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In this papt'r tht• c!Psign of a high freque n<'y ultrm;ound ( l ll·TS) pulst>d \\'i:l.V<' 

l)oppl<·r ( 1' \\ D) systt•nt for blood flow imagi np, in s ma ll V(':-;sds is p n•s<•nt<'d. ll ig h 

fn·qn<'ll!'\ and broad band ul t rasound in I h!' :iO ~ l ll z ra ng<' is ut ilized in o rder 

to obtain a good spatial n·solntiott. Echo signa ls arc a nalyz<•d tnaking use o f 

t'otuh it l('d tinu• fn•qtu·m·:- dm nain a pproad u•;, for ax ia l blood flow vt'locity esli­

llliltiott Ftut ht·nuotT. an approa!'h for lh!' t•stimat ion of t he ra di a l b lood fiO\\' 

\·<'l11city <'Olltpouelll \\'tlh rotational s.\' lll llH'Iri<' smmd lwams is prcs<'n lcd. \\' it h 

t hP lwlp of t ht•st• approadws. t hP magnitudl' a ud s ig u of t it!' ax ia l flm\· veloci ty 

in ~ouud propagation din•ct ion a ud t iH· magu it ud!' of t he veloc-i ty com ponent 

(l<'lpt•nclin tla tl .~ an· m·c·t•ssihlt•. T he• itu p letn<'nl <•d P\\' 1) sysl <'lll and lh!' pro posed 

flow c•st itttat ton approarh!'s Ita\'!' l><·<•tt iesl<•d wit It t h<• h!'lp of s imula tions a nd flow 

phmtt 11111 III<'asun·nu•nh. l{<•sttlts oft h<' s \·st <'tn 's \·aliclatiou a nd r!'snlt s of in \·ivo 

intag_f'~ 1111 ,.ntall hlood n•ss<·ls an• pn·sc•nl!'d. 

1-\< \ \\'!>rcls: IIHJh fnqll< 11111 111/m.,ollnd. 1!/ood flow. Jlli!Md ll'<l!'l' Dopplrr 

1. Introduction 

l 'lt ra:-.ound Duppkr s\·st <'Ills t• nabk the assessment of blood fiow in organs 

and Y<'ssc·ls I l\ II H'asttri ng blood flow \·clo<'it ics and ]Wrfusion Ill- In derma­

tology and otiH•r applicat ion:-.. :-.Ina ll \'C'sscls with low blood flow \'d ocit iC's arc 

of S)l<'l'i<d intc·n·st 12 ui. TT i!!,h n•solution and robus t fl ow ('St ima t ion C'OllC'C' pts 

han· to IH' appli<'d undc•r t lH':-.l' cond itions. 

,\ P \\ ]) :-..\:-.t<'lll with a lt igh fn•qu('ll(',\' sphcricall~· focus(•d single ('lc•nwnt 

t rausdu<'l'l' (.)() \ lll z ('('lll<'r frl'quettcy. b011f rcla t in· ba nch\- idth ) ha1> been de­

s ignc•d and int pkn tl'nted . .-\ \\·nn•form generat or is nt il izC'd for transm it signal 
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generation . a nd rad io frcqncnc.\' (RF) echo signa ls arc cl ircct ly dig it izcd wit h 

a trans ient recorder . P eriodic sequences of p ulsed signa ls arc trans111i t ted 

with an adj ustable an cl prcdcfi ncd pulse repcti tiou frequency (PR F ) a t dis­

cret e la teral t ra nsducer positions for flow and perfusion imaging across b lood 

vessel"s cross sec t io ns IG J 31. Flow in vessels can be sepa ra ted in axi a l a nd 

rad ial flow ,·elocit ies components in sound pro pagation diredio n and tram;­

verscly, respect ively. in t he contex t o f the utilized spherica lly focused si ng lt' 

clement transd ucer IS. 10 ll j. 

Consecutive sequences of echo s ignals arc acquired oYer time of fli ght ('·mi­

cro time axis .. ) a nd 0\'CJ" repeated pul ·c transmissions (" ·1n acTo time a..'<is"} 

D igitized da t a is represented in t he l\\"O dimensiona l micro 1nacTo ti me axis 

space. which enables a n easy interpretation and mot intlion of different cou­

ccpts for blood flow velocit ics estima tion. Conventiona l frequency do 111a i n 

a nd time domain a pproaclws as well as t iu1e ft"C'CJucncy d01 na in approachcs 

for the cstima lion of axial blood flo,,· w loc il ies a rc discussed . Tradc-offs be­

t wecn a good s pa tia l resolu t ion and a good velocity resolution a rc ana ly;,ed. 

It is shown t hat combined time frequency doma in approaches can advanta­

geously be applied in t he co ntcxt of hroaclbanct system!-:> 17. 9. J 21. Further­

more . an a pproach for t he estin1a tio n o f t he magni t ude of radia l flow veloci­

ties is proposed. The st a tistics o f echo signa ls from blood . w!J ich t rans\'e rsc' l.Y 

noss t he sound bcam. is a nalyzed in th is a pproach I .10 11.1 1 151. 

Implclnt' nlalions of wall- filt ers. wh ich a rc ut ilized to suppr<'ss t he statiOll­

arv echoes from the non 1110\' ing tissue. th a t an ' sign ificant ly larger t han t he 

echoes from blood . arc discussed . P ower-nwdc images and <'O ior fl ow images 

a rc <'alcula t cd off-line. 

Sim ulat ions rt11d flow pha ntom m casun'mcnts ha\T been performed in 

ordcr lo tes t and ,·al idate the in1 p lcmc'nt eel 1") \.\" D system a ll( I the proposed 

flow esti ma tion s t ra t egics. Fmt her more. in viYo ll iCa~urcnH'IIt son small blood 

vessels at t he back of a huma n ha nd ha \'C been perforn1C'd . Jt \\· ill b e shown 

that t he im plemcnted sys l t'm is capa ble of del eel i ng a nd lll l'a;.;uri ng blood 

fl ows in sma ll wssd s with climnct crs down t o lOO fL111 with flow n' locities in 

the range of so1ne few lll lll s. 
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2 . High Frequency Ultrasound for High R esolut ion Blood Flow 
Imaging 

A sufficient ly good spatia l resolution has Lo be achieved and sens it ive 

flo'A· est imation approaches have to be applied for blood flow imaging in 

small vessels wit h very small diameters and very small blood fl ow velocit ies. 

1-Jigh frequency and broadbanclultrasouncl in the 50 l\IHz range is utilized to 

fu !fill these requirements. 

