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llrasound ll'chniq ucs provide in real-Lime detailed information about t he slruc

tun' a nd hemodynamic functioning of the cardiovascular system. The Doppler 

technique, either continuous wave (C.: \\") or pulsed, facilitaLes direct me<t;;metnenl 
of th<' time-dependent blood velocity a t a specific site. T he grad ua l development 

of Doppler tf'chnique. from the ·'simple'" C\ V systems to adva11ced color Doppler 

systems has expanded the possibilitiC's to relatP deviant blood flow velocity be
ha,·iour to changes in structure a nd function ing of the vessel wall. T his chapter 
will discuss in detail the signal analytic asprcts of Doppler instrumentation, and 

addr!:'ss the trade-offs and the int!:'rrPlationships between resolution in the tinw. 

spatial and frequency domain. 
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1. Introduction 

Sincr th<:> introd11ction of ultrasound Doppler systems for human applica

tions in l !JGO by 'atomura [lj and coincidentally by Frankl in 121. the Doppler 

l('('hniquc to estimate the blood velocity pattern gradually gained an estab

lished place in t he assessment and evaluatiou of the dynamic cha rac te r istics 

of the arterial and ,·enous circulat io n and in the diagnosis of vascular disor

d<'rs. To a pprrciate its value in cli nical practice. as will be demonstrated in 

the accompanying chapters, we will fi rs t addtu:>s the concept a nd evolution 

of Doppler systems a nd clemonst rate their a pplicability by providi ng a few 

cxant pl0s. 
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If sound waves with a frcqucuc:~· f c arc reflected by a moving acoustical 

intcrfacC' . t hen the intcrfa,cc wil l induce <'I shift fr1 in t he sound freque ncy 

proport iona,l to the velocity 11 of the interface. This is known as the Doppler 

principle 131, or iginally described for light. It was the Dutchman l3uyt:> Bal

lot who described the phenomenon for sotlllcl waves. HI a fter an attem pt 

to falsi!~v the concept for sound using musicians with absolute hearing a nd 

a moving t rain . To demonstrate t he principle, cons ider a single \\·avo impi ng

ing perpendicu larly on au interface with velocity 11 in the same direct ion as 

the iuciclent so uucl . T he wave will have a velocity relati ve' to t he interface of 

c: + v. while after reflection t he relative velocity is changed to c- u with c be

ing lhe speed of sound in the medium. The time required for total reflection 

of one \\'<'tvelength ,\equals >. j(c + u). Jn the mean t ime the front of the wave 

has covered a distance X wit h A'(fc+ fcL) = c and >-fc =c. Solving the above 

relations for fr1 results in fd = 2fcn/(c- n). Sinco c in tissue is far much 

greater (about 1500m s) than blood velocities (u will generally not exceed 

I m s) t he expression tuay be simplified to fd = 2fc.v/c for applicat ions in 

flowing blood. If t ho pl'tths of t ho interface (Fig . 1) and oft he sound waves aro 

iuclinecl with rC'spoct to each olhor. with an enclosed angk a. t ho interface 

velocity with respect to t he sound waves will be rocl uced to 1' cos n and the 

oxpression becomes 

fr1 = 2 fc u cos n . 
(' 

(1.1) 

}or blood fiow oxamina,tions t ransd ucers a rc cmplo.vcd to convert e lectr ic 

sigua ls to souucl nucl t he rdloctccl and hackscat tcrod signal to elect ric signals. 

Onl.v the velocity component relative to the sound transducer (em itter and 

rocoivN) contributes to tltc' Doppler effect (Fig. 1). If t!te enclosed a ngle is 90° 

(perpendicular obsorvat ion ) . t ho Doppler shift frequoncy will he z:No. whik 

for angles 1)('1\\'C'ell 90° and 270° the shift frequenC)' \\'ill be negative. 

Assuming a rclatin' \'elocit\' of blood of I' = l m s and a n emission fre

q uency o f 51\ rH z: the Doppler shift frequency wi ll be frt = G.l kH z (c = 
1500 nl s). C:cucral ly. blood flow volocitics arc below ] m s. onh· in and i111-

transducer 
c==·-~;:::~~S:O:LI I:ld beam 

\COSU 
rl(:t ' IU.: I. Only tit!' \'Ciocity CO!liJlOilt'!l( rPiati\'(' to tht' lraiiSdllet'r ('OIIIrihult'S 

to t hC' Doppler cfl'cct. 



http://rcin.org.pl

Do D OPPLEB S Y STEI\IS COLOR ARTERIES 11 ED'~ 245 

medialely dis lal loa stenosis vdocit ies up to 5 m s may be reached . Hence, 

the Doppler shift frequencies arc in the audio range a nd can be evaluated 

a ura lly. 

Angles nnequallo zero will only lead loa received signal. if the dimension 

of the reflector is small with respect to the wavelength of the ultrasound 

u::;cd. causing scalt criug of the sound in all directions. This req uirement is 

met by Lhe red blood cells with an ellipsoid dimension of 5 8 J..Lltl. lf t hey 

Lravel with cli fl'crcnt vcloci ties. then a lso a S[)('Ctnun of Doppler frequencies 

rather than a single frequency component will be received [5]. From a physical 

and stat ist ical point of view Lhis is too simplistic because. due to the tight 

packing (6 million cells per mm3 ). for any blood cell a not her can be found in 

tlll' direct neighborhoocl that wi ll cancel the backscattered wave. However, 

for b lood flows t he Doppler effect originates from var ia tions in packag ing 

cleusi ty rather than from i ndi vidual cellii . 

Although the concept of Doppler ::;ystems ::;eems to be rather simple . t hey 

heavily rely on basic signal aualysi::; concepts. The most fundamental one is 

the relation between the effective signal bandwidth B a nd the cfi'ectivc du

ration T of the corresponding impulse response [6]: BT2: 0.5. The effective 

baudwidth is defi ned as the square root of the mean squared deviation of 

the central frequency: the same dcfiniLiou applie1:> to the effective durat ion 

of the impulse response. The minimum value of 0.5 for the time-bandwidth 

product is attained for a Gaus::;ian ·haped spectral distribution (the corre

sponding impul:sc response is then also Ga ussian sha ped ) . fn da ily pracLiC'e 

lhe abo\'e l'llle is simplified to BT= 1 with B and T lhe widtl1 of the spectral 

dis tribution and the impulse response at half the maximum value. respec

tively (Fig. 2). For a band pass filter with a width of 21\fi-J, the duration will 

be 0. 5 ft s and increa...,ing the bandwidth \Yill red uce the clmation. For a low-

Tun.::-domaltl 
Fn:qut:nt:\'-dom3in 

.-\mp li tude 

T B 

FJC\ ' l{E 2. The product of th<' duration T a nd band\\'idth 13 is approximatel.v l. 
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pass filter both positive a nd negative frequencies should be considered. which 

results in a bandwidth of twice the cut-off frequency. 

As indicated above. an observation interval T allows a frC'q uency resolu

tion of !'::!.f Hz. Recalling the Doppler equation (Eq. (1.1 )), a spectral resolu

tion of !'::!.fd relates to a velocity resolution !'::!.. 1• as: 

or 
c 

!'::!. u = ---::--:---
2Tf(' cos n. 

( 1.2) 

Hence. for t he same observation interval T t he velocity n 'soluLion will 

improve with a higher emission frequency (or a n observation a ngle close to 

zero) . On the other hand . in tissue the sound energy relat ive to emitted 

energy decreases proportional with the sound frequency and the path. setting 

an upper bound 011 the incident frequency. 

In vascular studies and in Yascttlar medicine the blood velocity is mea

sured by placing a probe. containing the transducers for e mission and recep

tion of ultrasounrl. on the skin . Tlw direction of the probe is interact ively 

varied to locate an artery until a balance i · found between the amplitude and 

the pitch of the Doppler ultrasound. As we will show. an in1porta nt class of 

Doppler systems needs only one transducer, acting a llcmatively as emitter 

and receiver. 

