ%%&c?@@tgﬁ%ﬁé %ﬁéﬁ%@%@g%%%?%b%f

ul t r asosemking phomesiistiy winest geemthdc én bleodalo st r€gidid afnthenpersonis éfadly by

penetrat.j,on. dept h_ of ahout .35. For this frequency,. gl uc ter .2Q. can

ot or i rilristion g o Seion vathoiet Ascipesbty Sucditnaetiatoeivilan camo

whi ch t held GBsAESEnid@nsm ts ul trasound pul ses with an accuracy of about
16 WD 02/ 1577G PCT/ 1 LO1/ (1117~0 0.1 5nm (i. e. about a wavel ength). In
someSenbodi ndiigs 28¥-2CHsshematically showemn glusometer anpastiringebllood tglerose iy ssnsisgs 32
are col |l imated, so.that the ve a cross-sectional di ter, 0 bout | .5mm
& uconetiiFRaEd FenetRps HoY ORAE: T SESTTE bilfamy SuRingts 8 e
suf fici gp¢entign] ocate bl ood vessel s havi ng di nensions typical of dinensions

of bl ood vessel s |ocated, b{ 5 \/\gﬁ of exanple, in a person's wist, forearm
or groin. |n Higy.3ABnda8Beschematicalyt shome abgloeametes sadas@ingn hlpode ghicosschy ed,

cont o1 G Gt B el ReSBHAE oA BB} o bt

bl 0qd vep&eht iddentid®; | | ght pul se 42 enters body part 24, tissue in body part
24 scatters the light and the collimted |ight spreads out laterally. 10
Therefore as Higgh sshemdically pheasr aitglucomeatere mepsiringbblopd pglueosp4by tsensing

ot o) oGBS A HEOBIAB SRS B B bel POl BP0k p YRl Bl O
i1 um najegdd biytillivginatieh oy 6:hs absrbdicty glheselitacebrdaficd with ial @mbodirhéniaf ed

| i ght cannot ,ﬁqﬂ({:]eneral |y, be used to illumnate substantially only a
rel ati vahgprspaat invegieniddel y defined region of tissue in body part 24. As a

resylt, phot L . ] J R 0.

I ocg ions i nﬁﬁgﬁﬁgﬁtg@ﬁﬁ%ﬁaﬁ gasggwgaggﬁ{ces?% %%leé‘é]g?rlc% %égoéf%%%é%ﬁn%mﬁ%l t he
| i ght pubsppleraifgdanenipdseniehodves tanshitted Wavasgh blood ahilei thé) Blodd S bein ihahted
renoved fromthe | ocation of the blood bolus. In Fig. 1B, lines 44

schemat iWalllnnationawith dight, absephadobe shusase, de preadancs ovith ap jsmbodimpeiiofdhe at

| east o ' S 2 perpendicular to the direction of travel of the
light p eséghgiﬁgerg#xégnl ng of lines 44 inside body part 24 indicate | ateral
spreadi ng of Eigs. Z\-bBashematizally ghdw pudlseomder dsbayii ahdlirhaging tlesledtérel in a
whereas |ight soqurce 28 is shown, hy way of exanple, |ocated at a side of
Ul 't s o RFERORS BRCYH I 8rcosiange A as&&q{ori%%ﬁef theiPGFenisBYsen28 are possibl e
and can be advant ageoﬂETA'IﬂEmS@iﬁQ?ﬁ WBFEMFGBI t invention, for
exanpl e, ultrasound transducer 26 is formed wth a hole and |ight source 28
i s positionedigs A4 soligmdticglly show s ghicameteh 20 mpasorting & pémson’s biowsinglsmison of

i ght pylses thrqugh a hole in ultrasound transduc 2 rovides relatively
unt for mEnFRER ARGV APHERRGH Bpod A Brh 24roh e ergn s ! i

t r ansduGlcgdrdante DRl aR @itbodindn® ofheC Prebdif® iivetstl USRIComEler 00 TofnPaisel fiSlestt t he
body part. Furthernore whereas |ight source 28 is shown as a Single |ight

s our?ég, qlniegﬂhtrass)and ﬁanmcw%ﬁ, edight isglierca ]:2@ Ithat rovigesolightiag htw?@mngﬂlsatt\hbiph
i ight _at t it t er ninji ng 3
oncent rgt? g BB Bl BN aft's, AGURE ig MRl et S G5B Spsouma

waves, Whineducef &nd BB lighedoueed. by sets of concentric circles, that are
generated in body part 24 as a result of illumnation by light 42. An

i nner nost  cortlelglstjore gltraspend trangducer 26 fis awystisallyicoupled &0 esgioncPrand iscused y
represe ogcat. l.an: . I 097~ Qrd, dj

~ phot oacaharp e Ak Reafledbdoc alOudlbtiy S oL HASPIL Batfefil 2l Bhad
schafat i feathtey in épr egoatuspipotltrasnond tinaging teehnighed amd methode kasved ishe art. In
_absorption,of energy fromlight pulse 42 at |ocatjons_ outsjde of blood
vessel A pal igastene @Eﬁs‘g@dﬁmﬁ‘f}w&’é%i‘ Af 8seG focidsutifyy %Wniq"#esfﬁllf"ift PPfies
schemat i t ' ' LG | 5
30, Ut /S0 b TR REtedy Byfhd (RAEHERLE Mk IRt 2 T hdlhlh 008,

t ransmi tidosd vassdl 22 rces po peifurmedyrdsteoting 2 Dopplepshifirin Blirasdundaefestadfrom the t h
an enbodi ment of the present invention controller 30 determ nes a |ocation
for the origin of each of photoacoustic waves 48 and 50 using results of
acoustic calibration neasurenents perfdfnmed previously and noted in 10 the
di scussion of Fig. 1A Controller 30 then conpares the |ocations to the

| ocation of bolus 40, which was determ ned previously, as indicated in Fig.
1A. Methods for determning the |ocations of origins of photoacoustic waves
are described in PCT Publication WO 98/14118 and US Patent 5,713, 356, the

- o o o Y e .
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Approach To Photoacoustic Signal CGeneration",
t he di sclwewras76f which are incorporated herei
represents the anplitude of photoacoustic wave

expr essiyglhd Massd @Qﬁéeﬁ%@bé{ oibé'lo&? ﬁiaﬁl b%odage

where Ais a constant OpOI’ 1 on

V1' O 02/ 1a771 PCT/ILOL/007.10 C. G A. Hoelen et al.,
Acoust .

"A New Theoreti cal
Soc. Am 106 2 (1999)

n by refer egraLovdo7o
50 then, adopting the

sselpaﬁm%ﬂeip “a_')egh ﬁélﬁl%}”ab’

er at UI’ expansi on

coef fi citkntelbaity df thedlood it baraﬁddedlltﬂisomilmdldanmbﬂ-thehﬁoabmséh Or,HeeHtion of

capamty Ioo lo and. i a e res ect vely t
of at ?O‘gﬁ%gs? |°&Hg’em9¥'f§€n Yéf’qs ETRECCIOBY P
in at |%§§el

length that |ight pulse 42 travels in the body

b

one light pulse 42 in tissue of body part 24 and d is a path

and pulse Length

&#ﬂ{?g&g@gﬂ%&@ﬁp fitag blopght

part to reach bl ood bol us

40. &b is thé\hamrouqatandnvmwf ltcaisewnid drfandzluoerd, |cunﬁ>g1er$on¢0 pf wt'ans&uaess and

function 10 of Iucose

one |i gfiftrasgrad

whi ch I%q@dawegéel@&e%odvﬁ%mew light pulse 42
| ength d. The attenuation factor may be esti mat

¢

on in the .hl ogd

RS ShiAis bR st pricising

for | ea
& Piehe eI PO 9HERS: by
is attenuated along the path
ed fromd, which is known

from the | ocali bastobnd|iosdiser 26 1Ry acminmmicpes i singie attdnydm:)m a/ablumbtﬁ of a.