2.1. M easurement Configuration 

Bccl'tusc IIFUS arrays operat ing at frequencies above 30 l\II-Jz arc not yet 

availab le, a sphcrically focu cd single clement transducer is utilized for t he 

mcasttrcments . The measurement configuration is shown in Fig. 1. 

a) 

: 

FtC:l'ltE 1. a) lll!'asurc' lll<' llt s<'l up, b) flow g<'OIIl <'lry: t r ue flow velocily !!true, axial 

a nd radial flow v!'loci t ics l'z a nd t'H· 

Jov<'ntC'nt artifacts. which niigbl occur dur ing in vivo measurements, 

have to be avoided. A n1C'cbanically stable measurement pla tform that fixes 

the t ransducn re la tive lo the blood vessels under investigat ion. see F ig. 1 a) . 

ha~ been cles ignC'cl. T he t rausclucer is positioned above t he blood vesseL 

whereby an angle a between th direction of sound propagation (axial d i­

rection ) z and the flow direction is given. sec Fig. 1 b). Ultrasou nd gel i used 

as sound propagat ion medium between the t ransducer and t he t issue. For 

tnorphological skin imagiug wit h HFUS. usually water is used a~ coupling 

mC'di um. This is achieved by ntcchanically scan ning the transducer inside 

a water bath inside a small tank with a slot at the bottom side . which is 
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placed 011 the skin snrfaC'<' IG. lG 181. But this is not appropriate for blood 

How mcasun•ut<'llts because blood flow inside the small vessels would collapse 

nndl'r the nH•chauical load. For this reason. ultrasound gd is used as sound 

propagatiou medium. Air bubbles. which mi).!;ht hl' present in tlH· g<•l. sig­

nificant l.v dist mb the propagation of H FTS. Hen cc. air bubbles haw to be 

avoided as much as possihk. 

The ultrasound \\'t-tves. which arc emitted by the transducer. arc backscat­

ten'd at the moYing blood particles. maiuly the cr.'·throcvtes. insid<' l h<· blood 

plasma. Benutsl' a rotational s.nlllnd ric ult rasonnd transducer with a JHUTO\\" 

sound beam is utilized for imaging. tlte true velocity t•1,.,,. of lll<l\"ing blood 

particles eau lH' separated into the axial How \'clocity l'z iu axial clirectiou 

;:; and in a How wlocity l'R in the radial direction R perpendicularly to thl' 

din'ction of sonud propagatiou. see Fig. J h). 

l'z = l'true COS(\ . I'H = l'true Sill Cl' l'truc = ! ,2 + 1'2 z R· (2.1) 

The maguitude and the sign of the axial flo\\' velocity l'z eau be estimated. i.e. 

blood JlmY towards the transducer and that awa~· from it can be distingnisbl•d 

from each other and q uaut ificd with the signal processing concepts i ut rod uced 

belo\\'. Jt \\'ill IH' shmm that the radial travl'rs<' of blood particles through 

the sound beam ea uses a lllod ulat ion of the echo signal. Tlt is lllod ulat ion 

can l>t' mwlyzed in order to estimate the radial How \'clocity l'H· Gin•u the 

rotational s.\'llllll<'t r:-.· oft h<' t ransdttCN. it is e\'ideut. even at this point. that 

t h<' din'l'lion of thl' radial flow cannot be measured. 

Th<• t rausdu<'<'r is nt<'dJHuically snu1ned along t ]I(' lat <'red dir<'cl ion .r and 

mcasur<'lll<'Uts Hr<' rt']l<'ai<'d with the trnusdtHTr l><·iug stoppc'd at discn•l<' 

lal<•ral positions .r 11 to obtain spatially resoh·<'d flm,· nH'asur<'IIH'nts. 

2.2. Pubc Echo Measurements Utilizing High Frequency Ultra­

sound 

A spherically fontsed ultrasound I ransducn i:-. ut ilil<'d for all IIH'HSltn'­

ments iu order to achicw a high measm-cmeut scusiti,·ity and a good radial 

resolution. Puis<• echo llH'asun•tm•nts me p<'rfonnc•d <'tnitting puls<'d ultra­

sonnd wm·cs. which propagate a lung the pencil-like sound beam. Clt rasound 

,,·an•s. which an• hac·kscatt('n·d at acoustical iuiHHIH>gcncities iuside the tis­

sue and at the mm'iug blood part ides. are n•ceiYt'd by the scull<' t rn 11sd ucer. 

The resnlting radio frcque11cy (RF) echo signal is directly sampkd 0\'t'r tinw 
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of Uigl!t (TOF). Under these conditions. the spatial resolution r5u of the sys­

ll'nl in radial direction R depends on the sound field characteristics. i.e. on 

the foctt:-.ing. the transducer's ccntN frcquf'nn· fu and the aperture diameter 

D. The system's capability to sqmralt' scatterers along the sound bcatn au­

ah·ziug echo signals owr TOF. i.e. the axial resolution 6z in the direction of 

sound propagation z . depends on t be transducer ·s bandwidth B !G. 16 171: 

(' . l 
6R = fo F ~ 1GOO Jtm Uo/ :"III-Iz) F 

(2.2) 

In Eq. (2.2) c ~ 15~0m s is the speed of sound and F = zu/D denotes 

the ·f-numhcr' with the focm; length zo and the aperture diameter D. The 

dispersive nature of the tissue attcnuat ion happens to be remarkably promi­

ucnt itJ t ltc case of high frcqueucy broad band ultrasound. making it strongly 

frcquclJC.Y dependent. Because the attenuation iucrcasc::; with increasing fre­

CJill'ncv, (•cho signals arc shifted clown regarding cent er frcq ucncy and ha ncl­

wiclth with increasing depth. Conscqtwntlv. radial and <uial resolntious are 

degraded ovcr depth [G. 16 171. 

2 .3. Ech o Sig na l Acqu isition for B lood F low Measurements 

Pnlsed signal:-. arc emitted for spatially resolved mcasnr<'Jllf'llts along the 

axial direct ion. Echo signals. w!Ji('!t arc l>ackscattcrcd at mm·iug blood parti­

('ks inside the transducer's sounci!Jeam, show a Doppler shift relative to the 

t l'H liS Ill it signal. 

A single moving scatterer with a constant axial f-lovv velocity llz is cousi­

clerccl for an analytical cksnipt ion. first. \\'ith the speed of souucl r· and the 

s~·st(•Jn·s inqmlsc responsl' h(t). the S('at tcrcr·s axial positiou :::(1) m·N t imc 

and t lte re! at ionshi p het \\'Cl'll the transmit signal sy (I) and the ed10 signal 

si>(/) arc: 

z(t) = :::o + l':f. 
2t·­

o=l---. 
(' 

sc(t) = h(l) * sy(o(l- to)). 
2z0 

fo=-. 
c 

(2.3) 

13ccausc blood flow vcloci tics me lllll('h smaller than the SJWCd of sound, 

t lw seeding factor in Eq. (2.:3) is very c-lose to one, i.e. a~ 1. C'ouscqnent ly. 
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long-ffnn obsc'l"ualions have to be pcrformcrl to be able to est imate the axial 

flow velocity Vz . 

