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Ext<' llsioll of classic s pectral analysis to all Doppler signa ls backscaLtcrecl a lo 11g 

a11 tdtra.~o tmd ( S) ~ 1 -lim• Ita.~ he<'ll prowd useful to provide detailed infonna
tion on blood flow behaviour in major human a rteries. Application of a 20 auto 

correlat io11 processing method to lite echo signals rcflcclcd from the artE' ria l walls 
has a llowed their c last ic propert i<•s to])(' investigated, too. 

This paper reviews some of t he main activit ics dcvPlopcd at the ~licroeleclrollics 

Systpms Design (~ISO) Laboratory of t he University of PlorPncc wi lh t hE' a im of 

ex tracti ng valuable hcmod.vllamic and mPchanic information from the US ~ [- line 

echo signals. 

1\<•y words: Doppler ullmsound. t•clonly profiles, artenal mechanics 

1. Introduction 

Ul t rasou ncl ( S) 11011 in\'as i V<' investigations a rc capable of provid ing use

ful info rtna tion on either the hemodynamics and the nwchanics o f large hu

man art <'rics 11 . 21. To achieYc ::;i mu! t ancously both pieces of in for ma t ion wP 

ha\'C dC'wlopcd a real-time digi tal procC'ssing board, to be connected to an 

c>x tc rn a l US t ransmitter-r<'C<'iwr (TX-RX) unit. 

'ext S<'ctions report on the main feature· of tmch board and the complet e 

experimental set up in which it has h<'<'n used . Results of clifi'erent applications 

arc then reported. for hC'modynamic investigations in the CCA a nd aort a, 

and for non invasive IICT mca.'illl'<' lll<'nl. Estima tion of the b oard processing 

capabil ity to simultaneous distension measurement is t hen described. a nd 

some examples of in vitro and iu viYo experiments arc reported. 
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2. Materials and Metho ds 

The typical experimenta l set up used in our blood v0ssel investigations 

consists of eit her a custom made US transmitter-receiver (TX-RX) unit, or 

a commercial ecographic S machine (l\ Iegas, Esaote S.p. A .. Florence. Italy). 

paired with a proprietary nlldtigate acquisition processing board 131 (Fig. l ) . 

Ecographic ~yslcm Acquisition board Pl'rsonal C'omputl'r 

FtC:l ' J{E l. Experimen tal sptup 

\\'hen the ec:ographic appara tus is used. brightness mode (B-mode) imag

iug capability is exploit ed to explore the region of int erest (ROl ) and choose 

a f:iingk line of investiga tio n ( !-line) across the image. \\'hen the orientation 

of s ttch line has been fixed. tlte pulsed wave (P\V) mock is swi t ched 0 11. US 

bursts. focused along the selected line. arc transmitted and recei\·ed <'V<'t) ' 

pube rC'pC'I it ion inlcr\'al (PRJ). 

ThC' n•cci H'd t>clJO signals arc amplified and coherently dctnod u I at ed to 

pro\'idc basC' hand in phase q uadral ure ( J Q) cltcUtnels. 

The tnultigate processinp, system is a PC'l -bus plug in card . hosted 111 

a PC. Such board first pcrfonns the required analogue conditioning of the 

base band siguals coming from the CS system. uch signals are then digit izcd 

with two 10 I 'PS 11-bit ADCs. generating 1'2 digital C'Oillplex samples for 

each pulse transtnittccl at the pulse repetition frequency (PH F 1 PRI) rate. 

This resolution is necessary to prcf:ieJYC the high input d .vnalllic range due t o 

the possi blc si lllul tancous presence of both strong and weak S echoes. 

The ded icat eel real time signal processi ng is pcrfornl('d b.\· a Tl\ I S320C6202 

DSP (Texas Inst rument s Inc .. TX) 131. Elaborated data arc sent to the host 

PC' t hrough the PCI bus for real t i IIJ C d ispla.v. Raw data can also be stored 

on t he PC hard disk. 
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The system is provided with a dedicated software on the PC that lets 

t he user viewing in real time a ll t he results of the signa l processing, a nd 

reviewing raw data stored on the disk . to perform post processing operat ions 

and 111 easurements. 