I n sone of the sent.invention, t

is deteﬂ%f‘mf?fg"& %S]Fﬁﬁiic?l} Hgti UgH %4

t he 109URkiBANS & a Foidt YRRcARAME géterd
and a finite elenent analysis of t

he neasured

Ho CTRRRGn G TP

tihg QiieasBind Yava HRIr parRirMs a8 ﬁ%ﬂ%ﬁ%ﬁ”t S
photaacoustlc si gnal .

he efficient a

uger, g

R H AL e

wavel endghai setses piftasound wavasdmstrelstiecly laype sqlid anglet Atilsast hoe trensdoicertg maywe

li gh bsor b f.f b f
funct i oRoBBRSE BrataRec HebiBRFo ol 2olaRBL R, {ofimERE s, 6E WiBBomty e sEnhe
wavel engithaselind ingh elbtivedy sinen%bh@ Rfgle] AP leadOonirSfidfcer 3N edinpﬁ%rwmsed

concentration of glucose in the blood of bol us

40. A neasure of the

anpl i t uggrap obpltpgrennskisansducers thatean hpcosaiallediby aonsrallsd 3040 gsnerge ead steer a

det erm ne concentration of

ther f or
§ b of the present invention,

orree

o4 Rk

gl ucose in bl ood bol us 40.
controller 30 adjusts

arml itude P usilegt bestthisguedr Zﬁh@a}a@dmﬁsb@;ﬁéﬂobkétﬁ&:'tﬁbﬁsd@@ﬁb‘f&ﬁ&nﬁ&sﬁﬁber

renove biases in P |ntroduce'('j by acoustic
25 24 akBowBUBIthhartosuchtas @asqph@aﬂe wlirasaue

Contl‘0||ﬁér§§q%sor did&n ks%g?alﬁl&agrglgﬁt?o

A ucose |on p a nu

gropertles of tissue in _body part
apsdpeertthat ¢pnvere pulses pf optical

el

fergg%%\‘/?/g@e %%I{t%s Eglh%;[alfadcan
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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 a reflected at least one ultrasound pulse 38.
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pat h | eABYRPHOUOPHRORY sqctign of ghicose frdiaht af teowevslensth ef dightineaitleati v dizht 64.

It hg t ' ] [ e

) wrE 2 e e il il B Fghibbein o BROBIGHRS A WIS RRENT A
a per ceamptituderP iofi ptiptodddus}i¢ Mhven geridisted il dtoodf bl BOGaK Jthérkfdre be used to
situatigns for 10 which varjations in x),.acte not snal| over the path

| engt h, deleymine CoROMEraHSR P icass %WP‘?T%S He d15013F cgBRABDGE of Sepretephes
or det etry usg t J3qUBS | r t he
der i vat 1o hpn, St 37 SOHEHE AP F ulie Mol bR ne deoudf NEfbvafin o
by usi ngueasuteibets ¢n candet views it Rantyeduded byraensstic properties of tidssue ipbody pars of
beag]s 68

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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15 that are located in a neighborhood of location x at tine t0. In
particular d[~TT(x}]/dx and thereby ~C(x) can be eval uated for |ocations of
X i nsidevweobys740. For exanple, assune that a mninum 72 per/amplopt4ade of
beam 68 is located at time t0O at a position xlI, wuch borders bolus 40 on a
si de of chbiesterdlusbdraii ang varians thircard idteinErabsorbdight ot ¢n meer ehvelemgthsiof [ighti n

conparison_to transit tune TTO is changed by, an apgpunt D 20 OTT(xl} _ ~[ NCO
(x)/ CO (& ydushglugose absoghpiisht it a rgull e P‘?ﬁ?&@%ﬁ%ﬁﬁnﬁ%&s a fynegion got qaly|

B R

eI n transi or nmaxi mm
transit cobffiRichisPthesotherubsoibingdubltaneed jin the§106Dbo 1./ THerdfseCiixadcdidanceTwith
[aTT(x2) -OrT(xl)]/(x2-xI) ~ d[dTT(xb)]/dx = x2 ~C(xb)1C2, where xb is a
| ocaPi orfni esbefimpe 0 theoprepent;igventiope e resay dhp neren 'sabload @lucoss. @yspipjions

for bl ood bol . ; . O
i i st R ke fy AEbAE D o bR TH B e Rels ARk iy Moo o
an anouninplituds fphadeeidRdwbyesbir us Bﬁﬁalitqu diffFent prdveiendfhs tdteliyial Tee

~C(xb) can be used to determne the absorption coefficient in blood for the
wavel engoncesfratipnyiof glicese incthst paspan'y plped isuthse defermined frpm epalysiy of the

PCT/ 1L 2 . L sound in bolus 40
causedogdépeg?l%négfgg%ggﬁée%lfﬁ?e@ g%gﬁ%gh@%%&gﬁ%gg%g%ne | ight pulse 42 is
genagpal |y apmlﬁpfblﬁiﬁt@ lcyitepiaofoptiid Clite Hiffefert MAdv@Rnghs tof it aked o idBteiiie

bol us caused by the absorbed ener&y. For. water, for exanple, in a ]

t enper atalitcose s¢egeettyaion cand dhe owsthode and tephriques dieandpalyzing Hbe sihsemtion
sound i 4 esidl [ i ' at |4 ul se
32 mmy LR 3ot Bttt s AL IS N BEath S AR R0, 18 2

B[ ( 1/ Hp)(lifRi1esS ak) H848,00MreCaroPandUS. Pateat 4975681 s Rpbinkorosiedli thy difclestret he
expressigon for DC.it is seen that ~C is proportional to the ahsorption

coef f i ciddnvhichpre jipcasposaigdhgrein; By refpiencg, desershe wisthods pft dtermimingoelucnset hat
t he {gbs ' : [,CJ far i ] M. Tn
acods daneabiiict Broh bEBloricf’ rafrih it S7 il BT ARTmEHATIN R

det er m rie@S7c84ndessribes speadinidg noose icontmiration!Gn tissue ofrarh amgassiréments afisi t
times, for a plurality of wavelengths of |ight. G ucqmeter 60Q uses the

det er mi r?@aoreﬁ%aéﬁghtdnﬁhf‘en@ﬁ%ea o Watenait D et AS AIcRRS aboerpcrens: 1.55

coeffi C!xﬁl@}onfsg)i.%%ﬁr&{s A8 AR GRAUNR %@oﬂfé.s §§it4b'l@]i§ﬂ%§ﬁ1%%%§@ch 3s lasers,

coefficients to determ ne concentrati on glucose 1n"th
enbodi ndades dixides (ADD5amt Bgleremittingehodss(LEDs) forprond dingHiphé eswavel eqgtiecused

sou in bolus 40 are adjusted responsive to ustic calibration .
readl e resaalopTe a iR a o aab, rane e, & fbotresest doveiiinay e
concent rahilahle. Ho? rS&tABdsCHOAAyIRN ERicede, I Bcddf RS E8 With MEBYdiMBNts QR tth®pleSdnt 30
controls at | east one transducer 62 to continuously transmt nodul ated beam