In orrlcr to analyze t he Doppler shift clue to the axial .'Cat t crcr Inovement 

the concept of continuous wave Doppler (CWD) systems is considered first 

jl j . Tn t his approach. a sinusoirlal continuous wave (CW) transmit sigual 

sr( t). i .c. a narrow band signa l at augular frequency w0 , is cm it t eel from 

a transducer. The echo signal sr;(l) . which is caused by backscattering at 

moving blood pa rticles. is received with a notlwr transducer. that is located 

clotiely besid e the first on('. and shows an angular Doppler frequency shift 

wo. The analytical transmit signal sr+(t) and a na lytical echo signal 8J::+(t) 
arc g iven bv the fo llowing relations hips. sec Eq. (2 .3): 

2Vz 
wo=wo-. 

c 
(2.4) 

The Doppler frequeucv wo is p roportional lo t he axia l How velocity Vz. 

and is very sm all compared to tbe a ngula r frequency wo, which is chosen to 

be t he transducer·s centcr frequency. Usually, the echo sigu al is quadrat urc 

demodulated. i.e. mixed with the CvV transmit sig nal downwards to t he 

base band. As a resu lt . the cp!i·lclraturc demodulated signa l (I Q-signal: in­

pha:;e quadra ture phase s ignal) so(t) is obtained: 

(2.,5) 

/\ssumiug sv(t) to be a nalyzed owr a long t im e interval. a spt'dral a na ly­

ti is dcl iv0rs directly information a bout the distribution of axial flow veloc it ies 

inside the intersect ion of the two tra nsd ticcr·s sou nd bea ms jlj. 
ln P VI D sys/ P.1ns. on the other hand. broad band pulsed signals with 

a short pul.5f duration arc emitted in orde r to obtain a good axial rcsoln­

tion. as motivated above. [f o nly a si11gl f pulsed signal is emi tted. the scaling 

of the echo s ignal in Eq. (2 .3 ) is too s ma ll to be anal.ned w it h respect to t he 

axia l fiow velocity Vz. For this reasou. tmi11s of con~cculive broadbond pu,lses 

with an adjustable a nd prcdcfincd Pl\.F fPRF = 1/ T are e mi tted in l \ \ 'D 

systems Jl . 2 :3. 7J. 

\ \']tile t he TOF of the tdtnlsotmcl wm·cs from the tra nsdttcr·r to the 

backscatte ring struct ures and back is on tl1e order o f several flS, the PHF 

is som e orders of m agnitude higher. i.e. on th0 orde r of scvcralms. The ana­

lysis of t he consecutive echo signals . w hich a rc caused by t he consccutivcl.v 
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emi tted lrausm it pulst's. enables a long-tenu observat ion of movi11g scat ter­

ers . I t is already evident from t his desnipt ion tha t a sampling p rocedure is 

involved ill this a pproach . In F ig. 2. a simulated sequence of RF echo signa ls 

for one single point-like moviug poiut scatterer inside the transducer 's sound 

beam is shown. 

0 T 2·T 

FlCl'R F: 2. Simula t ed SC'(]Ut'nce of R F C'cho s igna ls fo r one s ingle po int- like moving 

sca tterer 

In the s imu lat ion , a fractional bandwidth B / fo = 80 %. i.e. a very broad­

band system. was presumed. The a bove described PWD concept is analogous 

loa strobosc:opic mea ·uremcnt setup with a period ically t riggered flashl ight , 

which illuminates a moving object. With each flash , a "snapshot .. is obtained. 

i.e. t he object 's JJ Joveme11t is sampled over t ime. Consequent ly, t he PRF is 

a crucial parameter. which determines the maxim um unambiguously mea­

sm ahle axia l flow velocity Vz.m<Lx in PWD systems [1]: 

(' !J~PF 
Uz.max = :::1 Jo . (2.6) 

l n Fig. 2 the consecut ive echo signa ls. which result from each pulsed tran::;­

mi t signal. are shown side by s ide. In l his repreBenta tiou, the .. micro t ime axis'' 

is equivalent to t he TOF. which is. scaled by the sp ed of sound c. pro por­

tiona l to the axial coordinate z. Consecutive t ransmissions with the given 

PRF define the .. macro time axis'' wi th a sampling from pulse to pulse. It 

can be seen tha t lhc axial scatterer movement results in an echo signal move­

ment along the micro t imc axis for consecuti ve pulses along the macro time 

axis. Below, this circumstance is uti lized to estima te the scal lerer ·s axia l flow 

velocity. \\'lwreas only a single point - like scatterer was considered so far , t he 

echo signa l from b lood is caused by t he superposition of the ult ra. ouncl waves 
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that me backsnttl<'n•d at ttlatl\' indiYidualblood particles. C'oHscqtH'IItlv. the 

··sp<•ck]e" (<'X( llrl'. which is \Tr\ (\'pica] for tdl r<ISO\IJI(] illtag<'S. is also foU!ld 

i 11 t lw <•cho sigual s<·q tt<'llC<'s that arc caused from backscat t cring at blood. 

3. High Frequency Ultrasound Pulsed Wave Doppler System 
lmpl<'mC'ntation 

Th(' block diagram or the implc•ttH'llll'd f>\\']) S\Sil'lll is shown Ill Fig.;), 

Trigger 

rransicnt 
recorder 

Po,,er 
amplifier 

Wm eform 
generator 

LO\\ noise 
amplifier 

,-
: PK: 

_, Pulse 
compression 

nel\\orJ.. 
(optionally) 

I 

StcppingQ 
motors ~ 

Ft<:l 1<1 :s. Block dtHgnllll or Ill<' intpi<'IIH'Ilkd 1'\\ J) S\"Sl<'lll 

Tit<• singl<• <'l<•rtH'Ill t rnttsdttcN is <'Xl'ii<•d with il t rattsntit sil!,nal. ,,·hicll is 

1-!,<'tll'l'<ll<'d h\· a wan>f'onn g<'IH'rator ( \\.FC: .\l<Hkl 20 ].-J pol.\ uominl w;m·fomt 

syuthesil.<'r. .\ualo).!.il' 1nl' .. l.S;\: .)00 .\Ilf;. maxittllllll sampliul!, fn•qtt<'IH'\·. i) bit 

<llttplitud<• rl'solution) \\·ith a su lN•qtt<'ll! pmn'r autpli[ier (.\lod<·l 2'iOL. r\m­

plifi<•r l{<'s<'mdtlnc .. Soud<•rton. Pt\. CS.\). ,\rhitmry signals \\·it !tin alimit<•d 

hand\\idth ((Ill <'ltsih be g<'lH'rill<·d r('(•ding digitized data or a d('sin•d signal 

into the \\"FC. lu th<' rcn·in• pnt h. the HF <'<'ho sil!,llal is amplihcd \\"ith a low 

noise antplifi<'r (Al'-1:~()]. :\lit<•q 1nl' .. llanppattg<'. \Y. l'S.\: :WdB )..!,ain). 