2. Continuous Wave (CW) Systems 

2.1. Hardware Configuration 

T he simplest configuration to extract the Doppler shift iufonnat ion from 

the blood veloci ty dist r ibution is a Continuous \\'ave (C\\") system. It cm

ploys separate transducers (Fig. 3) for emission and reception of ultrasound 

(although t hcoret icall,v also a siugle transducer would s11ffice). The seusi l i \'

ity range of the probe i ·confined wit hin t he intersection of t!Jc emitt ed bcalll 

probe 

transducer~ 

F JC;t ' HE :{. A C' \\' probe has separate t ransducers for continuous emission and 
recept ion of ultrasound waves. The sensili\'C' region of the probe is \\'here both 

bf'ams overlap. 
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and the sensitivity range of the receiver crystal (Fig. 3). Hence. the sample 
volume of a CW Doppler system is quite large and does not convey informa

tion about the depth the Doppler signals arc originating from. On the other 

hand the . ystem exhibits a high sen itivity. making it easy to locate a vessel 

of interest l>y listening to the Doppler sound. Nowadays the Doppler uni t to 

emit and process the received signal is the size of an average sized calcula

tor and is therefore popular by medical doctors to check rapidly whether an 

artery is still patent. 
Before we go into the details of signal processing in Doppler systems, we 

will first d iscuss the concept of complex signals. which can be considered as 

an xlension of real signals as we observe in common life. Any co ine (or sine) 

wave is described by its amplitude A and frequency w . e.g. the signal s(t) = 

Acos(wt) . where t denotes t ime. The argument of the cosine is also called 

the (instantaneous) phase of the sigual. Since s(t) has 2 degrees of freedom it 

is impossible to extract un ambiguous ly the current phase or amplitude from 

<1 sample (or a few samples) of an unknown signal. This problem is solved 

by considering the sample as a projection of a complex signal on t he (real) 

x-axis (Fig . 4). The sequence of x-axis samples is called the in-phase signal 

a· opposed to t he sequellcc of the corresponding projections on t he y-axis 

(imaginary axis) denoted as in-quadratnre signal. The amplitude of the signal 

is t he radius (t he square root of the sum of squares of the real and imaginary 

signals) . while the instantaneous phase follows from the arctangent of the 

imaginary aucl real component. The combinat ion of a real and imaginary 

signa l i. called a complex signal. The in-quadrature signal is derived from 

Sample 
point 

FIC:t ' llE ...!. A compl0x signal is composC'd of a real (in-phase) and an imaginary 

(in-q uadraturc) component. 
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the in-phase signal b~ · shifting lhr pha!-le over 90 degrees indepeude11t of 

llJe frequency, i.e . the cosine-component is converted into a s ine-component. 

Th is can be accomplished in t he lime-domain as well as i11 the frequency 

domain. A complex s ign al is commonly denoted as s(t) = A(l) cxp(jw t ) = 

A(t )(cos(w t ) + j s in (wt )) . with A(l) the a m plit ude of lite envelope of the 

sign al, w = 2n f the a ngular frequency and j the symbol for the complex 

component. 

F'lC:I'HE 5. Hlock diagram of CW Doppler system 

The bal>ic configuration of a CW Doppln system is depicted in Fig. 5. 

An intemal oscillator provides the emitter amplifier with a sine wave wit l1 

a constant am pi i tuclc a n cl frequency. the emission frequency. The recci Yer 

amplifier has a large dynamic rangr to accommodate l he large echoes from 

sl ntc t m es. e .g . vesse l walls . <L'i well as the low amplitude s ig na ls backscat ll'rcd 

by t IJC' red blood cells. The lmmlpass fi lter s uppresses a ll noise in the received 

signal outside the bandwidth of intNrs t (:30 k l lz) to in1prow t hr sign81 to 

noise ratio (SNI\). The den10dulator is a crucial element in Doppler S.\'Stcms, 

because it shifts the frrqur nc.v s JWclmm ct'll(Ned at the etnission frequency 

to zero frequency by lllultiplying its input signalr(t) = A(l)cos((w, +wr~) t) 

by the quacl ra tmc oscilla tor signa l: 

d(t ) = r(t ){cos(w, t) + j si n(w, t )} = A (t) cos((w, +uJc~)l){cos(w, t )+j sin(...v·, 1)} 

= 0.5A(I )[cos (r..v'fl l) + cos((2wc + wc~)t) + j{sin(wdt) + sin((2w, + wr~)t)}]. 

(2. J) 

Tlw i 11lagi llat)· (la he led '"it h j ) and real components arc processed by 

srparatc channels. The s ignal component s at a do uble e mission freqttcncy 

arc effect iw' ly s uppressed by a ]m,·pa;.;s nud io filter with a cut-off frequency 

of about l!J kHz. clcpcncling on t he em ission freqti<'ncy Cltlploved a nd t l1 e 
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anticipa t c'd maximum Yclocit,\·. T he demodulat ion process as ind icated in 

Eq. (2. 1) applies for a ll frequency cotnponcnls t he received signa l is composed 

oL so a lso for a signal with zero or a w ry low Doppler frcquenc·y. prc'suma bly 

origina ting from slat iona ry or s low[~· moving structures. c.g. \'Csscl wa lls. 

Rcficc t ions of t be la t ter may ha\'c a m pl it udcs exceeding the am pli l ucle of 

blood ind uc·ed s ig na ls by a t leas t a fac-tor of lOO (..J.0- 60 c!B ). To suppress these 

low frequencies t he audio fil t er is convertcd to a banclpass fi ller. where t he 

lowN cul-ofr frequency ( i11 the range of 300 to 600Hz) sets a lso a lower bouud 

for t he (blood ) velocities tha t can be clctcct ed. lf this cut-ofi' freqt tency is set 

loo low t h(' echoes from st rougly reflec-ting struct ures will interfere wit h a nd 

may C'\'eu temporaril~· dominate the a udio s igna l to detenuine !7!. Genera lly 

the wa ll fi llN eau be set at a lower value for t he same cmissiou frcqucncy. if 

\'Cno tts flows a rc inwstigatccl . 

2.2. A udio Evaluation 

T he dc modula l C'cl ba ndpass filt ered quad rat urc signals cont a in Doppler 

sh ift frequencies in t he aud io ra nge. Bot h q uadrature cha nnels sound exactly 

t lw s<ttne. Aura l evaluat io n nmy lw intpa in'd if lhC' Doppler informal iou of 

both a w in a nd a n a rtery is com ·cyecl . However. genera lly the vein a nd a rtery 

will have a n opposite flow direc-t io n with rCSJWC'l lo the probe. Under t his 

C'ond it ion l he arterial nu cl venous signa ls can be separa ted by a propc r c·om

hinat ion o f the q uadra t ur<' s ign ab (Fig. G). T he cosine fun c- l io n is e\TII. i .<'. 

C'o:-.( - ..vd) cos(..vd)- wlt il<' th e' s ine funct ion is odd . i.e. s in (- ..vd) = s iu(wd)

Pltase shifti11g, the cosiue owr 90 degree's independent of frcqttC' II C'.\' ( IT ilbert 

fi lter ) .Y ield :-. a s ine componC' nt \\'it lt the salll <' s ign as the quadra lure c:ompo-

~ i n ± <•l 

90 p has..: 

s hift 

s um 
negatin:: 

pos iti'..: 

diJTerence 

l·' tC: l 'HF (). \ \ ' it h a 90 p ha:;c' s h iftC'r sC'paralC' aud io-ou t puts for positiv!' and 

m•gat iv<' Uoppl!'r frC'q ue n!'i!'s c·an lw d<' r iv('d fro rn t he quad raturc Ooppll•r s ig na l. 
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nent for posit ive frequencies. but an oppo ite sign for negative frequencies. 