68 t hr ougventiehusnchsanmethodt dispigsadtbelpwp ovifh teferenasytodfigl f.gint whigh sestimmus

1 gt pufGutRoR o % PP gl 1o, FEGRCER 1€ bl Bl T gl 8"

pr esent ﬂssd/ﬁﬁtﬂr@gﬁdin%| pneter 60 determ nes bl ood glucose by sensing
Doppl er frequency shifts in ultrasonic waves transmtted through bl ood
whi 128 t he bl dadsame ewhedimentsspl, thexpesed inventioghphefbacuplicl wayes Bgewsted ins

Referri i 1.9 . d 10
nssay biodP Bl b Ly 1ot ol e £ AER B 4RI Bnd e JARI TR
gl ucose wavesvddppl referatvef dcouitie waes)9ni dct@dandet with Ginembedifentobf ¢lie Bfdsent

controls transducer 62 to transmt a nodul ated beam 68 of ultrasound
t hr ough BY&98] us. However, whereas when operating in a "transit tine"

node, at a tiyE; . i i 1 | : se
. , at 18 R b BimiRY dbteb it BB Y #3 vt &n ! dnfHieH
42 that is reﬁﬁu\%ﬁly%ort Q ! qQ oftind %n cish
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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30 with respect to a transit time of sound through a region illum nated by
the light pulse, when operating in a "Doppler shift" node, gluconeter 60

i |l umi natwe daakus 40 with a light pulse 42 that is rel atiwemyLbomogson t h
respect to the transit tine. As a result, fromtine t0, bolus 40 and a
regi on SyhicRWhdldedsdd & BRoa RIS (B NGEEMe Frbltedr a4t AL kofereREY habuolS aveSare
portions of began 68 28 WO 02/ 15771 PCT/1L01/007~0 transit the bolus and
i 11 um natuéliciendly intenser$rethabindhe presense of theagfesense apaistip sanesthe btaaddolys el us
40 and the reqgion of .illum nated, surrounding.tigsue _to,change continuously
duri ng the P! mopriinert FpPhieo it SarispEanitdul ' AR ol ABEPECHE MR ey e
havi ng agdneReHdEABlobd BENE 4D Byh[ightQPulses 4204ren faRctidi 86t Snly E tBdABEhsa) apauUNd
-i s changi ng, undergoes a Doppler shift "~f' in frequency, which may be

wri t en BgquerqyORf thiexlight (nndxer udieye 2 ifanction alsepekthsi intensity and frequanaysof; the

path | ength of the . sound thr h_t he rediswo 1:Sy th ocat | of _0x
P Cne PR 2Rty HA%est iR Pt ader B Gt biholsTodHE AhOGRE By e,
assuned rfefspdnckheavepotpled tisotufeteidtdwhtess MRl fhe gihiotracalstic Gesfhad bf Ave bldobe
path Iength Ox, 10 Therefore, as portions of beam 68 pass through bolus 40
and ti sshedug te lightpHstsgoor hood of bolus 40 illuninated by light pul se 42,
the portions a quene ' |t .

Doppl er shi ftllﬁ;bgﬁ{ ogl?aﬁblrfﬁ egﬁﬂagé off‘)glgrﬁbu %g?é%%i@d@@ﬁé@%@&% t‘fgé}et"g&%? Ccﬁ' at
ti mel(t O gt gulseatd@catebload Biokisat(c arexstailgnthe rcdoplih of the2reférsn@i wavesbandDheX ( x)
=f J[dC(x)/dt] [ 1 /C(x)_ 2 de . Froman analysis simlar to that used in
the di s%@é‘?aﬁﬁus&‘? resppnss ¢fdhe plogd hatus §vill genegpisdo eteredyaed photasponstimssaal|-n

transit 4 | : Al=1.L%) e

{57 G00 ARl BhclfacR B il b BEbHIBERD Yaual g the beat

di f f er engequestyneihe Bppiel seebhd fieqientiet will bertidnemsttedf frivaahe GhodeiluaThe

| ocated in a neighborhgod of x at tine t0. Since dC/dt is a functiagn of the
rate of RIBEYFSamBltude of ke geteradyped pignal ismarorional \ipithe, powes | ther refsrency
functd o r ot Lon: =Y f ' I nment
of "OF coin, HIE oBP BY'AbyBRARCIalel Wil e piolfi bBBliniaD o HfbacBuliR Sl AT

| ocat i ongeneralyd tyaplootl whasngid egspbmmivebtnl illvmdfhtima iyniglit pmisead 2: e geeterndypeded

of sound, DC, a functi on of energy. absorbed by the bolus is given by the
oxpr e5e, SR bedaisEioe by APRORELecH R R AL STt ot s omE BRGTHAE | 1
t he bol %u&ggﬁcﬁﬁ%@gw&pﬁi&qlﬁqﬁewdt can be 25 determ ned by

differentiating the expression for DCwith respect to i so that dCdt =
B[ (I / Hp) (| oe-Eb atvpntars estimaté Bligt 17 Cbiohdd amuati) abjnx, thathfoceseX dbsut hmWatth

I th h bol 4 d.C i I f th d of d i
ST SRR BT 0B SRS HE B R BRI pRE

coef fi cigBbd afdngam Reusiet@e MHYEShchiN rekporksh BCHR! fBRGRehddisi HRAROATHEENt
of the present invention, gluconmeter 60 nmeasures 30 O and detenlines the

absor pt | exupbingfof twioeamoustic sigghls inrthe diumangloodat toageneratelai hetewotlyned, sigazlgishs
discussed in a book entitled "Physical Ultrasonics" by Robert T. Beyer and Stephen V.

—t

Letcher, Academic Press 1969, the disclosure of which is incorporated herein by reference.

25  Calculations in the book indicate possible gain factors.
1t 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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and determ nes the concentration of glucose in blood bolus 40 using the
determ ned 29 WO 02/1S771 PCT/1L01/007~0 absorption coefficients. In sone
enbodi menyg (8fisihe present invention, determ ned val ues fecrat.o@oesad] ust ed
responsive to acoustic calibration nmeasurenents and the adjusted