1 Q signals coming from a selected gate arc also processed in real time 

ou the P C with a Hilbert transform based method [<-! . 51 Lhat allows the 

separat ion of Llie Forward and Reverse (Fw R v) signal components (related 

to positive and negative velocit ies. respectly). Fw Rv samples, produced at 

PRF rate arc rcsamplcd 161 to match the digital audio standard formats 

(44.1 or -18kHz) a nd played with a low latency(< 60ms) on stereo speakers 

through the sound card of the host PC 171- Audio data can also be saved on 

the hard d isk in uncompresscd ( .wav) or compressed ( .mp3) format 18 1. All 

the audio signal processing is made in real Lime on the P C with a dedicated 

software . with no extra load for Lhe DSP uni L on tbe acquisition processing 

board. 

3. H e modynamics Investigations 

T he multigate Doppler system is capable of giving precise information 

a bou t l he blood velocity distri bu Lion i nsicle the vessel (velocity profile). The 

DSP elaborates the samples coming from different depths , with an optimizcd 

128-point FFT a lgorithm. that generates, for each depth. the corresponding 

power spectral density. The result of this elaboration is the so called spectral 

profile. a ma trix of 128 x 128 data. compu ted every 20 ms 191. These spectra l 

data arc sent to the host PC and displayed iu real time. 

3.1. In v ivo Test 

Experimental investigations in human common carotid arter ies (CCAs) 

have proved that the veloci t.v profiles generally assume a parabolic shape 

during diastole and early sy ·tole, and become flat during the systolic peak. 

llowevcr there arc some particular conditions iu which the shape of t he profile 

changes more appreciably: for example. during Lhe deceleration phase when 

the velocity nC'ar the wallH result:; higher than in t he vessel center. a nd the 

profile assumes an ··t-. I" shape. 

As an example F ig. 2 shows a typical spectrogram detected in t he center 

of t he CCA of a healt h)· YOhlllteer. T he velocity profiles corresponding to 

the t ime iu ·tants highlighted in vertical lines in the reference spectrogram 
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F1ta JtE 2. Shapes of the ~pt•ctral profi les in difl"l•rent phases of the cardiac cycle. 

It can IH' not iced an asyJllnH·t r ic shap<' for profi lP <{ and an ··!\ r· shap<' for profile 

I. 

arc also showu j9j. Frequency (i.e. speecl) is here plotted on the X ax1s. a nd 

depth ou th ' Y axis . while the iulensily of the sp ect ra an' colour coded for 

each point. 

T he sa me acqnis it ion svstc111 has a lso bPcn used with a dedicate csophFLgeal 

pro he (Arrow Internat ion a!, PA. USA) to investigate the aortic bloocl flow. 

Iu v ivo tests have beeu wade in patients under general anaest hesia or in the 

intensive cHn' area at the E. Anclr{• hospital of Lyon. undN the direction of 
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FH a·1u-: :l. Ins tantaneous sppctral profill's d<'ll'ctc•d in lhl' aortic artl'r~·. ( l} duriug 

thl' s.\·stolic 1wak of thl' cardiac cvdP: (:2} dming thl' systolic dpc·C>lc•ration. in 

a lont tion bet \\"l'f'n I h<' arch and I lw descending aorta. 
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Dr. H. !\ ludmda. Such te~ts ('on firm that blood flow behaviour in t he aorta 

is nto rc cott tplex than iu CCA. especia lly a t the l0vel of t he aortic a rch o r 

in not ph.'·siologic ci rcumst a nc·es. Velocity profiles arc fiat during t he sys

tolic acc·C'Ic'rat ion but not during the fu ll cardi ac cycle. s howing in most cases 

a n as.\' llllllCtrical s bap(' . including bot h positive and negati ve components 

(Fig.3) I9.JO. UI. 

4. He matocrit Measurements 

Doppler echoes can be conveniently used to measure the US attcnuat ion 

m blood. Previous studies have shown a linear rc la lionsltip bC'lween US at

tenuation and the hcma tocril ( 1-ICT) 112,131. The attenuat ion coefficient can 

t hus be used to cletennin <' the IICT. once the transmitting frcqu0ncy is fixed 

a nd a ft c'r a suit able calibration of the s~rstcm is made . 