Hence, t he sum will give only an output for positive frequencies, while t he 

difference becomes non-zero for nega t ive frequencies. In th is way velocity 

d irect ion informa tion is recovered . 

2.3 . Velocity Estimation 

An im port a nt characteristic of a Doppler system is its capabili ty to esti

ma te t he ins tantaneous frequency averaged over a short interval (e.g . 20 ms) 

wi t hin the observed region j8 j. The Doppler equat ion rela tes the average fre

q uency to a n average (blood) velocity. Usually in CW Doppler systems t he 

principle of a zero crossing counter is used to estimate t he average frequency. 

For this purpose only the sign of the quadrature signals is re tained. so at any 

instant it is only known in which qu adrant t he phase vector is located , but 

its precise direct iou (phase) remains unknown (F ig . 7) . If the pha.se vector 

changes from tl1c third to the fourth quadrant only the in-phase com po

nent will cha nge sign from negative to positive. Under that condit ion a short 

(0.1 ms) positive pulse is generated. Alternat ively, if t he in-phase component 

changes s ign in the reverse direct ion , while t he in-quadrature com ponent 

remains negative, i.e. the phase vector moves from the four t h to the third 

q uadrant , a negative pulse is generated . Subseq uent ly the posit ive a nd nega

tive pulses arc low pass fi lterecl with a cut-off frequency of abou t 20 to 30 Hz 

(response time 50 to 30 ms), yielding a velocity outpu t (after proper calibra

tion) as a continuous function of ti llle. T he fi lter process may be applied to 

the sum of positi ve and negat ive pu lses or for both outputs separa tely. O ne 

should rralize that the sum of the velocity ou tpu ts is not equal to the velocity 

of t he summed outputs, because in the first cru:;e the a.mplituclc informa tion 

FICl' RG 7 . A quadrature sign processor (zero cros~ i ng detector) a llows d etection 

of velocity di rection. 
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is noL properly Lakcn into account . The output of a zero crossing detector is 

on ly accurat c for signals wit a narrow bandwidth with respect to t he ccn

ter frequency. buL t he error wi ll be substantial (] 0%- ) for wide band signal.· 

19 . 101 . .1\Ioreover. under poor signal-to-noi!>e conditions large errors may oc

cur, especially for zero crossings detectors act ing on only a one-way phase 

shift direction . We will later discuss a more advanced option to estimate the 

average vcloci ty. 

2 .4. Spectr a l Ana lysis 

Any sigual in the t iwc domain can be decomposed into its constituent 

components in the frequency domain (Fouricr analysis). To allow proper in

terpretation the signal shou ld be stationary wit hi n a given time window, i.e. 

its statistical characteris tics should be constant. Due to the pulsatile nature 

of blood fiow. Doppler signals only comply with this requirement for a short 

period of Lime. T herefore the quadrat ure Dopp ler signal is broken clown into 

short segments of 10 ms tha t arc subjected to 1:-"'ourier analysis. For that pur

pose t he quadraturc signals arc sampled and converted to d igita l numbers 

at a sam ple frequ ency, wh ich should be at least twice the maximally ant ici

pated frequency to avoid aliasing . In t he latter case the phase vector would 

rotate over more than 180° (Fig. 7) . which would be interpreted as a phase 

shift of less than 180° in the opposite direction . T he observed Doppler fre

quency then deviates in magnitude and in sign fron t the original one. The 

spectral amplitude d istribution of the subsequent time segments constitutes 

t he spectrogram with on the horizontal axis time and on the verti cal axis the 

(Doppler ) frequeucy. The amplitude of each spectral component is displayed 

as shades of grey 15, J 11. The selected length of t he ti tnc window dictates the 

width of each spectral bin (spectral resolution): for 10 ms segments this will 

be 100Hz. Increa ... <; ing t ltc lengt h of lhe lime segments will improve resol u

tion a t the expense of blurring the time-dependent features of the signal. e.g. 

acceleration Lime. To avoid l his problem the time seglllents a rc normally half

overlapping. resulting in twice as many spectra for the same total length of 

the s ignal. Spectral analysis is rather insensi t i vc to the signa l- to-noise rat io. 

Even if th SNR= J, the ·pectral distribution of t he Doppler signal will re

llla in clearly visible in the spectrogram. T his is clue to the fact that the noise 

will eYenly be distr ibuted over the enLire spectral range. while the Doppler 

signal will be coucenlrated within a relatively small frequency band. 
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As blood flow accelerates from e ncl-cliasto lc to peak-systole l he number 

of observed b lood cells wil l remain !llorc or less the san1e and one would 

expect that the Doppler signa l amplitude will ha rdly change. Ho·wever. t he 

increa:,;ed fr iction on b lood cells due to shear st res:,;es cause:,; spat ia lly a more 

inhomogeneous cl cns i t~' distribu t io n a mi a. concomitant i n crca~c in a mpl it ude 

[12 1<1[ On t he o t her hand. in the frequency doma in in p eak-systo le the signa l 

power is dis tribut ed over a la rgN range. cansing a subs tan t ia l modu lation of 

t he :,;p ectra l ampli t ude owr the card iac cycle. This modula tion is attenua t ed 

by d ispla~·ing the logarithm of the spectral amplit ude with t he addit io nal 

advant age l ha t the a ppearance o f the spec! rogram is ra t her inscnsi ti vc for 

the gai n setti ngs. 

A common parameter to ext ract from the spect rogram is t he frequency 

envelope because it is ra t her im;eu:,;itin .. ' to the ob :,;crvecl \·elocity dis tribut ion 

and noise [1 5. LG[. However. the re never is a sharp Cttt-ofl for the maximum 

frequency. T he sensit ive region of a Doppler system depends on the local 

sha pe of the u ltrasound beam aucl . for pulsed Doppler syst ems, the axial 

leng th of t he sample volume (sec next section). T he tra nsit time dep end :,; 011 

the p<~ th o f the scatterers through thr srnsit iw n'gion a nd til r vrlocity. I3r

cause of the t ime bandwidth product the transit t ime w il l cause b lurring of 

llw fn 'CJ uenc_, .. s p t'C"t nm1 (gcomd ric b roadcni ng) w hi eh will vat ~' t l!roug lwul 

tl1c cardiac cycle. For pu lsed Doppler sys tems op crat iug with an c111is:,;iou 

burst of G periods tlw blurring may a mou nt to 1G'X of th r JWak frequency 

corrcspoud ing to the maximum velocity. Ju the past. sewral maxillllllll fre

quency es t in1 n.t o rs hm·e been proposed I J 7 21 [ and e;wh of t hem 11se so n1e 

ar iJitrary nit n io u for th C' maximt llll frt'(jll C' llC_\' wit h respect to t he spectra l 

Doppler ampli t ude aiiCI t he noise lmckgroum l. 