Measur engat- 48k Qiffs el et fehRhdy RE AbS of Bl tBite Me%%ﬂ\sem%gﬂm% et J;the
present 1 nvention, a gluconeter 1n accordance with a enbodi nent of the
present the \ﬁ@quarmmsm desighlimesesly detacted gnd identificd wsing appropriatesfilitdringrepda

pul se of .ul trasound t ses th ugh the region nore than once after the
regi on h%%nag%‘}‘fe'fsmgfﬁ%ﬂﬂ‘gea L??tse of light that is absorbed by

gl ucose. The RLPELES fﬁﬁh&@@&ﬁﬁizb&%dt)ﬁ hétérﬁéﬁrﬁﬁ%ﬂdtebﬁbd:teﬂ&nq% AN corlandd
-whi ch a gluconmeter 80, simlar to gluconeter i's shown assaying gl ucose

in a¥egwih agCemppodimentuef the premblynvwamn gan beegsedntowtﬁ:rmm@@abeatmmeof/\é@n

bone 10 tlSSU? %10 uglransducer g and t(? éEa li_/%,y er ar ned yb

t ransni tYHG AP E°£§? RE4ST EQeHHEch I 3P PALEs ‘Pr’f‘afte ??%ﬁ?e%’é%“ &37H%90 a
pluralitye efcubdd®Sa réREvE§SMAll focAPYolBRRCAtT 4 Gnb®nIb&Ridn] Pho®aéRO Qigadls | S
a function of glucose in interstitial fluid and other tissues in the

regi on. gemengiedninqibe body thaitase ahagedteraaed it d fsgrancy paueloieea beat fraquarayombisince
w th enbodi nent s he prese el ventdion, in sonme enbodi nents of the
presen?t}i‘aﬁvé)ﬁltg}n F%"(a h%?rﬁfeé?%ﬁt%?&a’@ﬁygg&% with gluconeter 80 that are
usedict 0 det erFipfe QD acREENAVALE BhéwR iglRBMmettr 20T Qirhigf!te GlucRSReR D0V thehfuring
acoustic calibration measurenments. In Fig. SA controller 30 controls

t r ans duckoncemratign of ghisase ina parsaistblondkby,sansiag adtraspund reflgationsdramiths blpedue
regi on 9 f d edance between tissue
regi on 9’8 ogﬁ%}&ﬁgmgh a%%ﬁ@@%@ﬁt*%@%a@?@éﬂaﬁbdﬁo and transducer 26 andl or

ai r boundi ng ROFigepApis BOFigul A esmiolier wbsmc%actcmsﬁenﬁﬁidadéma@fﬂrmhﬁﬁatback
and forth between bone 94 and transducer 26. at | east one

ul t r asoulgest pue ylirasgundapelsg 4 igto thody Pag %afeklo%@ afb@msrpftié@%é% in ghlegstener 26
and 1%0“%15{@ %k%ﬁl% a§d %‘;/)Ebﬂall ﬁe}fohﬁaa%us%%ag@}ahgﬁ e TN §t§. EBntrsite er 30
schermti ca er si tlssue regi on on twceto preven

clutter. ﬁseé\shd intenkity of at least dneaﬁﬂrason@d phise 33 and doﬂaép@ﬁdﬁg rbﬂ&ﬁﬁi ﬁmagcgmdand
is attenuated_ as a result of absorption mé)ﬁf;ssue 25 in region 90 and

partial PUfsedd il duicpipeesi brtwpems dadls b Rbdipad; ¥esse! 2n andgblend deelemdOiane
94 and tiggHend i 9 pur%g%ﬂrgge&msfg%@ t%g%&é oftHe b1odY Y&SAWAIR ah blood

r eboundi ng ul trasoun ransducer generates a train of signals
havi ng abqles4®bd substantially equal to a round-trip tine of ultrasound

| sg 96 bet bane 94 and 26 d i gnal i tud
Contilol Ter - 30 as R rponcp ot b oL et A8 1A TsRalelophBolas 4F A tor o
gi ven plidpgt|dreYpubde 42 of rl@d’f\ ﬂaﬁﬁg RSwaeltHgth A8HD Gbrpékkéﬁnz? %McBEeOHQ ithe 1 b§1§§'e

region 90. Assum ng that the diStance between transducer 26 and bone is

D, then Birgy absort[ﬂd(fromflabmt@nc élghtwﬂsepfb?ebb’ b100é Goohm 4|0ranﬁ|bé<sqﬁevqss¢1rvmjlsc4ﬂ 90.

acur acye P SRR dheite spUECaB et coS) 1t Foiuecars BE) BP0 720wl e,

In sone ﬂfﬂé@ﬁhdéedﬁaﬁg@f rebHIE i aesRfbe iof R atdistic tdﬁ@lggl%ﬂe@tﬁﬁbel & thedhrkfaces
anplitude is used to provide an estimte of an absorption coefficient for

ul t r%’?'sOLhﬂﬂWPW bolys 4@ anédﬂmd gessel| wally 41. B awaatorf] energynabsorhed dhys boiug 40
| t
S oo B RS i 00, M B B8R, B ekl o

TT (n) fl§b1u81400i|smjﬁinbt1@§ oﬁfco@denfrﬂ&ﬁs ainghugust 38d ofther| subgaien dn e bRotlhgugh
tissue region, 90. Energy absorbed from|light pul se 42 causes a change DC in

t he speetbseib %ﬁ@?WWP@%&FBOfﬁ“P&jPBﬁh@@P&ﬁG@T (n) = nD/ (C+~C) . In sone
rTb d t " " t
S OT Ty ST B P At tne KRG BlkED NABlanEt ofBofE ) I BRenlrudd OIS T

sones(e mbadhge i @flectindel) EARY, @ag Bfteh by @pprogimaanby AR 2K (BAT)Z ¢h Sigrexpesssidn
change in 10 the absorption coefficient for ultrasound that is caused by

“ener gy afgséBchqualcgmtmtgﬁprqmrts@ahw angrdl u@ésmpﬁ@u@héﬁ@eencn betwessn polug 40
i1 : 90,
i 1 asoui poRUEREE s el AR M uh bttt ol B e e gl 2

interf aCR§sunﬁn ﬂi&?th%‘{eﬁg&aﬁir@&iﬂﬁre%@e 'A'Ttlg rgEﬁéiﬁ:e@ﬁﬂ)s ytﬁ'o§§é!?an Qnﬂ% erature
ul trasound transducer 26 interface. |In accordance with enbo |nents of the

present invention, ultrasound 1 S pul ses can be bounced back and forth

bet ween other types interfaces at whi c2acoustic inpedance changes to
nmeasure characteristics of nmaterial between the interfaces. For exanple, in
accordance with an enbodi nent of the present invention, ultrasound pul ses
are bounced back and forth betureen two ultrasound transducers on opposite
S|des of a tlssue reglon to deternlne a change |n sound veI00|ty and/ or

o o Y Y o ~ N o I - b Y M




WO 02/ 1577G PCT/1L01/ (107~0 back to the transducer froma far wall of the
bl ood vessel. The first pulse does not travel through blood in the bl ood

vessel towvbnaneilisback and forth to the transducer. The sepgmdLpuwoss® on t he
other hand, in travelling back and forth to the transducer travels through

bl 0od i Rrhfa ooy %?%%%1 %Vv@ﬁttfh R%%tﬂ;@éﬁg@&%ﬁ%]a%ﬂ&e 83y %l coh@atitYrCe

the di ameter of the vessel . h an enbodi ment of the

present propoetidnadity. hithe dkprarticds fof AR)e Bl the densdiysefl blosd Belusrd2i ARidthe rafier
ul trasound neasurenents of the | ocation and size of the blood vessel. The

speed ofsyBbalidavethsisawe definitions defined abevetor thegxprassignfer Riet er mi ned fromthe
back d fort J i f. cfi .
bt rasound pofaseBiaide bdio Lppdieht SR SUY Bk inbdfian = (nalBt 3 SEARRC

fromsi | ledeighaéfipené ARNGF H1b&DEbIS4@RkENIRE deh theatiBa'Ssyl AtNéhsi haTagHt paRe 4bor th

transit times fromnear and far walls of the blood vessel before and after
-i | 1 um nas measurethley reifigatieg wltrasovad sypvesifrom brdusd) eftardherbolusiis iHuminasedimnther i s
used, as,i,n other. odi ts of. t resent i.nventjo t sa | 9od
o ucose 2t 1IFsE SR lishb Bt CBeness iprAR BB et A Fac .t §IREBRR, BF deien
determ S ab L@ o i i eFn 1l