Previott~ work used tll(' C'cltoc's coming from two different gat es ins ide the 

wssC' I ll "il · 111casuring tlte attenuat ion as lhc dif!'crc'nce in the received power 

at . ·uch gates. However this met hod rcsul ts too sensitive to the sclcclcd gates 

a nd s uffers fo r a lack of s t nbil it~· a nd repeat ability. 

A new techniq uc has been recently i nt rod uced. w hiclt eval uatcs the at

ten uat ion coef lici<'n t with a robust averaging method using echo-signals from 

all dcpt Its ins idC' t he VC'ssel. 

I 11 vitro measurements have been d one' a l t lte US Depa r t ment of the IP PT

PAN. \\'arsaw. with sa1npiPs of whole porcine blood a nd separated plas tua 

\\'iih IJ('T ranging from l 1A' to G51
,.{ us ing a 20 !\ lHz unfocusecl transducc'r. 

Stead\· and pulsatilc flow ('Oitc lit ions. si milar to those existing in the brachial 

art cry. hm'l' hccu simulated with a suit a hie puntp. 

T lte attcnuat ion codliC'ie nt. de tenn ined hy the red ucl ion of Doppler a m

plituck \\'itlt innc'asinp, dc'ptlt. confimts t he linear relation to hematocrit with 

a good corrclatio tt coefficient (H = 0.992 for pulsatilc fiO\\'). 
Preliminary appl ication of t hl' new est i tnat ion technique in a first group 

of 12 pat iC'n ts has produced encouraging results. The mean Nror has been of 

onl~· 3o/c JJCT, wit h a maximt tll t e rror o f .')c;{ IICT 

5 . Arterial Mechanics Investigation 

In a rter ia l mechanics iii\'C'stigations, the interest is nol limited to b lood 

flow. but l'XlC'nclcd to the moYemcnts of the vesse l walls. T lte a ualysis of 
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s uch move nH'uts . in fact. can provide information on t he a.rtNia l distensibil

it y s tiffness, as related Lo atheroscleros is a nd vascular aging j15j. 

One of the goals in this a nalysis is the accurate es t illla t ion of the vessC' I 

dia me ter a nd its cha nges during the cardiac cycle . Approaches a rc currently 

based on the intcgra tiou of est im a ted wa ll velocity. The la tte r is obta ined 

using the a ut ocorrela tio n lll C'thod wi t h cent ral frequeJic)· estima tion. which 

has been shown to beau unbiased velocit y es timator jJ G. 17, 18 j. 

The DSP-ba!;ed system is ca pa ble o f estimat ing the arteria l d is te nsion 

simulta neous ly with tl1<' spectra l profiles as described in the p revious section. 

5.1. Vessel Walls Identification 

The estima tion of ins ta ntaneous art eria l walls positions duriug the cardi ac 

cycle firs t needs a ro ug h se lection o f the gat es tha t actuall~· include the 

wa ll echoes. Such selcctiou is o btained in real t ime by combining t he classic 

tracking methoclj19l with tile power g radient extreme search (C:ES) . 

The US system has to be set up so that echoes fron1 the' two vesse l walls 

arc each in one half of t he spectra l pro file display. The A-mode sig na l a ud 

its gradient a re the n con1putcd: the gradient extremes a rc searched spa n

ning back and for th from the ceut ra J depth o f the spPct ra J p rofile' (gate Gel). 

The fi rst gate corresponding to a local power gradient Iniuimum (maxinnnn ) 

with a valii(' lower (higher) Lh<UI a sui table 1-!, ivcn threshold is selected as t he 

s ta rting a nt erior (postcrior) wa ll position jl 91. 

5.2. Tissue Motion Estimation 

Tissue velocity is determined by p rocess ing the c lutt er signa l. whi ch is 

orig ina t ed by the stronp; echoes coming from nearly s ta tiona ry ta rgets (wal ls). 

Samples ta kt' n a round the \\'a ll gates over subsequent PRJs a r(' self correla ted. 