ThN<'aft n. tit<' H F sigual is din·ct 1 \" smu pled aud digit i;.<'d with a t ransicu t 

rccordl'r (Tf{: HTD 720. fckt ronix Inc .. Iknn·rton. on. L~S.\: :lOO :\fTiz S<llll­

plillg frccpH'll<'_Y. h hit alllplit tld<' rc:-;olut ion). l'ttbl' <'dlO tlll'Hslm'llH'llls <H(' 

pcrfmmcd. i.<'. llH' salllt' transdunT is utiliz<'d for tmnstnission and r<'C<'P­

tion of ultrasound wan•s. :\ duph'X('r (Dl'X) is utiliz<'d to actiwh· s\\·itch 
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t lie l ransduccr bcl\\'<'<'11 l lw l rnnsiJiil l<'r dming signal t ranslllission aud the 

r<'ceiY<'r during ed10 signal reception. 

Jt is <'Sscntial to snl('lm>llizc t lie transmit tcr <llld the ren•i\'C'r in t 11(' P\\'0 

system in order to acqnir<' the ed10 signal sc·qlH'IK<'S in an appropriate way. 

Fmtii<'rlliOl'<'. a \\'Cl! ddinc•d and adjm;tahk PRF is n•quircd. For these rea­

sons. the dock signal of the \\TC: is conn<'ct<'d with ilw <'XtC'l'nal clock inpnt 

of the T R. Fmt h<'llliOI'<'. hot h dc'Yicc's. the \YFG ami the TR. arc triggered 

\Yith the sam<' signal." hich is dt'riwd from t lie clock signal \\'it II an adjnstahlc 

frcqtH'IJC'\' di,·ider. The• PHF is thns an integral di,·idC'l' of the 500i\IHz clock 

signal. see Fig. 3. \\'ith each trigger c•wnt. a pnls<'d transmit signal is C'lll i(­

l<'d aud tlH' rcsultiug RF echo signal is acquired after a constant time delay. 

which is adjustabk in tlw \\'FC:. 

The cl<·c·t rical !llatching het wec•n the tmnscluccr and the driving electro­

nics can be improved with an optional matching network Iwt W<'Cn the 0 UX 

and t 11(' tnmscluccr. A rc'<wtancc' Jnatchiug network was specially designed for 

this purpose. liov.:c'\'l'l'. the design of a bmodbond matching uet work is a clif­

ficnlt and dwllcugiug task. Consequently, th<' syst<'m·s bandwidth is 10\wr 

with the network than withont it llGI. The transducer can he mechanically 

suu1nc'd in t\1(' two orthogonal dire('tions in the horizontal plane using two 

stepping motors (lsdautomat ion KG. Eidlc'JIZcll. GNIII<lll\'). A controlled 

DC-1notor (Physik Inst ntJucnte GmbJI. Karlsruhc. Germany) is ut iliz<'d t o 

mc•chanicall~· move the t ransdll('<'l' in axial din·C'tion. This allows the position­

ill!!, of the transdlln'r's focus i11 a desired depth. which is usually the cent er 

oft IH' rcgio11 of interest (HOI). Jn Fip,. 1. a photograph of the implem<'llt<'d 

P\\.1) s,,·s(('lll is shmnt. 

F1ct IH l. Photograph of tlw impi<'IIH'lll<'d P\\' D s.l'sl<'lll 
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4 . High Resolution Blood Flow and Perfusion Imaging 

T he acquired echo t;ignal sequences a rc analyzcd with the a.im to qua n­

tify blood flow veloc it ies a nd pcrfusion wit h a high resolution. Appropriate 

estimation approaches arc required in the context of very broad band signab, 

which a rc applied in the implemented P'vVD sys tem . Spa tia l a nd velocity 

resolu tion, i. e. t he system 's abili ty to spa tially resolve flow conditions a nd to 

differentiate flow velocities, a rc crucial parameters in Lhis context. 

4.1. Parameters for the Quantification of B lood Flow and Perfusion 

In contrast to t he mmphologir-al nat urc of B-modc (B: "brightness") imag­

ing of biological tissues Doppler tcchuiqucs allow for functional irnaging, i.e. 

they enable lo quant ify blood flow. Though severa l parameters like flow ve­

locities profile , mean flow velocities, volume flow, quantified t urbul cnccs, 

etc. a rc of interest from the physiological point of view, not all of them a re 

direc t ly accessible with ultrasound. Furthermore . a sui table vi, ualizat ion of 

measured data is an important issue in the medica l appl ication. The following 

flow visualization mocla litics arc typically applied in medical sonography flJ: 
• Duplex mode: The axial How velocity d·istribution of blood particles 

inside one single point of interest is estimated and visualized over t ime. 

This allows to analyzc flow velocity changes over ti me in great detail. 

• Color flow mapping (CFM): Mean axia l flow velocities of blood 

partic les arc est imated point-wise in a user-defined ROI. Estimated 

mean <DCial velocit ies ar visualized in a color-coding scheme and s u­

perimposed Lo a grayscalc B-modc image. This fac ili tates a detailed 

analysis of the spatial dist ribution of mean flow velocit ies over time. 

• Power mode: The eneryy of signals, w hich are backscattcrccl at mov­

ing blood particles. is point-wise estimated iu a user-defined ROJ. and 

rc~m lts are visualized in a color-coding scheme. The perfusion of organs 

can be analyzed iu t his mode. Blood flow is ouly quali tat ively visualized 

and uo inforlllat ion about Oow velocitie. is included. 

T he schemat ic iu F ig. 5 shows the rela tionship between the different pa­

rameters and the act ually given di tribution of axial flow velocities. It is 

assumed . that the likelihood L(vz) for a given <:L-xia l fl ow velocity Vz i. e -

timatecl a t each point of interest along the z axis . In t he figure . L( Vz) is 

normalized to it· maximum. 
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FI C: LIIm 5. Param eters and imaging modal i t ies for How and perfusion quant ifica­

t ion 

For eolor flow mapping the mean ftow velocity. Vz .mean is calculated as the 

centroicl , i. e. the first moment over t he zero order moment, of t he velocity 

d istribut ion L (uz): 

J UzL ( vz) cl t'z 
L'z .mNUl = J L( ) I Uz ( Vz 

(4.1) 

Severa l approaches fo r t he est ima tion of the axial ftow velocity distribu­

tion as well as an a pproach for th e estima tion of the mean radial flow velocity 

eo m ponent wi t h rota tional sym metric sound beam t rausd ucers a rc discussed 

below. 