%e%#lg%]g At & e?éngfsh an gxb%(gﬁﬁb&‘? ot %ﬁ,n*ih’ bistlaefdp g%ﬁgataﬂle

"resonant” ency for ultrasoun transmtted to region for which
ul t r asownvelengtheds aeldtdrmimadb droen IHe himsasarddh eharggemimi reflestaicea Thex idetemined

Resagnant . frequenci es. are defined b t chi ng candit.ion, bet ween the
wavé engbHPTBROT RSt iR ROCEH iBilEY #éﬁs%%flnr%@% AbsREption Eoctffignts _
di stancgg %ﬁfeﬁnﬁro%fi G6des2 B AHtARDER M vab s rﬁ?éz bprggéss&f(qu%&enﬁiﬁé ! l?n‘e\t 1on
and °r m ni ma and nmaxi
f

maxi ma and m ni ma espectively transm ssion
occur f @onceniration ofgloeosaimgtte WBomf ul t rasound on bone 90 at frequencies "f'

for which the ultrasound in tissue region 90 has a wavelength ~, = ¢ f_=
4Dcos6/ n. | n psemexgredimsntstofr thy presgnt mvephin, contralierodl adissts ipduesi aft&Rer

[ eSPeCt lgfleY rdkffls [0 1hECAIoRRi TR ke Bnts O BB BIRLLSRTRY Vafyek
seen that Values for the resonan requenci es are dependent upon the speed
of déundnttbduced ibysaveustig prupeftits ¢fStidste dn dodg gaete2hidn cnpkng offi a1EBist @het he
present invention, gluconeter 80 determ nes a resonant fre?uency for sound
transmi traeeivcet 86 e dhe hods partdCenteailer |30 usen thecadipsted valjes of Wik o dpighmine
absor be .- Energy absorbed fromthe Light causes a change in the
speed o%hg%ﬁgéﬂﬁgaggﬁgbn 90 and results in a shift in the resonant
frequency. TiReg BQsdtcttitically sHowshdomeier 208 atdnethenBustieshetdy SEbahRieN? a
magni tude for the change in the speed of sound, which 30 nagnitude is used

to det eiiieraces f hlpodhotusstd ansdripadyesmel valls 4l teéter thetholusrs beafediby ishlepgiginen
90. Hht 'L%h{ gugg.%c.) gﬁqﬁgh% (‘M?Jﬁroﬁéxs?@ %HQ&IQEAWI asP fong mgtr&roﬁﬁf ManddWCENSE 98
have beerm descri bed for assaying glucose, nethods and apparatus, In
accor danmasmit tahleastomdiviteasbandpulbdr46 tirae Eantid@R on BRSO, Fodrp§ from at least one

PCT/IL(IY (1 (17~(1 inv i , J bl h
At R N LR S g S R A
wher eas dihi5.0RE Bask ﬂﬁﬁﬁab&gﬁ WinsBudeEhB 8 Qﬁ@asbenﬂ)eﬁeﬁ @ﬁofg@e%féd Hifagahgh

ul trasounda I's passed throu a tissue region a plfurality times, 1I's used
t o assaywd#yeg| Transimceém?26 lgendrates signals respopsive do ceftechsl ukmsbund pidtee ATy which

o hano. el ire drpSRINea P dcR et clo, CPEofle P Peritet IS8 Heialy & agFarRo gh,

hi gh. Ugsasieenste 14188 fREnfefA6E WrbbRE 40 Bh@ bRRAS etdct w4 fs @Pdsihg ReMRd! Y
bounced back and Torth between bone-soft tissue interfaces to defermne the

speed ofkngwnrit thhartdeenilice 3@ isemppres dhe daserntines wihlectanceniortbe refleetapon et than
th be ." I Yoot | ect tic. radiati h. tical, d
t requondg St Hop . lihafof By {2 TRAF Bhe TighfRURE 1o HERE"s Hmeitn ° ' ©

change irefldcemcspeed of sound and/ or acoustic absorption coefficient
resulting fromenergy_ absorbed fromthe exciting radiation is then

“nmeaslred. Th&refeebli ddfraspurdpulse A6 icEwsautiedfofowingn delay dtmna fimeat whish
Ny . _ . ity
Dot har HOMSCAt s o BRD 6y U ksl thel BRI RRE RNy g S MY e

wi t h enadsmizsios tiode dfwltrpsamdpnlserdéegtiotaatousty wdaves gemgatad b ap lepr it gt et
of wavel engths for light used to il huninate 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 microns is absorbed by chol esterol and |ight
at these wavel engths can be used in th83practice of the present invention
20 to determ ne chol esterol concentrations in regions of a person's body.
Met hods 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
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"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 nent of the present

i nventi owoAsssaye i mager 100 conprises a visual display 10BctArmifoomo 6A,
controller 30 controls at |east one transducer 26 to 30 |ocate a region 36

of at | gaﬁ-g £9%abb %ggsmsas S 2 sureh tﬁhtg &ﬁa&ﬁaﬁy w %mgl&ﬁ 5 &k rasound

illum nates region W th t at vvav engt hs sw or assayl ng
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i nvent i dtoadbalysis beimedisripd by lightthatos sbsarbrd by blpeds. 35 WO 02/1 5771
PCT/ | LOL/ 007. d
"region of i nt%%eé:{s ﬁl %Bnlgltg% %1%8&%@%2?%%&% &glF?St (ﬁ\ﬁ%’gﬁ nS’%§S§f %‘%. 0 %\nzte h

at Beas ﬂ)ohnaOmHs@tmﬁnaﬂya,cbeaﬂmnmadwmdmhbramnQh@@@'bllﬁeﬂtk 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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which the radiation is absorbed by the conponent to generate a change in an
acoustic property - of the region; b) transmtting ultrasound so that it is
i nci dent wo othe76 egi on; c) neasuring at | east one effect etThbmmohmnge on
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the at | east, one radiation pul se; and
mvention.

Glucometer 60 is similar to glucometer 20. However, whereas glucometer 20 is shown

with at least one ultrasound transducer 26, which may be a plurality of ultrasound transducers

20  located at different positions on body part 24, glucometer 60 is explicitly shown with at least

one 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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10 detennining a difference between the refl ectance before illum nation and
during illumnation. 6. A nethod according to any of clainms 1-5 wherein an
ef fect ofwbDhe/nstisl east one effect conprises a change in speegL®foosmund in
the region. 1S 7. A nethod according to claim6 wherein neasuri ng t he
change iowB8HR e irt. m&gddmm&eﬁfng thdrRf Stk tdf%ﬁr‘ﬁgmﬁi %ﬁl@ésct %.lef €M a
first transducer towards a second transducer so that t ul t oun wave
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-is illum nated; determning a second transit time fromt first to e

secofid tultzaseund grnssiticer &k do regnrSemodiinents of thmrqabntrlasmm \ﬂm/mph’uudh of
second portiQn i s second | oca the r t a t me at
b on« P8 R S iSE th . pD LS pRERHS Plemika s SrAnsiads sibolafRe

di ff er era@elbpe T0ehorADThd It JTRiSe Beantlet er m ne a change in the speed of sound
through the region at a location in the region between the first and second

| ocati ons. 30Aig time iewhile bears 3P ds hgng trapsnzitted, gonirelleri39 controlsdight nolrse 28

dwi ched. b f d.
it asodn i TEmBER 1 oAl BONI 2 el RS BER #RknE o P PRE AL iR Fed he
spead ofbysglumie CBORE i49efd tBsbue in\Bb&2 hdde 246ulotindik g lbblud( 407 aBkof 8fstzl Tbm

before illumnation a difference between a transit tine of ultrasound

bet ween light ipulse %dTb,Qa@bmb%@mrgbrph@nms the snsed caft savnfirisnbelne 4Q end the
terf th
|t ! o0l HERBAL o, Ol AR IR OYURELAY RF PR B illesfl

a speed tebuglobslds bet@ataeastbmmau@msﬂ@haﬁgbﬁ region fromthe transit time
difference;, neasuring after illumnnation a difference between a transit

