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The goal of this work was to develop a clinically a pplicable method for non

invasive acoust ic determination of hematocrit in v ivo based on the Doppler Ul

trasound . 

The value of hematocrit (HCT) was determined from t he pulse-echo measure

ments of acoustic attenuation a t 20 11-lz. The measurements in b lood in vivo 

were im plemented using 128 gate pulse Doppler flowmeter. The Doppler signal 

was recorded in the brachial a rtery and attenuat ion coefficients were calcu lated 
from the appropriate ratios between t he received echo amplitudes. 

The method proposed appears to be prom ising for in vivo determination of hema

tocril, as 5% ('!TOr is adequate to monitor dH111ges at patients in s hock or during 

dia lysis. 

I<e.v words: ultrasound, Doppler, blood, hf'matocTit 

1. Introduction 

At present the only noninvasive method for estimating the blood hema

tocrit is based on the measurement of speed of sound [7] or near infra red 

sp cctroscopy [13] and is mainly used during patient's dialysis. Other appli

cations include pat ients in the posttraumatic shock, open-heart surgery and 

ancm ia. We propose a novel approach to solve this problem. T he in ·trumen
tation developed is based on Lhe measurement of absorption of ultrasonic 
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wave 111 blood inde]H'IHientlY of l he on•rall allcnttal ion out sid<' t h<' blood 

,-esscl. The instrument consists of a 128 gate pulsed Doppler operating at 

20 1\IIIz and DSP signal-processing tmit. 

Tinle' gat ing of t lw receiver makes it possible to record echoes returning 

from a specific depth. The delay of the recei,·ing gate in relation to the trans

mitted impulse is directly proportional to the• distance' between tlH' meHsurcd 

\'olume and tram-:ducer surface. ;\pproximalC'l~- speaking. the measurellll'lll 

volume h as the fo nu of a c.diuclcr \\·hose axis o\·crlaps \\·ith the s\·Iumctry 

axis oft lw nltrasonnd transd ucer. The C'ylinder IC'ngt h depends on the dma

tiou of the switchecl-ou receiver gale. whi le the cylinder dianwtcr equals the 

diameter oft he ultrasound beam. Using higher ultrasound freqtiC'ncics makes 

it possible to reduce t he measurement \'olume. both its length a11cl cliamctcr. 

2. Ultrasonic Attenuation in Blood 

\\'hen a wm·e propagates through <1 lllediulll. its c1wrgy 1s rediiced as 

a fuuctiou of distaucc. The euerg_y 111<1\' lw diverted ]),- scattering or ab

sorlwd by the medium and convNted to lwat. Tlw pressur<' p of a plane ,,·,we 

propagating in the :; direction is given b)· equation: 

p = poe oz (2.1) 

where po is I he press me at :; = 0 and n is the pressure attenuation C'odhcient. 

The total c-ocffic ic' nt n is a sum of the a tt ermation coPfficient s n, caused iJ_,. 

iuclcpcnclcnt cneq:>;). losses iu tlic medium: 

n = :z=n,. (2.2) 

Tlw hloocl consists of plasma in which arc' SllSJWIHkcl blood eel b. most 1)' 
red. crYtliron·tes. Thus the• total attcrmat ion C'oe•fficicnt n in blood cn11 he 

<'X])I'C'SS('d as: 

( 2 .:3) 

\\· here n. 1 is an attenuation coefficient caused b.\· aconst ical absorption in 

blood cells. n 2 re late's to absorption in plasimt and n:1 is callsccl ll\· S<"at tcring 

on the cell-plasma boundaries. Total ultrasonic at teunatiou in blood d epends 

on frcqucnc~· and is equ al to JGI: 

I •) 
n = oof ·- (2. I) 
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where c~o = 0.021 Np cm = 0.1 dB cm [3, 6[ and I is the ult rasonic fre

quency. in l\ IHz. Other a ut hors p ublished ao = 0.014 . . . 0.018 p cm = 
0.12 ... 0. L6 d B cm and frequency exponent is equa l to 1.19 .. 1.23, [5] . 

To estimate re la t ion between attenuat ion coefficient a and hematocri t 

HCT, ra t ios between coefficients a 1 . . . a 3 must be found. Coefficient a 3 is 

rela ted to t he acoust ical scat tering on t he red blood cells only. Tho ·e cells 

consist more than 99o/c of all blood cells in quant ity and volume. For t he ultra

sonic frequencies I = 2 . .. 20 1Hz, used for med ica l d iagnostics, wavelengt h 

is equal to A = 750 ... 75 f-1111. Average size of t he red blood cell d = 8 f-1111 is 

much less than ultra.:->ou ic wavelength . The mismatches in density and com

pressibili ty between the cell and the p lasm a are fa irly small. In t ha t case 

t he Born approximation is valid. \ iVith t he a bove assumptions , the Green 's 

function approach gives the d ifferent ial scat tering cross-section ad ("y) [12[: 