3 . Pulsed D oppler System s 

C'\ Y Doppler systems haw t he ad vau t age that they han.' au uulimi tcd 

vcloci t y ra nge a nd tha t the\- a re easy to use. On the ot her hand they have 

a pom range selectiv ity which ma kes them less sui ted fo r regions wit I! diffe r

ent flow patterns . e.g. cardiac cavities or extrcm iti rs where the a rteri a l blood 

flow nl<t)· re\·erse in end-dia:,;tolc . Pulsed Doppler systems. like echo sys tc111s. 

a llow the inter rogat ion of t he blood fl ow at a selected depth. l\ forcover. the.v 

can eH,'-> ily be eo m bi ned wit I! echo syste1us to p rovide v isua l feed back a bout 

the site o f mca.<.;urement. 
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Tit<' concept of puls<.'d Doppler systems is based on the notion t bat sign ab 

aw ftdly dctNmined by samples provided that. according to t he Nyquist the

orem. the sample frequency exceeds twice t hl' maxim ally autici patcd signal 

frequency (sec previous section ) . This observation implies that the received 

s ignal int er m it tent ly rather than conti nuonsly can be applied to t he input of 

the democlulalor (Fig.8). or that the ultrasound can he emitt ed in burs ts . 

with a corresponding increase in bandwidth of the receiver filter. Because 

the signal from the selected depth range is only iutenuittently present at t he 

output of the democlulator. it has to be capt urecl wit h a sample-and-hold to 

retain the value until it is updated in the next reception cycle (Fig. 8). 

rl 

oscillator r---
kl\\ pass 
liltcr 

! ! 
:.s1gna l 

cknw- I- lo\\ pass 
dula ll1r r-- lilk r 

r-- sampk-
and-hold 

- sample-
and-hold 

-
quadr ature 

put out 

~ 

fl(.:l' RE 8. Dcmodulator or a pulsed Doppler s~·stcm 

The function of the lowpa;.;s filters following t he demodulator is the same 

as t hose for a CW systcnt (to remove the double emission frequency). but the 

design is completcl.v different. Bec·ause it has to accomnJocl ate sl1ort bursts. 

the bandwidth should be enlarged considerably. Let us assu111 c a burst of 

(j JH'riods. t hen t lw fractional IJandwidt h (bandwidth divided by c:en ter frc

(jiiC'nc·y) of the received radio-frequency (rf) signal equals 1 G. A fourth ord er 

characterist ic provides a roll-offof2-ldB oC'taw. so the rilter w ill reach an at

tcnuat ion of about 70 dB at the cen t er frequency. This is sufficient regarding 

t h<' dynainic range oft h<' rec<'i\'C'd signal. which will ])(' of t hP same order. 

ShortC'I' bursts wonld even require a sharper roll-off. However. in practice 

lonP,n bursts up to 10 periods will be used in pulsed Doppler mode to avoid 

the effect of dcpth-ancl-frcqucnc·.\' clcpcncling atte nuation on the c:enter fre

quency. The smuple-and-holcl is activated at a preset delay wi th respect to 

the time of <'Ill ission. corresponding to the clesirecl depth of in terest. and acts 

as a gate for the demodulated and filtered signal. As stated. the active length 

of tll<' gate is given b.\' the bandwidth of the lowpass filter. which was set ac

cording to t he burst length usecl. This also sets the axial length of the sample 
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volume wh ile its lateral dimcusious arc determined h\' the local shape of tile 

ult rasound beam 1221. It should be st rcssed that the d<'!ltod ulat or of a pulsed 

Doppler system can not <klcct the Doppler shift. because oft ltc ::;!to rt ob:,;er

vation time. Instead iL pro\'iclcs the p hase of the rf-signal wit it respect to the 

oscillator rcfereuce siguals. The phase gradually changes with depth rather 

than d ue to motion . Onl.v tlte output of the sample-hold rcwals the Doppler 

signal. It has a staircase appearance and is directly suited for conversion to 

d ig ital for maL to perform wall filtC'ling. In a digital filter tit<' cut-off frequency 

is d irectly related to its update frequenc.v. i.e. the pulse repc>tition frequency 

(PRF) of the pulsed Doppler system. 

A pulsed Doppler system samples the Doppler signal fro1u a specific depth 

al a rate equal to the PRF of the system. This is sufficient to accommodate 

without a liasing Doppler signals from physiolo?,ical f1ows (pc>ak velocities up 

to 1.5 m s) but inappropriate for pathophysiolo?;ical vclocit ies as in arterial 

stenoses or stenosed cardiac valves. Aliasiug will show up ou the spectrogram 

as a roll-over: frequencies exceeding the> upper limit of PRF 2 wi ll appear at 

the bottom near -PRF 2 and vice versH. This can easily be solved by shifti ng 

t he baseline upward or downward . depending on the> direction requiring the 

largest range. Baseline shifting will extend the frequcuc~· range to maximally 

PRF .. b ut then the flow should remain nnidircctional. So111e s.vstents provide 

a further extension by t he high PRF (Hi-PR F) opt ion. Let us assume tba,t the 

system is suited (depth attenuation) and set for flow \'(']ocit v ass<'ssmcnt at 

a depth of 10 cm. Doubling the PRF and halving the depth delay to 5 cm will 

force t he system to sampk the> signals fi'Oill Cl depth of' !Jn11 with l'('Sj>ecl to 

the currc>nt c>mission and from a depth of 10 cm with respect to the pl'l'\·ious 

emission. If the region at 5 cm does not c·ont a in flow. t !ten t lw Doppler signal 

is appropriately obtained frotu a depth of 10 cm at a double rate. thereby 

extending the velocity range. The dra\\'back is that thc• depth-dc>pending 

gain on ly operates over a short range>. putting a high dc>mand on the dynamic 

range of t he system. especially if the PRF is t ripl<•d or quadrupled. 

If the Doppler siguals arc retained in their samp!C'cl (digital) form. then 

a zero crossing countC'r is unsuilcd to estimate the m·entge Doppler frequcnc\·. 

because transitions over 2 quadrants llla)' occtJr. l n 1 !)85 Kasai proposed an 

allcmat ivc based on the> argument of the autocorrelation C'( l) nt lag l oft he 
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F1c:t · I!E 9. The Rl\ IS error (>.PRF) of lhe standard pulsed Doppler velocity e ti

Inale (left picture) does nol vary with the nulllber of periods (NP) but illlproves 

with increasing package length (P L) while the veloC'ily estimate based on cross
correlation (Sec. 5) of the radio-frequent (rf) signal improves wi lh both PL and 

NP for a signal with a fractional bandwidth of 0.25, SNR= IO dB, 111ean velocity 
is 0, and wicllh velocity distribution 0. 1 >.PRF. 

sampled quaclraturc Doppler signals d(t). [231: 

255 

l PL- 1 

C(l) = PL _ 1 ~ d* (j)d(j + 1). 
j = l 

(3 .1 ) 

In Eq. (3. 1) I L is the package length (the number of Doppler :::; ignab con

sidered) and d*(j) is the conjugate of ci(j). i.e. the sign of the imaginary 

part is rewrsecl. As expec-ted t lw precision of the velocity estimate decreases 

wi tlt the sq uare rool of the package lengt h (Fig. 9). Only for aS R < 10 dB , 

a shurl package lengt h (PL:S lO), a 111ean velocity close to PRF 2 aucl a mod

erate width of the velocity distribution (0.2PRF) the precision may be poorer 

than lOo/c o f the PRF, but for most conditions the precision will be better 

than 5% of the PRF 124 261. Un like the zero-crossing meter. the approach 

of the colllplex au tocorre lator t ill fun ctions properly if t he in:::;ta11taneou:::; 

frequency exceeds PRF 2. provid cl that the velocity averaged over the time 

\\·iudow i:::; not :::;ubject to alias ing. To maintain the dynamic character istics 

of Lhe velocity waveform . t he observation win dow should be a bout 10 ms. 

which converts to a package length of l OO for a PRF of 10kHz (maximum 

depth 7.5cm) . This quite large munber ensures precise detection of the aver

age velocity. eYen if sophi :::; ticated wall :::;upprc:::;sion filt ers. like :::;iugula r value 

decompo::;itiou. arc applied 127,2 1-
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4. M ul t igatc Pulsed Doppler Systems 

The digital and computer techniques. <'llll'rgi11g i11 tIll' 1980's. faC'ilitatl'd 

reliable data processing oft he sampll'cl Doppkr signals. l' .g. \'('S!:lel wall sup

pre!:lsion . mean ,·eJoci ly del l'cl ion and spec! raJ analysis. The assoC'iat ed high 

proC'essiug power a llowed to integrate parall<'l processing ('hannels for caC'h 

sample \'Oitlule into si11gle !'ircuit r.v with serial proC'essiug, <H.'COllllllodat iug 

lllatl\ s;unple vohtmes. Ciwu this technology it was a suiall step to extend 

the numlwr of coHsccuti\'<' sampl(' volume's drastically to GJ and <'H'Il 12~ 

samples along a line of insonation [29 JJ[ . . \ prl'rl'quisit<' is a large dynamiC' 

range for the analog-to-digit a] <'Oil\'('rsiou oft he outputs of th(' dcnwdulator 