]E i me 01;1 ul t r dssuprsumed aatre auise madthaply gletclliﬂ%ﬁ #2@adisonse fime duringwhickt 2d
ha 1o} r dpditilin L mARE B0 G AN doshe Munharkd by SROHES S 4sIBNNEE"

i nt er f aces shobet @iparsdrg adranpie éthelf sstmdrtﬂrcmkh ®bluis 40U M 18 Fritles? absuin ddtBatrangé On

fromthe transit tine
€ 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. Tt 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 Cp(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 ty will have a transit time TT(x) that differs

from the transit time TTp by an amount

D D D
30 ATT()= [[1/Cy()-1/C(0)1dx = f[(C(x) - Co (KI)/Cy (RICER)dx = JlAC()/C ()C®)Idx . In
X X X

the expressions for ATT(x), Cq(x) is the speed of sound at location x before location x is
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difference; and determ ning the change in the speed of sound fromthe
determ ned speeds of sound before and after illumnation. 15 9. A nethod
accor di ngvd 02/¢d72é m 6 wherein the region i s sandwi ched bet peemLdiwo748cousti c
interfaces at which ultrasound is partially reflected and wherei n neasuring
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bounces bpdight pHee 4%rt h bet ween the interfaces and repeatedly traverses the

ion; b [ .Ih t.hat ' egj
of St ho. i ot or e SerEVe T GF ViRl Ry Ol A TRA e EACRYTRIOKED. o
h | ot Y : . !
rom t naG I EORHRARC el Bitipath GELRY Bt s iRORRL Vil CobRe L0 "
ul t r asovhshgentape trélativelyi emlaf therexptdssion nfat | JATT(X)V/BRtmah beprpprexinmtsdc as

back and fort? between the interfaces and repeatedly traverses the region
-and r epd&(XWg-.sbers 6 1ara everaggdspeyd @ésevnd avergthg RAth Aength dronb et Jeash onhe

det er mi ned ee of . sound. 30 10. A h ccor.di to claim erein

he r ogPaRaBics et AEH o Radfior (e T ol df do P RIBL M B S (Bt 01%

ul tr asoupEnitSdeded tHedrlis 6@&(‘:(8%%1@ n@ﬂﬂxb‘éﬁﬁﬁﬂlanaff&\i‘% vl FRYATERIP L BndPeed

of sound cConprises: 38 WO 02/ 1577G PCT/ 1 LO1/007~(1 transmtting

ul t r asolsads Whiacger¢ent iemrot dee df ADT(x) Ydx ordhe order iodr1 00PACHD)/@}Yan dh istinatidnstfoe

region with the at | e%st one radiation ﬁlul se; determning a first frequency
1H

f or Lini eudly wpas i _0@9 3 &0k FEk oyemt etﬂﬂlbll-‘g’lgﬂ}: Heo(KeeAtoPe P%tuﬁatﬁﬁﬁ%m or
" o AT shydB R sbid'th ticht B B defithel Slrd USERR® SechiibE R 8 1

det er m thegt.a second frequency for which transm ssion of ultrasound through
the region is_a maxi num I ni t he wavel engt h of

d f whi ch
oropagat | on SN PRt daLYAvEHEATEGOYAX a5 thersbY iAGE) A Ipeatt X can be
he r T Sl pf WoRE AUkl bR Mnadl ltslf Hild B fld DIGHCE BEb BE "

he chan
15  that are located in a neighborhood of location x at time tg. 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(x1) = J.[ACO(X)/CO(X)C(X)]dX. Assume that an amplitude maximum 74 at time t( is
X

1
located at position x9 which borders bolus 40 on a side of bolus 40 facing transducer 64. A

change in transit time for maximum 74 in comparison to tramsit time TTq is equal to

ATT(x) = Dj‘[AC 0(x)/C0 (x)C(x)]Jdx . Then [ATT(x2) -ATT(x1)}/(x2-x1) = d[ATT(xp))/dx =
*2
AC(xp)/C2, where x}, 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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the speed of sound in the region. 11. A nethod according to claim6 wherein
the region is sandwi ched between two acoustic interfaces at which

ultrasourRgposiPagtially reflected and wherei n neasuring tperiiebaoge in
speed of sound conprises: transmtting ultrasound which is incident on the

region prior ' L.on: r eql Y t I y AL i on
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di fference between the first and second $equenci es to determi ne the change

in the dpmeatatyre chsnger)idC cHBl(HE)dote 3D obh Wharh &iisaz eefistinh §f propartionstity.
clains 1-11 wherein. an. effect of the, at | east. one effect conprises change
Tt he Frat i SptRioator ACGHia St A% i PBaLioRRdo fia A aRPian Contiokah g0
accordi rg bIo%d%@Ii%Htfiﬁ a8 SIng h%ﬁ??&&éé B9 ad @haf iR %@ort)ﬁoﬁ ESAHE R Yol HERIShe €S-
CT/1L01/007.I0 tr rom a

39 WO 02/ 1577( ansmtting an ultrasound wave
first tranbddetermiheddiodsAd@. second transducer so that the ultrasound wave

traverses the region; illumnating the region with the at |east one |ight
pul 48 while inaccrdanise &ﬁ@&%@@@#@eﬁwg%ﬁea‘w HyEniiozy Ehiomes: ahdPETANERe. at
| east o ' . ] S ol I

transit %ﬁ?ﬂrgggg‘{l sﬁ?%‘fgggﬁ‘%“éﬁ%lﬁ%%gﬂ ﬁ%ﬁ eqgl o%é}n%le?gs% %Phé@)rfglefi é@?ﬁt}; of

f r equenoyavslengths iofi light Gluegmetsr §0 abesatht i determpreed t dhangesfintthe spdetir efsound tovav e,

which first portion is.present, at .a fiyst.]location in the region while the
regi on [SEP{E#h3 @&Pﬂfﬁbfg?fﬁmﬁ%goraeag IR ) PSS apgomption
f r equenyeciddtsSe RRImANY SdrRBntPtioh ™ glucose in the blood. In some embodiments of the

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 fo 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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10 ul trasound wave whi ch second portion is present at a second Location in
the region at a tine at which the first portion is located at the first

| ocati on;wend/isgbng a difference in the first and second fpegguenmy4oshifts
to determine a frequency shift that occurs in the ultrasound at a | ocation