4.2. Axial F low Velocity Estimat io n 

It was a lready cliscussccl above tha t the flow of sca t lcrers a long the ~'<­

ia l coordina tes result s in a movement of consecutive echo signals a long t he 

micro time axis from pulse to pulse. sec F ig. 2. Convcut ionally. sequences 

of 7Wn nwband bmst signals. i.e. tra ins of low-freq uency pulsed s ignals. tha t 

tnod ulatc the mn pli t u de of a carrier signal a t l he system 's cent e r frequency 

fo. a rc transmitted in P\\'D systems. nder t hese condit ions. the axia l ftow 

wlocity d istr ibution can be est ima ted sampling the sequence of quad raLurc 

dcmoclulated echo signals at tons/ant lags on t he micro time axis for consec­

utive pulses along the macro t ime axiH. E rnployiug t he fa~t Fourier t ransform 

(FFT) of sampled data. eHt imatcH for the axia l ftow Ycloci ty distr ibut ion in 
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each depth alouv, the sound beam are ohtaiuecl (FFT-approacb) 11. 11. I3e­

C'HllS(' spect raJ informal ion is analyzcd. this pro<·edme nu1 he classified as 

a j'l'cqur·nr·y dolfluin approach. J\asai <'I <11. proposed a n'l)' dfic icut tech­

nique for <'stil uatinv, the 1neau axial flow \'eloc ity auah·zing t he a ut oconela­

tiou function of sampled data 1191. 
IJo"-c'·er. these approaches Hrc not nppropriatc in the context of bT"Oad­

band transm it signals. ,,·h ich an' ut ilizccl in tli<' i111 plcment<'d P\\'D system in 

order to obtain a good spatial resolution in the axia l clircctiou ofsoull([ p rop­

agation . The reason for this is that the em·elope oft he short dural ion pulsed 

signals significantly passes through the range gates from pulse to pulse. i.e. 

through the points <tt constant dcpt hs along t h<' 111ino t illH' axis . T his CHI I lw 

seen in Fig. G. \\'hich shows another situulHtecl echo signals sequence for six 

disnete moving point-like scnttcn•rs \\'ith differen t axial flo\\' ,·elocit ics. For 

the simulation. again. a vcr.\· broadlmncl systcJII ,,·ith a fractiona l bandwid t h 

fl / fo = 80 o/c \\'C\S pn'Sllllled: 

0 2 3 4 5 6 7 

FICl 'll F (i. Simulated s<'qtH'Il('(' of I~F C!'ho siguals f'or (i dis!'rPI<' singl<' point-likP 

lllO\'ing scalt<'r<'r J7J 

The axial scat tcrer IllOWincnt eau he ohs<'n·ed on•r a \ ' ('tT small nuJnlw r 

of pulsC's only b.'· sampling t lw <'cho signals s<'qitcn<·C' at ('Ollst ant lHgs on t h<' 

lllino time axis. t\s n result of this. a 8pcctml broadening occnrs appl~·ing the 

FFT approach. what is the l! IOJ'(' dist iu('( t h<' h ighcr the axial flow \'C'loci t.\' 

is. For this r<'ason. the axial fiow velocity resolution. which quautifics the 

s.\'sl<'m·s ahilit.'· to rc'solw different axial flow ,·clocitics. is the ,,·orsc the 

h igher the axial flow \'ciocity is 111. 



http://rcin.org.pl

CO:\('EPTS FOil TT J{; 11 f{ '"SOLL'T IO:\ l3 LOO!) FLO\\' l 11L\GING 285 

l\ lore recently. 11 <'\\' approachc:-. for the analysis of the RF echo signals in 

t lt<' I i111c domain have i><'en introduced. The 111ean axial flow velocity of Iuov­

i ng blood particles is aual~·zecl by calculating t lw cross corrda t ion function 

of consecutive HF echo signals. i.e. of signals recorded along the micro time 

axis, for consecutive pulse:-. along t lte mncro t im<' axis (RF-CC approach: 

Radio frC'q ncuc,v cross <"OIT<'lH t ion). Because the axial scatterer movement is 

directly csLimatcd by <:uwl)·zing the time domain characteristics of the echo 

signals. this technique is classified to be a time domain approach. This ap­

proach. however. suffN:-. the drawback of estimating merely I he means axial 

flo\\' vclocit)· instead of the IIIOI'l' desirable velocity distributiou. 

The pulsed echo signals sequence for single point-like scallerer , which 

move with a constant axial flow velocity along the sound beam, shows a con­

stant time shift from puis<' to pulse along lite micro tillle hence the scatterer 

mov<'S along lines of cons/on/ inclination in the two-dimensional micro and 

tna<To tinl<' axes space. see Fig. G. ConsequentlY. the axial scatterer movement 

can he tracked by sau1pling the sequence of echo signals along t rajcctorics. 

which cotT{'spond to diffN<'Ilt axial flow velocities. For each trajectory. the 

likelihood for given scnt tercs with a corresponding axial flow velocit)' is csli­

mat cd. This is done by a ual.\·zing the sampled RF echo signal or l he sa m pled 

quad rat ure dcuJOdulated signal (\V:t\ILE approach: widcband maximum like­

lihood estimator Butterfly Search Algorillnn jG 7. 20 23j). Because spectral 

and lime domain information is combined in these approaches. they arc clas­

s ified as C0'111bi11cd time f!'eljnr·ncy do111ain approaclH's. here jl2j. 
l·'igm e 7 shows the est inHtl<'d axial \Tlocily distributions for the echo sig­

uals s<'qt tCHcc that arc shm\'ll in Fig. G. Hesults obtained with the FFT ap­

proach and \\'i I h l he But tcrfl~· Searc·h Tcdmiquc arc shown jlj. 
It can lw seen that the axial resolution and the axial \'elocity resolution. 

\\'ltich quantifies the system's capability to distinguish the axial positions 

and axial flow vclociti<'s of ntoving scall<'l'ers. a rc better with the Buttcrfl.\' 

SeHrch TeclllliqtH' than \\'it h the FFT approach. Furthermore. utilizing the 

FP. spatial and vclocit~· resolutions depend on the axial flow velocities jG 7j . 
This is due to CHlargcd spectral broadening brought about by shortn timrs 

of obsen·al ion. in whidt the scat (('ITr lllO\'<'nlent can be anal.Yzed. 

In conclt tsion. the tracking of the axial scatterer movctllcut in t he context 

of the Buttcrfl)' Search approach <'uabl<'s a long-time analysis of the echo 

signctls sequ<'uce along the macro lime c.L'\:is independent of the transmit s ignal 

pulse width. C'ouscqucutl.\·. axial flow velocity distribution estimates hm·e 
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Search Techniq ue 171 

a lower var iance with the l3utt erfly Search approach t ha n with the FFT 

a pproach a lbeit at the expense o f much higher computation a l cost. 