(Fig. 8) IJ('Ullls<' at that stage l h<' weak Doppkr signals frou1 blood pmt i

C'ks are still mixed ,,·ith t h<' lar~?,C amp] it ude eC'ho signals frmn slat ion m\ 

and slo\\'l.\' lllo\'iug struC'llln's like vessel \\'Hlls. A total dynamic range of 

72dD (12 hit:-.) allmYs for edw signals that an' a factor 100 ( JOdD) to 1000 

(GO dB) st rong<'r t ban blood Doppler signals wit !tout sat mal i ng t lw analog

to-digital com·erlcr. \\' it h lllldt igalt' Doppil'r sysil'ms oil<' ('an measure the 

tinJc-dep('tHlcnt \'C'locit.'· distribution owr tIll' noss-sl'ct io11 of Hll artery ltJIIJ<'JJ 

as a fund ion of time [:32. :3:3J. 
Till' d!'l ail oft he l'\'t'Iil ually obtained instant Hllt'OIIs \'!']o('ity distri])ll( ion 

large]~· dt']H'!His on t IH' sp;tl ial rcsoltJt io11 that <'CUI he attained. As stctl<'d 

hefon' a short d uration of l he t'Jilit tcd a<·oust it' pulse rl'quirl's a large band

,,·idth. "·hid1 t'nlarp,cs the di'<-cts of dcpt il- aud fn'qiH'IH '.\' d<' JWIHicut at lt'll

JJation. l ien('<'. the' ('Cntral frequeucT of till' n'< 'l'in'd signals will he siliftl'd 

dm\'11: c·ons<'<pwntly th<' \'!'lo('ity will IH' o\c'n'stimated (Eq. (1.1 )) . To soh·C' 

this prohl<'lll. till' lo('a] c·c'lll raJ frcqlt<'IIC\" of l'< '<'<'in'd mdio fr<'qucnt (r f) signals 

is est i llla led si 1111 !It an<'<> 11s I y I :2!). :~ If. using a 11 t O('orrda t ion of t hC' cl c'lllod 1 !I at <'cl 

rf sip,nals with depth Jag I (Eq. (:3.1 )) 0\'!'1' short deptl1 s<'gint'nts. 1-lowC'wr. 

the rC'quirt'd roll-of!· of the phase' detection filtns follo\\·i11g th<' dl'lllodulators 

sl'ls a lower hound for t hC' pulse dural ion. This is \\·hy prt'fen'nce is giwu to 

direct pmc·<'ssinp, oft IH' rf signals. One should realiz<' that not onlv t IH' p1dst' 

dmatiou hut also the loud iH'aJm\·idth in <·on1bination with t h<' angle of ob

servation afl'c'<'( tit<' radial resolution of the n'loC'itY estinJat<'. For an angle of 

GO /Ou het \\·een flo\\· direC'tiOIJ nnd t h<' inl'id<'nt hc'alll it do<'s not haw senst' 

to make tiH' pulse' IIIIWh snlHli<'r than 1 I of tht' local ht'Hill\\' idth (Fi~?,. 10): 

fmther shortc'uiHg will hardh· afl'cct t IH' ohst'nTd I'Hll!l,<' in t il<' radial direction 

of the blood \'c'sst'i. 
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5. RF Processing 

257 

Eslilllation of the average veloc it y (Doppler frequency) after democl ula

tioll i11 a system \\·ith H high spatial resolution requirE's correction for the 

effects of depth and frcquenc.\" dependent attenuation and will also make tl1e 

velocity C'sl in tal e lllorc 110ise sensitive. because of the cleneas(•d SNR. Be

ea use of t hcse problems a swi t eh is made to cl i reel proces::;i11g of the recei \'eel 

radio frequcnc.\ ' (rf) signa ls . capt urcd digitally with a re! at ivel.\· high conver

sion fn'quetH·y. The a\'Cragc displacement of reflectors within a depth window 

O\'er repeated obscrvat ions then follows from the local ion of the peak of the 

C'l"OSS-C'OITelat iou l35l of the ( \VO-cl imensiOllH l rf" 111at rix r(/, d ): 

C(8) = L L r(l. d)r(l + l. d + 8) . (G. 1) 
d 

As opposed to com·c•ntional Doppler processing. awragi11g is performed 

o\'C'r the cross-correlation of subsequent rf signals over adept h window rather 

than corr<'lal ion lwtween rf signal and rcfrrence (oscillator) signal. The qual

it .\" of the c•stimate imprO\'C's with the lenl!,th of the windows. in both depth 

(axial len?,th sample Yolumc) and time (PI1F). The prohlC'm is to fi11d the 

locat ion of the peak. The rat<' of O\'ersampl ing of the rf signal is reflectC'd in 

the lltllllber of sample points within the main lob<' of th<• cross-correlation 

f11nct ion: n h i ~lt oversampli11g is t'C'Cjllircd to get a detailed cross-correlal ion 

I3G I· Tit is wi 11 put a h iglt demand 011 processing power. also beca11se for c'ach 

santple point in depth t lw reflect ions of slat io11ary a11d slmdy mo,·ing reflec

tors shonlcl b<' n'liiO\'Cd prior to noss-corrclation. A ::;imple \\'H._\' to perform 

I he lntter operation is the rcmo,·al of the baseline off-set. a::; observed over 

the time-windo\\'. but also higher order approaches ha\'C' bce11 suggested 137 
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391. To estimate preciseh· tlw displacement from a coarsely samplrd c-ross

correla t io11 fun et ion. various interpolation a lgorithms have been considered 

I·.WJ. but they all incorporate to some extent the a nticipated shape of the 

auto-correlat ion of a received echo which ma.v Yary with lhC' fractional band

,,·idth of thC' rf signal. The result of the abo\·C' rf processing is a direct est imate' 

of the average displa.cemC'nt. expressed in ter111s of the sampling d istance in 

de pth direct ion. ln this a pproach l he reference is the previously observed rf 

signal rat hN than an osci I I at or signal. eliminat ing l he need for cent er fre

quency C'st i mat ion and scal ing. I\ Iost import an t ly the displacement estima te 

tends to work properly. evC'n under poor S~R condi tions (0 dB with the sig

nal aud noise levels based on the same spectral range). The phase del eel or in 

traditional pulse Doppler sys tems smoot hes phase t ransi lions prior to velo

city esti mation. while the rf processing technique retains in the displacement 

detection algorit hm the information on phase transitions originating from t he 

randomly distributed scatterers 12-11 by reversing the sequence of operaLions 

aud select ive averaging in the depth direction (Eq. (5. 1 )). 

The cross-correlation funcLion of a periodic ( r f) s igna l exhibi ts the sanH.' 

periodicity. causiug sick lobes. For na rrow band signals ( ult rnsound hu rsls 

containing several periods) these side lobes lllay inc ident a lly attain higher 

val ucs than the main lobe. resnlt ing in displacement alias i ng. However. e m

ploying s ho rt pulses will canse rapid decorrclation and attenuates the side 

lobes. T hat is why l his a pproach is especially s uited for displacement ( vc'lo

cit~·) est imal ion in systetus with a hig h spatial resoluLion. 