I n the regi : 'ﬂﬁm%‘ | ] :
:B.CCOI’ di r%ﬁ tb %ﬂéﬁgél}g?gg? tzlilms h trf\aitr\ei\%gge?}gecgér}sgge? ga(;l%f f 'P ﬁ%sqg%%f)%dgs&%dr@qe?f ect
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region. 15. A &gt hod ac%gr di Bg to claim 14 wherein the region is sandw ched
bet ween T3St 9bths POTHANS O PR PPaces at which ultrasound is partially

reflected a”%é"ﬁtﬁéc?hﬁbd&”e%cginid%vtehﬁvﬁpaa ulsﬁbf@ﬁ@ﬁiﬁ% [ Ef%ﬁi&?hpﬁhﬁh
a u 0

‘length conprises: a) Introducing a pulse ul'trasound into the reglion

bef oSe ith¢ spdedatfisomdis dhaaging hedergose a idappber shifh tAL dn drequerndy, vhickermay bhe

I nterfaces and repeat egl(y traverses the region; b) sensing an, anount of
ener gy TR M bA SEOGNAGHDRES Bufhe oRmEResion fardkf; A is Be Par Ioseth i ditoBhie. of
the interfaces for. each of .a.plurality of. tinmes.th t\h..e pulse travels
back andVBroeh s peicpns if tEibiop ot ain i Tkiny. 2heoieds B e ppfeine
absor be%f;(l'(ﬁ?)”‘&ttﬂ?&tilaﬂ kSh 6 QdsufdE M AtdspREdiof SJuhd ahd RY QESdtivE 'Bf&?ﬂl@tahf‘@ver

region; d) introducing a pulse of ultrasound into the region after
i |1 um ndhe path demgtthAx. t he pul se 30 bounces back and forth between the

interfaces and repeatedly travepses t regiQqn and _repeating b and.c; and
S) t dét er mi ni ngh‘frﬁ’%gé;@é’mqgsaﬁé é}eﬁ?li gg S r;&f%gjpﬁg Z&gﬁ‘fﬁ: %f;fg(ynﬂ h@eG .
eterm rs Eﬁljirﬁ rey 1 = :
met hod g%éfgg?g?iﬁga?o aor%y g? 1t e p?%cg}ydihﬁg gfﬂasi ns’andﬁlzngﬁ%ng‘%etero %ﬁ}ng a
| ocat i orfrepfuendyeshiftgTher magnitiyde ¢f thetDogplercshift dong poctiar af heabs 6&iveceived by

it ot ndragpe ¥ hiehal Aons Gowts BEAGE EO ARG % Hm bR g o LN bY
wherein transnptting ultrasound incident on the region and measuring an
one ul ¢ AfERm & TR RS OTLRRT EEFRE gm anelvBa S A BFR 1 ciekdan of
conpri ses neasuring acoustic properties of the coupling between the at
Loast e LLamadueet A, (e Dol Ll Ned oCOLS 0 Lopan O e
m cr ovavg ARM1RR; and thereby [1/C(x)2][dC(x)/df)], 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 tg).
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'O‘d)ocb] and Af= fB[(l/CZHp)(Ioe'ad)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 afy 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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20. A nmethod according to airy of the preceding clains wherein the at |east
one pul se of radiation conprises a pulse of RF energy. 20 21. A nethod
accor di ngvoo2/asvge of the preceding clainms wherein the at | egstLame7gul se of
radi ation conprises a pulse of light. 22. A nethod for assaying a conponent
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gener ated responsive ta tBe | i ght. pul se and determ ning |ocations of their
ori gi ns MLAFUWEHERS A yseAP ?GHFB B§’€P t oacousti ¢ waves having an origin
In the regi 0%&815%%%%t9%f% ?%a{tmémoﬁp@fgmcsm%f& ih Qcdrifnde! Witk ahn

-the region; an usi ng the determ ned absorption coefficient to determ ne

concént reathiodimantt df ke prasputniamention dsbeysrghghiose in 4 regioOf Gi3AULSHY fransmitting a

PCT/ 1 L011007~11 23. t hod di.ng t.o clai m22 wherein the.at, | east
i aht piie oEonpound Y spes REGRE (iR dern it it pifece: e rpi e ben
pul se r‘?ﬁﬁﬁlﬁfa{e‘&nwftﬁ“agggul%of AolEhROR AR6MEd yIgthéhse! Bhéhrotel iRl Rhémaeiasiyng

and detertn~n~ng |l ocations for the 5 photoacoustic waves conprises:
f ocussi nfjusiratedcdoRigy. $A ek FBrin aviiienanglusomgter B8gsionlar whilknometer 2Bniseshpenm

has a frequency that is shifted.fromthe,pul etidi.on f uency .0of the
| castSONEE St ok Degich 20 A ISR A PRoBReT P FERRR AR ool PR e, e
causes tfigud KPAMINrARdies RERAd RRstd ri@?éﬂfb’miéd oS iiteng bi 1BeétionePthe VG of

detecting acoustic waves at the offset frequency. 25. met hod according to

any of oiltaisosnd thap traversescisgioni 9 mplurality of timesnbhe #ssay sgiadrspedifie tablaodasnt

one pul se .of .i.ght at. at. | e one. ot her.. L engt h,. repeating b an and
et gt Ee g R Y i B Erfiop ey RE i i ta A, Benct AR BrecreBfi
vavel engifh iRadRéRédts BequifedGARC 61her glucometefs inhRcaammeneith emBolittentL6f BB .
26. A nethod according to claim24 and conprising illum nating the region

with at Hresgst inyeatien Harsomeypmbedimsatst ofathg RIpsenhénvention dnpasueeints apqiyited

wavel.eng | It . [ g '

dot i rekh EERHer 8 HED Bledsb b dind HRESE' oot yg Blfedy3! e o,
trai n tqodesgtiotalbrasicapisigdnicats, of t he conponent in the region. 27. A

met hod according to claim26 wherein the |light pulse train and at, | east one

other |ight poiEe $psmontrpller 39 perteols ansdugerosd tq Bansmit phigest enepyisadéds| y.
25 28. . i - ~ ! ! !

ohot onciTFRURE 6 ELE Boh 05calse 6 @SRnéc i AcHIRE RoBEDLbA con issue
coupl ed regioh 190 dnddyonartel mitebatweert tissuaetdion 90 ang tizasducars and/og ardensding

properties of the coup|i tween the at | east one transducer and_the

body?0 30cgign K, Hftquwdae : 8 iy r?paatgal,v GPecth bhel 3t Bst hepver bay g and

det er m nifgaicbet 96344 Aedit, bfeadtCile Ulrasbdnd 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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WO 02/ 1a776 PCT/1LOL/ U07a0 30. A nethod according to claim29 wherein
determ ning a location for the region conprises transmtting ultrasound
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of the bod accor to claim4 Int eco
gl ucose. 4243nd umﬂu%hhﬁgﬁﬁi Mﬁphbﬂmbﬁﬁﬁeﬂt tdAssak giwedokoh tisue r@gmn?y) i nter naI

features of dy conprisin yi one of the f ures for a
plurality of aTPegxgor?s‘\ i2Ad+ vgtawug@@afsg %gli §h%) rhﬂngcl‘?ﬂq’ﬂee@ E?twea%dwo

di spl ayi S S f S 0 as
@ 5t uncipoRels ilcriple, WP BA PIRRHBRE @L‘%%S%?@%%ﬁ%?t’ﬁ?ﬁt e

f eat ur estrangduceA2Getthnfaceatic accdidaged withl|eaiboddendsolf the ppesest ingertiony timasoumdt he

|maepr0|dedf omassy the onent on anot her |maeof 1 ereJon
QS BPRES oo b1 GPBRed bRt F Ot PPOFon [aher 4TPS FRFHEGE 2 Cubgh rigoRe

cl ai _m 43 Qﬁrf‘dencﬁdﬁ%eéj'tf)fﬁké‘s%}e | RALREstIRABE IhMetANBEES tHe ihRSAEEd For

i magi ng. 45. A methéd according to claim44 and conprising using a same at

| east orexauipls, 4 @ceradancs witha s einbodiment of) ther pregenh ivseiier rultrasonnd phises st h
the i TROSReed lb ?{daxgc{ %Rhagst‘% QW qtrasound transducers on opposite sides of a tissue

region to determine a change in sound velocity and/or absorption coefficient in the tissue