4.3. R adia l F low Velocity Estimation 

So far only <L"ia l scat terN 1110\'Clll<' llt s in the direction of sound p ropa­

gation were considered a nd it \\'as al-lsumcd tha t t he scatt N ers movenH'nt in 

tra nsverse direction is of no furthe r conseque11Ce. Actua lly. the t ra \'ersc of 

blood pa rticles throug h the sound lwam causes a modula tion of consecu t ive 

echo signals from pulse to pulse. 

\\'ith t lH' given rot a tiona l symnwtr.\· of t he sound beam of t he sph<'ricall.\' 

foc tlsc•d tra nsducer's so und lm:Llll. it is assunted th a t th e point spread fuuc­

t ion (J SF ) h(l . z'. R' ). which is the system 's response for a siu i!,le point - like 

scat te rN a t an axial and la tc•ral pos it ion ;:; - :::' a nd R = R' . is separable into 

a n ax ia l component hz(l. z' ) a nd a radial colupo nent h n( R' . ;:; ' ): 

h(l. :::' . R' ) = h::. ( l. :::' ) hn(R' . .::') . ( 1.2) 

The syst em 's response regarding axia l scatt e re r mm·cment s \\'as a lrrady 

discussrd a boYc. If thc scattcrr rs pass the sound beam in t ra nsYerst' di rec­

tion , sec Fig . 1 b) . a nd if the obsernltio n tim e• is s ufficiently la rgr, a signi ficant 

modula tio n o f the rcho signa ls srqur nce a long the macro time axis is c-ausrd. 

This 1110dula tio n d r pends on the t ra nsducNs' sound fi eld cha ractrristi cs. Thr 

magn itude of t he radial fl o\\' vt'loc ity l 'n can be rs timatccl with mra,o.;urr n1 cnt s 
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of the PSF a. a reference . However , t he direction of t he radial flow cannot 

be measured with the rotational symmetry of t he sound beam . Because of 

the speckle text ure, which is inherent in the echo signals backscat tered at 

moving blood particles, t he . peck le sta t istics has to be analyzed . In the pro­

posed estimation approach. this is performed analyzing t he a uto-covariance 

funcliou (ACVF) of the echo signa ls envelope [8 . 10- ll j. 
Again . s imnlated echo signals sequences have been utilized to establish 

and to evaluate the estimation approach. The simulations were based on the 

geometry in Fig . 8 . 

D 

_, 

Sound 
beam 

8 
Tissue R 

Vessel 

Trans-
1.,.-~--.J ---- duccr 

Parabolic now 
velocity profil e 

F JG! ' JlE 8. Flow sillllilatious: Vessel diameter 0 , illsonation angle n< 

Laminar flow with a parabolic true velocity profile ins ide a vessel with 

a given diameter D was as::;umed . Furthermore, uniformly distributed point­

like scattcre · were as ·nmed to be located inside the vessel. As a n example 

Fig. 9 shows a s imulated echo signals envelope sequence for a single t ransdu­

cer position. 

An incident angle o = 90° . i.e. a transverse flow relat ive to the direction 

z of sound propagation , wa · cho en . The system's axial and ra lial re olu­

tion in the simulat ion were 17 fllll and 5-l f..Llll respectively like in the imple­

mented P\VD system. A vessel diameter D = 450 ~Lm , a peak flow velocity 

of Vtrue,max = 22 mm s and a PRF !PR.F = 3200 IJ z was assumed. A number 

!I I = 50 of echo pulses was ·imulated. i. e. the ob ervation time was about 

16m · 
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It can he• seen in Fig. 0 that t he• giwu speckle pal tcm decorrl'lalc's faste•st 

111 the center of the vesseL \dll'rt' the mdinl flow wlocit~· is the largest. On 

the other hand. t he echo siguals are almost statimWI)' nt the \'<'ssc•l walls 

henu1se t l1e flow \'eloc·it.\· r<'aches zl'ro. i.e. no scat tner mm·enH·nt is gi\'C'll. 

Consequent]\·. the rate of l he• decorrclat ion of e·cho signals nlong tIll' manu 

1 ime axis is a meastm' for the magnitude of t h<' rnd in! f!m\· n•loci t \·. I Iowe\'t'r. 

the act unl sound lH'<\Ill chnractnist ics. i.l'. the radial COlll[)Oilent h u( R'. ;:;') 
of the P SF. se•e• Eq. ( 1.2). hns to he known. 

Calihrat ion nJc'asmc'lllt'llls have been pNformc•d to llH'Hstm• the• syste•n,·s 

PSF. :\ t ungstcn \\·ire \\'it h a 7tllll dianH't cr. \\'l1ich is sig11ificant ly smaller 

than thl' transducer's axial aud radia l n•solution and tiH' \\'H\Tkll?,th at t iH' 

svstcJn·s fo- !lO:\ Ifl z t'C'JJtcr frcqtH'nc\'. \\'<ls utilize•d as a point-like imaging 

object. Bt'C<IIISe oft he foCUS!'cl SO!ll!d IJe<llll c!Jmacterist ics. which signi fiCrlll t ly 

change's 0\'l'J' depth ::.see Fig.l b). the• wire \\·as inlclged in st'\'t'ral cl<•pt hs 

18. J 0- J 1. I G 1-
The mean radial flow wlocit_Y is estimated in each depth : analyzing 

t ht• enYelope oft he• cd10 signals scqucnn· along t ht• t rajector.\· in the micro 

and macro til!l<' axis span• that corn•sponds to the c•stin1atcd IIIC'HII axial 

fiow vdocity at the same depth. The decorrdation of speck](' is anah·zed by 

calculatin?, the :\ C'YF of the snn1pkd data. se•c Fig.IO. 

T he ACVF of the 13-mode data of the measured PSF is ut ilizcd ns rcf­

cretJcc. The :\ C \ 'F of ttlt'astm•d data is n nvlica of tlte .\C'\'F of the radial 
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.\C'\'1· or('('"() "ig,nal <'n\·dop<' and .. \('\'For nwasltl'<'d PSF 

cmnponent h /?(/?'. ::.') of I lw PSF. ,,·hicli IS scaled by t lw unknown lllt'<UJ 

radia l !low \'!'locit~· l'u lt->. 10- 111: 

I'J ''if (.I') = c,,, 110 ( l'l?f ) . (·1.:3) 

T he <'s t inwtl'd mC'an radial !low \'elo<"il ies O\'!T dc·pth a rc shown in Fig . 11. 

T he rad ia l !low \'t'locity profi l<' is reconstructed undN the si ltllt latcd coucli-

1 ions. bttl I 11<' YmiatH'C' of tlo\\' wlocit.Y c'sl illtalc's is rC'lnl i n'l~· high . 