A weak point of the displacement estimation as out lin<'d allow is then'

quirecl range of correlation lags . spanning a displacement ranpp of one to two 

\\'a,·cleugths. I!owen•r . the nnmber of required lags can be rc'dllcC'd to 3 if the 

rf s ig nals arc converted to a complex signa l a nd the shape of the rf spcctru tn 

is knO\m I JJ 1. 13ecausc of the frequency characteristics of ultrasound trans

ducers the spectral power density distribution C(f) can be approximated by 

a Gaussian shape modclecl a:-;: 

G(f) _ 2( ' + S) (-2(!- f c)
2

) 
. - B/2ii exp B'2 . (5.2) 

It is thereby assu nted that clue to dedicated filtering the signal power 

S and noise power N cover the same root-mean square ( R IS) freq uency 

range B around a cent er frequency fr· The t wo-climensional cross-corrclat ion 

function C(T. 8). as funct ion of the lime Jag T and depth lag 6 (both in sec

onds), will be the inverse F'omier tra ns form of the power s pectra l distribution 
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(Wiener-Khillchin relation). Laking inLo account t he t illle shift 6' clue to t he 

displacem ent 6x = VT = C01 / 2 of the scatterer with velocity V towards Lhe 

transducer in between observation!:> : 

00 

C(T. 6) = j G(f) exp{2n fj(o + 2vT jc)}df. 

0 

The basic transformation for a Ganssian pulse is: 

Then the autocorrclation function ( T = 0) is given by: 

2(N + 5) ( -26
2

) C(O,o) = B../2ii cxp ]]2 exp{2njfr6} 

and the cross-correlation function fo r T # 0 by: 

25 ( - 2(6 + 2vT /c)2
) 

C(T, 6) = B../2ii exp B2 exp{2njfc(6 + 2vT/c} ). 

(5 .3) 

(5.4) 

(5.5) 

(5 .6) 

At t his point t he conversion can ue made to d iscrete correlat ion coefficients 

by considering sampling in depth and in t ime. The rf s ignal is sampled with 

a frequency .fs which should be a factor 4 higher than the central frequency f c 

to accommodate high frequency ignals, because of t he bandwid th B, j41j. 

T his sets t he unit of the depth lag to 6 = 1/ f s· The temroral sampling 

interval equals 1 PRF. Eq. (5.6) contains 5 uukuown variaules (v , f r, B. 5, 
) which eau be solved by considering the est imates for C(O. 0). C(l, 0) and 

C(O. 1) 

C(O. 0) = 2(5 + N), 
B ../2ii 

2(5 + N) ( -2 ) .. 
C(O,l)= B ../2ii exp f.'! B 2 exp{2n.J}c/.fs). 

25 ( - 112 ) C( l.O) = ~<Lexp 
22 2 cxp{4nJ.fcv/ cPRF)}. 

B v 2n B c PRF 

(5.7) 

(5 .8) 

(5 .9) 

T!te argument of the estimate for the au tocorrelat ion coefficient provides 

the est illlatc for the center frequency of the received signal. while the argu

ment of the estimate for the cross-correlation coeffi cient. normalized fo r the 
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estimated centcr frequency, givc1:1 the velocity: 

J:. =f., arg{C(O. l )}/27r. 

, cPRFarg{C'(J.O)} 
l' = -- __ :c....o__...,---.:.. __ ....:.._:_ 

2!.9 a rg{ C(O. 1)} · 

/2 fJ = -r======== 

J.~ In C(O. 0) - lniC(O. 1) I 

s 
N C(O, 0) exp ( u2c2~~·~F2) -I C( 1. 0) 1· 

(5. 10) 

(5 .11) 

The est imates for the centcr frequency. the bandwidth and the SNR can 

be used to validate t be velocity estimate, e.g. if the SNR exceeds a given 

threshold the estimate is accepted, otherwise it wi ll be zero. The cross

correlation coefficients of the complex rf signals, obtained via a Jlilber t fi lter, 

within a da la matrix w ith dimensions NS in depth and PL in t imc arc esli-

m al eel as: 
NS-6 1P-T 
L L r(t , d)r·~"( t + T. d + 6) 

C( T. 6) = _:.d:._=_:_l_l_=_l ---------
(NS- 0- l )(PL - T- l ) 

(5.12) 

To get l he best performance. I he length of t be depth window is set to 

the axial n'solulion of I he s.vstc·m as follows from the est in tales for cenlcr 

freq uency and bandwidth . Simu lation:; have shown (F ig. 9b) l hat the above 

estimator based on coJnpkx cotTc'lat ion fu nction has a precision of kss than 

I Yr oft he PHF fo r an rf signal with a fractional bandwidth of 0.5 for a wick 

range of signal conditious Hll- To impro,·e robustness and detail in I he \'elo

cit.v distribution. data wi ndows are chosen half-overlapping in dept h and in 

t ime. rcuderiug a large mimher of YclociiY est i1nalcs JWr sccoud for a depth 

range of 1 2 cm . 

The common wall filter is a highpa,ss filter and . hcuce . supprt'sscs Doppler 

freq uencies wit l1in a range around zero frequency. C'onsi<kri ng a slc)\\·ly 1110\'

ing st ructnre like a wsscl wall (or its reverlwralious wilhi u the IIu nen). the 

cut-off frequency a nd roll-off should lw sc'l high to avoid that in the early 

syslolic phase the hller will leak signals from the structure. Clearly a zero 

order filte r (remO\·ing the meau level) will uot do. A n alternat ive is to nse 

a bove v<:>locity estimator (Eq . (5 .10)) es timator p rior lo wall filtering [42j. 
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Then the signals of structures \\'ill dominate and the estin~ator prO\·ides the 

Doppkr shift frequency a}) function of t ime. providing simulta rH'ous ly in

fonnation about the displacement of wall s t ruct urcs OH'r lime j.-1.:21. The \Yall 

Doppler shift is subsequently used to shift the complex rf s ignals in frequency, 

maintaining the spect ra l peak o f t lw Doppler signa ls at zero frequency an cl 

allowiu~?, the highpass filter to funct ion opt ima lly. Since the spect ra l d isp er

s ion of tlH' s tructures is lilll itccl. the sdect ion of the cut-off freqnency is only 

l i1 nit ed by the length of the time-window 127.2 , 43. 4-!l. After blood velocity 

dl'tect ion l he est imated velocities have to be corrected for the imposed s hift 

in signal frequency. 

Processin?, of rf data puts some demands on the echo-syst ems. First of 

all the' rf signal s hould be accc'ss i bk. wit ile the phase relationship between 

emission and data capture is maintained. 1\ Io reover. the echo system sho uld 

be capabk to operate in c'cho !\I-mode' with a high PRF (10kHz for a L) .\ l Il z 

syslcnt ) lo m·oid frequency aJia}ling. Finl'l lly, capturing rf signab a t a sample 

rate o f J limes the expected carrier frequency (251\IHz) at a PRF of lOkJiz 
over a ra nge of 20 mm. covering a n a rtery) produces a huge a mou nt o f data 

ovn <U J ohscrntt ion time of a few seconds. 