20 region. In some embodiments of the present invention, ultrasound pulses are bounced back
and forth between an ultrasound transducer on 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 transducer 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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conmponent and the ultrasound i mage. 46. A nethod according to any of clains
42-45 wherein the body is a living body. 20 47. A nethod according to claim
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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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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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vessels can be clearly contrasted against tissue having normal blood vessel density. As a
result, tumor tissue in the imaged region can often be clearly contrasted with healthy tissue.

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

34



F(10%& ()-Y10%& ()-F 10%& ()-9z 10%& ()-9#10%& ()-f

109%&' () - SmBS* TTT<UdEbC! NI 9f #109%&' () - 9#109%&' () - YA0%&’' () - 9s#10%&' () - &#10%&' ()
- 89#10%&' WO 0ATUINNVWV XdELC!I NI & 109%&' () - s$%0%& () - 9#10YRPCTARRADOME () -
1098 ()-9 109%& ()-"XVXXX YY' ZdEbC! NI 9/ #10%&' () -9

#1098 (Will, kAR’ fersodis #T ARBA) THE) scbPERE (He- R veritfifis (mitedZatly by [the BAGwing
10L<" 109 () - 97mLO%& () - 996#10%& () -

48109%&' CAMY3( 109K ()-9Y1#109& ()-[[[\\a\\]w nV 9

#10%& () - 9#10%& () - 9#10%& ()-S 10%& ()-3"L10%& ()-L10%& ()- 10

10W ]G] “dEMN 9  #10% 10%& ()-9@ 10%& () - 9#10%& () - % 0%& () - &l
#10%8&' () - YV40%& () - ahabFcccdEMV 9

“#10%9' 10%& () - 9%#10%& () - L$%A0%&' () - 9#10%&' () - 3%4.0%& () - 9#10%& () -cH
ddeqf f . gdEMN 9

#10%96#10%& () - 4&10%& () - 9- #10%& () -f, X0%& () - 9*#10%& () -, )

“10%8& ()-.9999999ggbC9  #109% L1098 ()-"10%08 ()- 10b 10b

10b9<s10%& () - 9LIMLOYD&' () - 97#10%& () -g! h| hh8i i kdEbCO #10%&

#109%08' () -1 Z940%08 () -9Y #10%0& () - 9#10%0& () -9 #10%0&' () -y

10%08' () -k kkk"lul | dEbCO #10%r%d0%0& ()- & 10%0& ()-9 Z10%0& ()-y

10%08 () - OMLOYEDS. () -, YA0%O& () -1 Znn7pLpppdEbCY  #10%./ MLOYOR' () - &3.

109608 () -, 10908 () - 98#10%0&' () - $YL0%OL' () - 9#10%08' () - p>qqgXr r SAEbCY

#10% 9#10%08' () - L7#10%08' () - LL6#10%0&' () - 4%40%0&' () - L3#10%0& ()- &l 1

10%08' ()-sssss2sttu~ =9 #! DF9A0% b b& ()- fo0%& ()- ! Df 9%0% b b& ()- L
10%& ()- 100 100

1005 <10%08 () - u) wAxvxyy{xY7~_=! S&M40%rbnb& ()-ffod0%& ()- ! Sfo0%urbnb& () -
I XFOA0% r& ()- #fod0%b& ()- !fod0%b& ()- {{]b}~~~~~ wXVB7 10b 10b

10b” <10%& () - ! X&YA0% br b&' ()-f! a&¥0% b{b& ()-f!a&¥0% b{b& ()-f!\ &M 0Wbv
b& ()-f~6~~~sdEMB7 10b 1F%d0% u& ()- &

35



#10% u& ()- 10% u& ()-& -10% u& ()-#10% u& ()-L! 10% u& ()- EX\j dEMB7 10b
1&10% u&' () - & #10% u&' ()-y#10% u& ()- 10% u& ()- @ 10% ué& () -

#10% u& (WOTHEIE/B7 10b 1$3810% u& ()-"#10% u& () - L! PCT/ILO1/00740
10% u& () - &s10% u& () - &#10% u& () -1940% u& () - H+ dEVMB7 10b 1F.
10% u& ()-,10% u& () -+ CLAIMS

10% &' () - & ) @0% &' () - & #10% & () -, &#10% & () - - 2dEVB7 10b

18710% y& 0% .
Toveue ()- 141 GHALE (5 Fafhe e 8f bn%% T 'FHE3E [ PO ' 2 b0l

" L10Y& (c)mipih@ﬂz@. ()- 10-u 10 u 10- us<10% u& ()-V ' aBbC

10b#10%&" ( o0& ()-1Y. (109%D0& 4OV 0%& () = y#10%& ddEbC
: 10b§ 0%&' () 0‘5@&&% g fhf%%"?)m%t()%)&éei 84 BY }é}' ef r diaf )3/ B‘g tat
10b! X9SUhRAMENE k4 cﬁ‘at’fﬁhq{“&bs(o)rbéd c6ﬂ1p?fﬁe%%’6 %egn_eféga/@he&])ge n/@@a/e%u(sﬁc FrobeEpC

10b! F/ 109%& () - & 109%&' ()- S, Ya0% ()-* 109&!
- 109& () of thel®giny ) - F14567CxmbC 10b! ° 109%& ()- 10 10

10&<109%&’ () - 4#10%&' & 1 10% UodEnbC 10b! FnPd0%&' () - &Y
109%&' () - &#10 %@)ﬁ“ﬁ%g ?%é}’(t)‘s & ’éfo}&‘ S I8 0B8hC 10b
109& () -, 109 fn)eaﬁﬂa % adtond QECHOf tEIHANES dn the u%(lé&a%'tﬂﬁas&ﬂnd { CdEmbC
10b&#10%& () - &H10%& () - YULOYE () - &LOYE: ()= &#10%& () - & #10% () - a% dEMHC
10b&@ #1098 (d) using tyegmeasured 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.

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 ulirasound from the region before illumination of

the region with the at Jeast 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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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

10 determining a difference between the reflectance before illumination and during
iltumination.
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.

15
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;
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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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;
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 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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determining a second frequency for which transmission 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
10 using a difference between the first and second frequencies to determine the change in

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 afier 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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B PEEE "> >afmining 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 region while the region is
illuminated;

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;
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 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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% ﬁfo)d accozlamg 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;
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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detectmg 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 ¢, 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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10 33. A method according to claim 17 or claim 30 wherein the region is located to within an

uncertainty of about a wavelength of the ultrasound in at least one direction.
34. A method according to any of claims 21-33 wherein the at least one light pulse
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. 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 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 2 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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