• 
I 

I 
\ 
1 

0 0 I 0.2 01 0 ~ 

: [mmJ 

F1<:1 IlL 11. l·,sti lttill<'d radial !lo\\' \·P io<'it~· O\!'t dPpth 
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4.4. Stationary Echo Cancellation and Perfusion E timation 

Echo siguals. which result from backscatlcring in the tissue, arc stationary 

signal ·. i.e. lbey do not change from pu lse to pulse as long a~ movement ar ti­

facts can be neglected. In contrast. echoes from t he backscallering a t moving 

blood partic les change from pu lse to pulse along the macro time axis. Be­

eau ·e echoes from blood arc significantly sma lle r than t he choc · from the 

tissue, it is desirable to suppress the st a tiona ry echoes prior the est imation 

of flow velocities. Furt hermore. if echoes from backscatter at blood arc sepa­

rated from backscatter from the tissue. the signal energy is a parameter for 

pcrfusion imaging . which is utilized for power mode im::tging. 

laking use of Lhe fact that stationary echoes a re constant colllpo nenls of 

the sampled da ta along the n1 acro t ime axis for constant lags on t he micro 

time axis. i.e. a t constant depths z, this suppression can be performed by 

digita l filtering. The .. wall-filter .. has to be a digital high-p<:u;s filter. If a finite 

impulse response (FIR) fill e r of an odd order N is applied. the relationship 

between the d igit al inpu t s igna l :r11 a nd t he digital output s ignal Yn can be 

de cribcd as follows: 

\' 

Yn = 2:::= hi X' 11 1 • with : h 1 = -hN i . (4.4) 
1= 0 

The impulse response in Eq . (4. 3) ensures that a cons tant input s igna l 

.1' 11 result s in an output s ignal y, = 0. what is desired in ordC'r to suppress 

the stationary echo signals. In Fig. 12 the magnitude of the fi It er ·s transfer 

function is shown for different filter o rc!Ns N atHl for l he approximat ion of 

a rectangular t ra.nsfer characterist ics with a cut-off-freq uency corresponding 

to an axial cut-off How V(']ocity llz .<'ut = 0.1 · l'z, rnax · 

AnothN possible wal l-filter implem entat ion. which is a Ycry straight for­

ward approach . is to esti lllatc th<' 111ean value of t he input signal seq uence 1'11 • 

n = L 2 ..... j\f . which is utilized for vclocit i<'S estimctlion. At the wall-filter's 

output. the following signal sequence Un is assignee!: 

l ,\/ 
.1' = - L .r, . ,IJa = :l'n - .r. 11 = l. 2 .. ... AI . (·1.5) 

M 
1-1 

T he rela tionship between t he wa ll-filter input a nd output in Eq. (4.5) 1s 

a non-causal relat ionship. 
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F!c:l · ltE 12. Wall-fi lter transfer funct ion (magnitude) for different filter orders N 

5. Flow Phantom Measurements 

Flo>v phantom measurements have been performed in order to eva luate 

the proposed PWD system and the proposed approaches for flow velocities 

est im(\,tion. Equivaleut to the sinmlations discussed in t he context with Fig. 8, 

it was intended to perform the measurements under well defined condit ions. 

F low phantoms were specia lly designed fo r this purpose. sec Fig. 13. 

F!Gl' RE 13. Flow phantom: artific ial vessel embedded in agar with silica gel 

particles 
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Artificial \'essels with a well defined dimnctcr m'n' produced by (•J1li)('cl­

ding mdal wires in blocks of agar l hat \\·as us(•d HS I isstH' nti1nicking nt alcrial. 

Si lica gC'I part iclcs \\'C'l'C' aclclccl into tlw agar to obtain an acoustic bac·kscat­

tning. The artificial vessels. which were obtained after r<'lliOYal of lh( wires. 

were perfusccl ,,·ith a well defined Yo!tnnc flo,,· usittg n ntotor driven :-.vringc 

punJp. A blood lllimicking fluid. which con!->isls of particles of .\·cast in a so­

lution of gl~·cerol and ,,·at cr. was ttsC'd for t lw na'asun'llH'nts. 

Tn Fig. 1-l the em·clopc' of echo signals sequences. which haw been acquired 

at a flow phantom \Yith D = l!'SO fllll clinmctcr. n ~ G5° insonation angle ancl 

0.177mln:1 s ,·o!uJne flow. is shown. 

Lateral transducer position 
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Ft(;t 1n. 11. Flo\\' phanto111 III('Hslln'Ill('ll(: ('ll\'(•lop(' of acquirc•d <'dJO signals s('­

CJU('II<·<·s at disn('\(' lat('ral tra11sdnc<•r positio11s 

The l'c!to signals sc•cpten(·es at l he disnct (' I at end lmnsd UC'cr postltons 

a rc !->hown side by side. In each sequence the echoes from J/ = !)() transmit 

pulsc•s \\'t're acqttired \\·it h a PHF .fr,nF = ~00 I lz. Stationary echo -;ignals 

from the l issue phantom an' horizon! a l lin('S in l ht• echo signal seqliCllC'es. 

The echoes from th(• 1110\·ing scatterers inside the blood lllilniC'kiltg fluid 

are \' isible H!-> sla nted lint's. C'OIIIj)HIT Fig. G .. \ parnbolic flow profile \\'it h 

a ntnximttlll flow ,·clocit.\· l'tru<'. 111ax = 2.22111111 s is ('Xpt•ctccl under I hP gi\'l'll 

flow conditions. The ('XJWC'll'd maximunt axial <llld radial ~[m,· Yclociti(•s are 

l'z. lllax - O.D !mm s and I'R. 111 ax = 2.0 nun s. rt'SJWdiY('l\·. \Yitli the given 

insonatiou angle. 
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Th<· <'SI inwtcd nxial and radial flow \'('locit~· profile's an· shown in Fig. 10. 

The axial flo\\' n'locity profik <•st imatc sho\\'s a maximum at t lw artificial \'('S­

scl's <·enter and smaller Ho\\' Yelocit ies towards the \'csscl wall. The niaxillllllll 

<•st iniat<•d axial flow \'cloc·it~· l'z.ma' = O.GG mn1 s is smalkr than <'Xp<·c·t<•cl . 