6. Shear Stress 

The shear st ress is the drag per unit a rea exerted by the endot helium 

on t he flowing blood. This will s low down the velocity of the blood close 

to tiH' wall and for a straight vessel \\'ithout bifurcations c•ven t11 a ll.' · n•stdl 

in a n' locity distrib11tion anoss the IIIIIICil with the hig hes t vc locity in the 

cc·ntn of the lnlltcn. A steep ,·e locil.v graclic•nl at the wall-lumen interface, 

itJdica ted as s hea r ra te (SR), C'Orrespond s to a high shear s t ress (SS) : 

Ss Du(r) I sn = IJ - . - = tJ 
() ,. r - H 

[Pa] . (G. l ) 

The blood ,·iscosity 17 nuies wi I h the shear rate: a lo"· mean wall shear 

rate ( ,. - R) causes a high blood ,·iscosity. Especially at lo"· shear rates 

(below :200 s 1) the \'iscosity will incTeasc' s ha rply. rendering viscosity mea

SIItTIIJC'nts by nwans of a blood sample impractical. Ho\\'cver, for ph,vsiological 

shear rates the non-~ewton ian charactn of blood can be accounted for using 

plnsnta ,·iscosity (IJo !Pa sl). haemotonit (Ht jYtl) a nd wall s lwar rate. 1-L) ]: 

log(tJ) = log( 'lo) + (0.03 - 0.0076 log(SR ))Ht. (6 .2) 
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If WC asS lllllC that the etnittcd ultrasound burst has cf]'cc[ivcly a length of 

2 periods (a re lative bandwidth of 0.5) and the received rf s igna l has a ccnter 

frequcnc~· o f 6. 1 1\lHz. the length of the sampk volume will be on the order of 

0.25 mm which matches the anticipated lwamwidth of lmtu withiu the focal 

zone of a t ransd uccr. Processing the rf data in half-overlapp ing segments in 

depth and iu tituc results in an interspacing of 0.12!) mm. t hereby retain

ing the spat ial and tempora l details in t he velocity· distribution (Fig. J 1). 
As stated in the previous sectiou . a wall filter adapting dynamically to t he 

vclocit ics of l he artery walls allows detect ion of low ,·cloci tics ,,·hich may oc

cur close to the , ·cs ·cl wall. These ,·clocities may behave etT<tl ica.lly. because 

velocity estimates have be<'n s<'t to zero based on the observed SNR whi!C' 

ot her V<'locity estimates have been accepted although they have an unreli

able Yaluc. SlllooLhing with a. 3 x 3 med ia n filter preserves the edges of the 

velocity distribution. The next step is to compute the radial derivative of the 

ob en·ed velocity distribution for each time instant and at each site. s tarting 

from the middle of the lumen. resulting in the timc-dcpcudcnt shear rate dis

tribution. car the wall the shear rate will attain t he hig hest value and the 

maxiuHmt within a range of 2 mtn is accepted a.•.; the vvall shear rate. I..J:2J. As 

a consequence the positiou at \\·hich the wall shear rate i:-; obtained dnlatni

cally varies owr the cardiac cycl<' with the motion of tltc walls (Fig. 11 ). To 

reduce tt1 i nor curvature effects and associated secondary flow effects. the wall 

shear rates a t t !te near a nd fa r wall (from the viewpo int of the ultrasound 

t ransd IIC'er) arc averaged. 
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FICt ttE I I. Time-drprndrnt vrlocity ( left ) and shear rate (rig ht ) dist ribul ion in 

the cotnmon ca rotid art ery of a young volttnl<'<' r 
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Although the adaptive wall filter permits the detection of relatively low 

veloci tics. i l rcmai ns impossi blc to detect the velocity gradient exactly at 

the wall lumen interface. also because computation of the velocity grad ient 

involves 2 ucigbboring sample volumes with a non-zero velocity estimate. For 

a 7.5 I\ IHz system the actual velocity gradient is computed at a distance of 

0.3 mm from the wall \46J . For an artery with a diameter of 6 111111. t his will 

cause an underestimation of the true velocity gradient on the order of lOo/c. 
On the other hand it may be assumed lhal at that radial position the effects 

of shear thinning arc negligible and that t he estimated whole blood visco ity 

(Eq. (G.2)) can be used. 

Oue tnay consider using calor Doppler systems in color I\1-moclc (Sec. 7) 

to assess the time-clcpenclcnt wall shear rate. These systems, however . have 

a poor spatial resolution . because they emplo.v long u lt rasound bursts (Sec. 1) 

in Doppler mode. I\ Iorcover. the wall fi lters arc not balanced to effectively 

separate Doppler s ignals from the wall and from the blood with about t he 

same velocity relative to the ultrasound transducer. Generally t he wall fi lter 

is t he key problem to assess the velocity gradient close to the wall. Let us 

assum e that tbe cut-of!· frequency of the filter corresponds to a velocity of 

3 cm s, then the minimal velocity gradient for consecutive sample volu mes 

spaced at 0.3 mm equl'lis lOO s- 1
. Only if the velocity gradient is higher than 

this est imated value it can be attribu ted to the velocity distribut ion. 

Since it remains problematic to nteasure d irectly t he time-dependent wall 

shear rate researchers evaded Lo ind irect methods, [.J 7- 50J. For a steady 

flow the velocity dist ri bution in a straight vessel wil l eventually develop 

a parabolic shape. provided that the entrance length is su fficient ly long. T hen 

the wnll shear rate is directly related to the centcr stream veloc ity v which 

can easily be measnrecl with available Doppler systems J5l j: 

SR = 2nv j D. (6.3) 

In this expression D stands for the lumen diameter and n indicates t he 

expouettt of the mocleled velocity distribution (which is 2 for a parabolic 

velocity profile). For dynamic pulsatilc cond it ions t he shape of the velocity 

distribution will vary over the cardiac cycle. but it is assumed that the mean 

shape is still parabolic. However. direct comparison between direct and indi

rect me>asure>ments shows that the indi rect ntclltod underestimates the mean 

and pcak-systolic shear rate. and. hence. peak and mean wall shear stress. es

pecially for compliant vessels. [52J . For ela-'itic arteries the exponent is higher 

than 3. indicating a blunted W'locity profile. 
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It is generally accC'pted t ha t t he lumen dia me ter is adjusted to t he pre

vai ling shear stress. 153 ~GI . At hig h s ltear s trcssC's t he e ndothelium wil l p ro

duce va: od ila tiug agc11ls. like NO and prost acydincs 15 71. i nn casi ng a rt erial 

diameter a nd. hence. kecpinp, t lw shear s t ress w ithin limits . At n lovv shear 

s tress. however. less of t hese vasodila tiug autocoids a nd cm lot hclitH' (a vaso

cons t ri c: t ing agent ) wi 11 l)(' rC'lcased . cawoing vasoconstriction . lt is assum ed 

tha t regulation of t he shear stre::>s event ually resul ts in a mean shear stress 

of 1.5 Pa (15 dy ne cnt2) . In the common c <'t ro ticl a r tery we indeed o bserved 

shear i::l tressei::l o f a bout 1.3 Pa . but in the brachia l 1521 and Lhc femoral 1581 
a rt cry su bst ant iall)' lower mean stresses were found . ra nging between 0.5 a nd 

0.3 P a . T he la tter arteries supply \'l:U:>c ula r beds with a high \'ariat io n in b lood 

dema nd (fac tor :20 30). depending on t he level of exercise. and a n associat ed 

variation in periphera l resis t a nce. For this condition it is virtually imposs ib le 

to adj ust dynamically t he a r tery d ia meter to ret a in a :;hear i::lt res::; of 1..5 Pa. 

A high shear stress lllay a fter all da mage the Pndot hclium. 1591. Tha t is why 

a rteries in t he extremities have a su bstan t iall)· lower m ean shear s t rc::>s a t 

rest , 150. 601 to accommodate wi t hout c ndo t lw lia l da nt age t lw high blood 

flow in exercise. 

7. Color D oppler Imaging 

Blood cells exhibi t a low cchogcuicity compa red to s truc t urcs like ves

sel wi'l ils. Consequc'nt l.\· blood a ppears blac·k on an echo-im age. bnt b~· using 

the b rightness information it is ra t lt •r c•as\· to locate nonna l a rt eri es us ing . 

T lte situa t ion l'ha ngc's fo r arte ries with calcified walls and a s ns pectcd low 

or a bsent blood llo\\'. ~ lorcover . t h rombo tic fo rllla t ions as a rcs tdt of vu l

nera ble pla que's hm·c• a h igher eC"ho level than blood and the difference wit h 

\'('Ssel walls is not so ob\· iotts a ny more . That is wh,v some decades ago it 

was proposed to extend the potcnt ials of mul t igate D oppler systems l o 2-

dimcnsioua l flow nHtps whNc the \·eloci t.\' ittformal ion is supe rimposed in 

color (color Doppler ) on t he echo- image in B-mocle. 1231 . T he direct Yis ua l

izatiou o f the ana tomical rela tions hip bctwe<'II st ruct m es and flow makes it 

direct !~· clear where a no nmlies cue to be ex pected. 