The !->elf correlat ion a long the s lo\\' t ime axis provides t he phase s hift relat ive 

to the wall motion j20. 2 11 . whi le t hat o11e dom· along the depth .-uis pro,·idcs 

a n es timat e of the received pulse average freque ncy. The latter estima te is 

useful to conqw nsate the frequency dqw nde 1It S a ttenua tion [16. 181. 

The described a lgori t hm has been n1lida tcd in \' itro using a machine based 

on a precis ion linear ac tua to r (T -L A-2 S. Zabcr Technologies Inc. Canada) . 

Th is machine is capa ble of generati ng c.\T lic and repeatab le displacement!-> 

(peak to peak ampli t ude Gl 0 ton ) o f a plcxig l<ts p late carrying a sample of 

tissue mimicking nia tc ria l. \\'e measured a n average c.li splac('ment of G07 t£11I. 
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,,·it ha global repeat ability of lt'ss than 2f1lll (iiicluding mechanical inaccura

cies. nwnsun'lll<'llt sys[('m errors and drifts) . 

Tissue motion estimation has been imph•nH'llt <'d to iun'st igate the change's 

in the vessel diameter from t ht• diffen'uce ht't ,,·e•en s.\'stolic and dia::;tolic dia

meter (distt'IIsion) of tiH• C'C'A. 
A prclin1inary test has be't'n p<'rfornwd on :33 healthy \'Oluntecrs aging in 

the range of I (j 70 .wars. For the mcasun'men t s the opt i1 ual pla.ccnwut of 

the transdtH't'r has bt•cn aC"hi<'\'C'd takin!!, into accouiJl the synnnetr.v oft he 

spectral profi k 1221 and t he• quality of the displacement wcl\'cforms. displa)'ed 

111 real time on the host ]J('. 

The average \'Csscl diameter measmed owr .'JO <>xplored art cri a! segments 

was G.9mi n (SD= O.GG mm). while the <wcrage distension was 199JLI11 (SD= 
188f1lll). The· intra-measure rept'atabilit.y. exprt'sscd as the SD of the ampli

tude nwasmc•d for l he sn me \'Ol unteer in neighbouring cardiac c,\'C ks. was 

only 28fllll. As an e'xam pk. Fi!!,. -L reports the displacement of both vessel 

\\'ails (uC'ar awl far) and tlw relat i\'c distt•nsion for subsequent cardiac cycles. 

i11 the CCA of om' of th<' voltt n tecrs. 

Ftct 1!1. I. Di!->pht<'<'IIH'Ill ancl cli'>l<'llsion in a('(' , \ on•r S<'H'ral suhs<'([ll<'lll !'ardia!' 

<'\TI!•s. l'ppN lin<•: disiPnsion: ;\liddiP lin<': n<•ar \\'all displac<'llH'nl: Low<'l' li1H': far 

W<til displa('('lll('lll. 

6. Conclusion 

This papt'r has re,·it'\\'t'd t lt<• lllalll applications of a real t ime { "S signal 

processing s\·st<'Jll itnpkmentecl at the :-ISD Lab oft he Uni,·crsit~· of Florence. 

Such :-;ystt•m has i><'<'ll sh0\\'11 C'apable of proYiding significant inforlllat ion 

on he' lliodynantics of large wsst'b like t h<• C'C'A and t h<' aortic arch. :\lore 

reccnth·. t ht' <"apabilit\· of im·e•st igating the mechanics of major human ar

tt•ries has lH'ell adclccl. Th<' a\'<'rage dianwtcr and distension measmed in the 

C'CAs of ;~:3 health.\' , ·olunteers hm·c been G.!J mm and J09Jllll. rcspecti\'ely. 
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T hC' a\·C'ragc standard deviation bet ween d istension measm enwnt s ovn con

secu tive card iac cycles was onl.Y 2 /1111 . t hus showing the high rcsolut ion of 

lh C' proposC'd mC'thod . P reliminary non invasive meas urements of hematocri t 

have a lso been obtained. Although more measurement , are necessary. t he 

lll ('an C'rror measured in a fi rst group of 12 volunteers was only 3o/t IICT, 
wit h a maximum error of 5% TJ C'T . 

T he high programmability of t he system m akes it suit able for further 

a pplicati ons current ly under com;ideration. 
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