This ('Hil be explainC'd hy the gi\'('11 Illl('('rtainty about the actual insonation 

angle n in the measurement. Equi\'al<'nt to t h<' abo,·c discussed flow simula­

tion. t l1e vnriance of the estimated radial flow Ydociti<'s profile is rclat iwl.v 

high. Th(' m<'an estimated radial flow V('locit.\· l'f?.lllax = 2.2111111 s at the 

art ifi('ial \'('sscl's cent er is in the expected rang<' llOI: 
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FI<:t HI l .i. a) <'slimat<'d axialllo\\' V('IOC'it\ profile. b) Pstiiuat!'d radialllo\\· \'!'lo­

('it.'· profile 1101 

6. In Vivo Measurem ents 

Th<' inipl('lll(' llted P\\' ]) sysl<•ni was d<'n'loped for blood flow imaging 

111 small Yess<'b wi t h small flow \Tlocit ies. In \'i\'(> nwasun'nH•nts hm·<' h<'<'ll 

pt•rf'or iii<'d at small wins at I IH' hack of a l11tman hand. S('(' Fig. 1. Edw 

signals fratnes \\'<'l'C' acqttir<•d \\'i I h a PH F h> ur = 1 kJiz and an iusonat ion 

angl<' n ~ GS" . 

In Fig. I (j a (·utout of 11 F <'ciH> signals s<'qll('liC'<'s at cons('('lltiw lateral 

t ransd tH'N posit ions arc shown bcfon' and aft n \\·all- fi l t ning. 

Th<· wall- filtN. "·hidt is cksnihcd in Sq. ( 1..')). wa)-; utilized .. \gain. t h(' 

echoes from t h<' tissu<' and the \'('SS('l \\'all arc ,·isihk as horizon! al line. The.'· 

arc siippn'ss(•d significantly after wall-filtering. The echo si~?,nal <'IH'rg,\· aftc'r 

tIt(' wall-filter is utiliz<'d ns a lll<'asun' to d<'cidc at each point in the' color 

flo\\' image and power modC' image whet her flow is \' isualizcd or not. If I he 

('nng,,· is hclo\\' a user-defined I hrcshold. I h(' tnorpltological 13-moclc imag<' 
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a) b) 
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FIGl"fUc 16. ln vivo imagi ng: echo s ignals s<'<JliPnc<>s: a) before wall-filtrrin!!;. 

b) after wa ll-filtf'ring 

inforlll a t ion is vis 11a li2ecl . If the energy is larger than the threshold, t he flow 

in format ion i imagcd. 

T he color flow im age m F ig . 17 a) shows the mean axia l flow velocity 

d istri bution over t he vessel's cross foiect iou . 

T he maximum estimated axial fl ow velocity IS Vz.max ~ 5nun s In t he 

power 111ock image in F ig. 17 b) the perfused crosfoi-sectiou is qua lit a t ively 

vifoiib le . T he echo signa l power is the highest at the vessel 's cen tcr. This IS 

a) 
200 
400 
600 
800 
1000 
1200 
1400 

• 2 [ftlll] 

c) 
0 

200 

400 

600 

2 

\ : 

t8 b) 
mm/s 200 

0 400 
600 

± 800 
50 1000 dB 

1200 
25 1400 

0 • = [I-'m] 

+X d) 
mm\ 0 

0 200 

-R 400 
50 
dB 600 
25 • 0 " [flm] 

I' .! 
1.0 

05 

..Q_ 
50 
dB 

25 

0 

v, 
+30 
mn'I 'S 

15 

..Q_ 
50 
dB 

25 

600 1200 1800 2400 3000 
x i [J.Im] ---+ 0 

F ICt'BE 17. \ "t•in at back of hn1m1n hand: a) lll<'an axial flow w•lociti<'s. b) power 

mod<'. c) ml'an axial flO\\. \'Clocit ies, d) mean r;ldial flO\\. n•loci tiPs. 
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because t he signa l energy a ft er the wall fi.llcr i1i lhe higher the wore backscat­

tering blood part ic les a re givcu and the higher the flow vclocitie1i a rc. Esti­

mated mean axia l Aow velocities and mean es tima ted radia l flow vclocit ic1i 

a rc shown in F ig. 17 c) and d) . Because the signal to noise ra tion (S TR) of 

acquired signals is too low a t higher dept hs, the color flow images arc shown 

over a more limited dcplh range: 

The estima ted mean radia l How velocit ies d i1itribution shows a maximum 

a t the vessel"s center and a decrease towards t he vessel wall, a1; well. The 

tra nsducer is mechanically scanned a long the la tera l coordinate x in order 

lo acquire echo sigHal sequences a t consecutive latera l transducer posit ions. 

Because of the cyclic heart beat and t he relatively long time between consec­

utive acquisitions, the P\VD system is synchronized to t he heart beat cycle. 

This is achieved by tr iggering the da ta acqu is ition a t each transducer po­

sition wit h the output of a photo-plethysmography system , which optica lly 

meas ure1; the heart beat cycle. Under t hese conditions, the color flow map 

represents the mean flow velocit ies at a constant phase of t he cyclic hear t 

beat. 

7. Summary and Conclusions 

A concept for t he ut ilization of high frequency a.nd broadba nd ul tra­

sound for high resolution blood How imaging in small vessels was presented . 

A PWD system with a spherically foc used single clement t ra nsd ucer with 

50 1\ IHz center frequency and 80% frad iona l bandwidt h has bccu clesigncc.l 

a nd implemented. High frequency and broadband ult rasound is ut ilized in or­

der to ach icvc a good spa tia l resolution . Transmi t siguals a rc genera ted wi th 

a waveform generator. and echo s ignals a rc directly sampled \Vi t h a tran­

sient recorder. Transmi tter a nd receiver a rc synchronized wit h each other to 

acquire dala with a well clcfi.necl t iming reference . 

Referring to the cylindr ical symmetric sound beam characteristics . the 

true Aow velocity was s0para ted into lhe axia l flow velocity component in 

the d irection of sound propagation and t he radial component in transverse 

direction. Acquired echo s igna ls sequences were a nalyzed in a t wo dimensional 

space wit h the micro and macro time axes. 

I t was shown t ha t combined time f requency domain approaches for ax­

ial Aow velocities estima tion can advantageously be a pplied in the coutcxl 

of broadband transmi t signa ls . Furthermore . a n approach for the estimat ion 
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of t ltc' magnitude of rad ial flow wlocit ie~ wa~ pre~euted. The proposed es­

timation technique~ were e,·,dua t ed h~· flO\Y ~ituulat ions aud flow pit a 1 tl 0 11 1 

ll leH~ll H ' lll{' l l f S. 

T he designed P \\'D systctll was ~u('ccssfu lly impknwnted. Results of flow 

phantom measurements show that flow ,·docit ics in the range o f sontc few 

nun s in artific ial \'Csscls as stnall e1s J ()() f ll tt in diam<>ter are rcliabl.\' estimated 

w ith t IH' proposed approadtrs . Jn vi \ 'O mcasmemeut s ha\'r been performed at 

small veins at the back of a lt untntt lw nd. [t was sl10wtt t !tat axia l and rad ia l 

flow ,·clocities p rofi le's in vessels \\'it h diametns a~ ~mall as about SOO 11m can 

I >C asscssc< I. 
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