T o obt a in How ma ps a large llltmber of sample volumes distributed a long 

the ult rasound beam haH' to be rcpct it in'ly interroga ted in pnls<'d Doppler 

mode . An o hscrYa tion t ime of 1 ms ( J to 8 subsequent emissiou a nd p rocess

ing c~-cks) will do to obt a in a n ude estimate for th e \'ciocity clist rilmtiou 
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ll--> . .Z(i.:!:--,,(il (i<JI. \YIH·n·<~fh•r tlH' lH'<~nt i:- s\\itdwd to anotlwr dirc·ction aud 

th<• pnw<·s:- i:- n'JH'atl'd. ltt I ltis ''a.\ J(i \'elcH'il\' IllHJli-> <·omposed of (j l !in<•:-; 

can IH' prodtt('('d ]><'r s<'<'O!lll .\lt hough puls<·d Doppler proc<•ssinp; is subject 

to aliiisin)!.. it do<·s not s<'<'nl to IH' a prohl<'lll for color llH><k syst<'llls because 

alia:-.in~ mt ifnct:- \\'ill show 11p ils a 111osaiC' pat tl'm: the ra11dom distribution 

of hi)!,h Y<·l<witil'S with oppositl' dirl'ctions Hl'l' <'<tsi]_,. idl'ntifil'd <IS jPts with 

a hi!!,lt \l'lo('il\ as Ill<\\ o<·<·ttr in nnd distal to sf<'IIOtic heart valn•s and arf('}'\' 

s{('JIOS('S. 

Lar).!.l' f!m,· llli!ps <·o1npos<•d of ma11y lines or a lo\\ PH F ben111s<' of the 

requir<'d <kpth of inwstigation \\·ill n•dtH'<' tlH• flow 111ap !'HI<' to bdo\\· 10 

fntnH's Jl<'I s<·<·<>Jtd. \\hidt IH'('OilH's prohihiti\'<' to full.\' ap]>I'<'ciatl' the d~

II<UIIi(' IH'hm·im of artl'rial How and ('ardi;H' action. That is wh~· for the Ho\\' 

111ap. prd'l'n'nC'<' is p;in•u to a sul>sector of t hl' ed1o-i1WI)!.<'. which is also in

tcnllitfl'nt ly updated. Ik('aus<' oft h<• short ol>s<'JYatioll time. the cstimat<'d 

\'(•locitil':-- an• rather 11oisy prohihiti11g nunwri(' qua11tifiC'ation. \Iorcovcr the 

shmt ohs< '1'\'a I ion I i Ill<' s<•t s <1 lower limit to t ht• en t -oH' fn•q 1H'Ilc~· of the n•ssel 

\\'all filt<·r. km·i11g a \'oid IJetw<'<'ll th<· ('olor map aud th<• wall. For a mon• 

an·11l'ill<' ass<•ssnH·nt of flo\\' mim1Jalics tlH· sysfl'lll i:-- swit('h<·d to sing](' :\l

li1w ('olor uwd<· or to singlc gate Doppl<'r (l<'riiiit I i11g fn•q1H'Il('_\· aual.\·sis of a 

::-.<tlllpl<• \'olttnH' po:-it imwd. using I he <'cho awl flow map i11format ion. 

It 111a\' d<']H'!Hl ou the appli('al ion. but in most situatio11s om• is i11terestcd 

ill t h<• pre:--l'JI<'<' of blood flow rath<•r thau its magnit u<k. Fort hose situations 

it is 11ot IH'<'<'ssaJT to ('alculall' the n•locity 111ap: it is suffi('i<'llt to cl<'t<'Cl the 

illl1plit I HI<' of I h<' Doppl<•r sigllals 110 Ill alld to displaY its :Z-dilll<'llsiollal 

di:-t rihut ioll ill l'olor lllocl<• (pmwr Doppl<'r. <lll)!.io Doppl<T). A dnmba('k is 

that I IH· Jllforlllill ioll nhont flow din•('( ioll is lost. Ou t lw ot lwr ha11d <>11<' ll1il.\' 

<1\TI'al!,<' <)\'<'!'a lollg<'r I illl<'. n•<ltwing, <•si illwtiou artifact:-; ill t lw illmge. 

8. Conclusions 

C'olm Doppl<'l' :--\·st<'111S difl'<'n·nt iilt<· t h<• flow din•('( ioll \\'it h a culor (r<'d 

m hln<') \\'hih- t h<• flow \'<'loci I\' is iudicnll'd J>y t h<' brig,ht IH'ss of the ('Olor. 

TIH• <jl!f':-IJoll r<'lllilills wlwt hn I lw ('olor i:-- illd<·<·d lillk<'d to t h<• si)!.ll oft lw 

ob::-.vrwd D<>ppkr shift or tot lH' typ<' of \'('SS<'l (art<'l'\' or n·iu) 111 s('('. I it \\'HS 

<II)!.IH'd t lint pmt idcs liH>\'iJig toward~ t lw t rilnsdll('er would ind1wc a posit in· 

Dupph·r :-.hift, ln11 at 111ill1,\ :--taw•s \\'itltin a Doppler sysl<'lll tlH• assigll<'cl 

ph<N' n·lnt ionship is rat IH•r arhit rmY. This appli<•s tot hl' rl'f<'n'llC<' si~nab for 
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the democlulator (Sec. 2.1 ). fort h<· input s of the ,·elocit.v estimat or (Sec. 2.3) 

and for t h<· audio s igna l separator (Sec. 2.2). If t he inputs arc s\\'apped the 

s.vstem still functions proper!~·. although the s ign of t he Yelocit.v output will 

he reYersed. The situation becomes CV('n Inorc complicated for rf processing 

(S<•c . 5) . ThNc the direct ion oft he displacement is linked to t he t ime elapsed 

after emission: a pos it ive displaceiiH'IIt is then associated wi th a s hift Lo 

a greater de pth. For Eq. (5 .3) this was corrected for by <:'I.Ssigniug to the tillle

sh ifl. clue to a negn.tive displacement (motion to\\·ards t he transducer) . with 

a posit ivc sign. while st ric tly speaking the sign should be negative. 

Also in their application Dopple r systems arc not cons is tent . Spectra a rc 

most easily interpreted if they a rc clisplayccl in a positive fas hion . \Yhethcr 

a rteries are interrogated with the probe direct ion a ligned w ith the suspected 

Row direction or rather in the o pposite direct ion depends 011 the local anato

my. It is easier to observe the carol id arteries with the probe directed towards 

the head. while in the brachial a rteries the probe direction is opposed to the 

ma in Row direction. But a rteries l!lay a lso exhibi t a reversed flow d irection. 

A wel l-known example is the flow direct ion in the ophthalmic artcrv, w hich 

cha nges s ign if the blood prcssun· i11 t he cerebral circ ulat ion is re lat ive ly low 

clue to a1 1 obst ruct ion in the intemal carotid a r tery. Also tll (' fl ow direclion 

in the right common carotic! arte ry IIJH,\' be reversed if the brachiocephalicus 

( COIIII('('\ i Il l!, the aorta to the rig ht carol id artery and the su bdwia11 artery) 

is occl uclccl. Then the right a nn is indirect ly supplied by flow fro111 t h<' head. 

Because of the re port cd a mbiguities in hardware. applicat io11 a 11d cl i:--.case 

it is nic<' that Doppler sys te111s arc equi pped with a swi t ch to change the po

larity of the obsNvcd ,·e locit i<'s. C'olor Doppler systems do not colo r ar ter ies 

red, however. it is the user who detPnllille:--. the displayed pola rit y. i. e. t he 

ass igunJ<'nt o f tit<' red a nd blue C'olor. 
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