( ) _ V,~r.2 [ "'e - Ko Pe - Po ] 
2 

ad "( - ~ + cos"( 
/10 "'o Pe 

(2.5) 

where Vc is t he volume of the red blood cell , /\o is an acous t ical wavelength , 

h e. Pc a nd t;,0 , Po are the compressibility and mass density of t he reel blood cell 

ami surrounding plasm a , resp ectively, 1 is t he a ngle between the incident and 

the scatt ered wave vectorfi . For the human b lood Vc = 87 J.im 3 ca lled mean 

corp uscnla r volume (1\ ICV). "'" = 34.1 X w-7 cm / N; "'o = 40.9 X w-7 cm / 

Pc= l.092 g cm;~ ; Po = 1.021 g cm:3 [11 , 12J 

T he angular scat tering coefficient 0'5 (1') is given by : 

(2.6) 

where Nc is t h0 tota l number of t he red blood cells in the in ·onifiecl volume 

D. For t he human NrfD = 5 x 106 1 mm3 [9[. W is the packing factor and can 

b<' Yiewed as a measure of orderliness in the spa t ia l cells arrangement. T here 

is non- linear clepeuclcnce of \1 ' versus hematocri t I-ICT wit h maxim um at 

IICT ~ 25% [llJ. T his model is valid for not aggregated blood cells . However 

aggregat ion occurs for HCT > 25o/c a nd increase of scattering coefficient is 

com pensated by decrease of packing factor W. 

The to ta l scatte ring 0' can be expressed as: 

(2.7) 

where cl! is t he d ifferent ia l solid angle . 
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Thus. from Eqs. (2 .5), (2.G) . (2.7), for the human blood. the total scat

tering is given by : 

V/1r
2 
NrN J ["'c - "'a Pc - Po ] 

2 
l 

0' = n 4 + COS ')' ( ')' 
~'~o "'o ~ 

471' 

3.7352 X 10- 10 
; · 2 

= 4 [-0.1663 + 0.0650 cos1'] d')' 
/\0 

·171' 

3.7352 X 10 lO X 0.3669 = 1.3704 : 10- 1
0 ( 2.S) 

/\6 ~0 

The scattering attenuation coefficient o.3 . in dB cm. calculated from equa

tion (2 . ) is equal to: 

O.;l = - 10 log( l -a-(f)) = - 10 log(1 - 2.7070 X 10- 7 F1
) (2 .9) 

where f is Lhe ultrasonic frequency in l\ IHz. 

The frequency dependence of the ultrasonic attenuation cocfficicut 0: and 

the scattering attenuation coefficient Cl3 arc presented in F ig. 1 and in Table 1. 

Even for the highest frequency f = 20 l\IHz, Lhe scattering coefficient a3 is at 

least two orders less t han total scaLteriug coefficient a and may be neglected. 

Then ultrasonic attenuat ion in blood is caused only by acoustical absorption 

10' 

IO·'·L_ _____ _.._ ____ _.._ ___ ____.J 

2 5 10 20 
Frequency Ml-lz 

FIC:l' RF. 1. Total attenuation coefficient of t he human blood a aud scattering 

atten uat ion coeAkient 03 for frequpncies J = 2 ... 20 l\11-Iz. CalculatPd from cq lla

tions (2 .·1) and (2.9) . 
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TABLE 1. C'aleulated a nd IIH'asured val ues o f the to ta l attenuation and scattering 

at tenuation coeflic i<•n t in blood. 

Frequency 21\ II!z 51\lliz 10 J\ IIIz 20 1\Illz 

At Lenuation coefficient n 0 "11 l.24 2.85 6.55 

calculated from (·I) (dB cm) 

Allenuation coeffi cient n Q.cJ 1.3 3.0 

measured 121 (dB cm ) 

Backscatter ing coeffic ient 6 31 X 10 7 2.47x 10 5 395xl0 4 6.31 X 10 

a,(l = 7r) calculated front 

(G) ( 1 Clll·Sr) 

13ackscatteri ng coefficient 2.0 x 10 5 5.4 X 10 4 

a ... (I = 7r) measured Ill I 
(1 rm ·sr) 
Total scattering a 4.33x 10 6 1.69 x 10 I 2.7l x l0 3 4.33 x 10 

calculatf.'cl from (8) ( 1 cm) 

Scattering coefficient 03 1.88x 10 .'> 7.35x 10 4 l.l8x l0 2 1.92 X 10 

calculated fro m (9) (dB cm) 

3 

2 

I 

in the blood cells and plasma: 

(2.10) 

The size of the red blood cells is at least one order smaller than length of 

ultra ·ouic wave. Absorption depends on the total volume of plasma and t he 

sum of the cells volume. The attenuat ion coefficient et can be expressed as: 

Vg Vo 
(l = --yn:,,· + vn:o (2.11) 

where ng, V 1\ ancl no. Vo arc the absorption coeffi cient and volume of 

the reel blood cell and plasma, respectively. V is a sum of V g and Vo. The 

hcmat ocrit HCT value is given by equation : 

or: 

IICT = Vg 
v · 

Equat ions (2.10) and (2.11) yield: 

a= HCTng + (1 - HCT)oo 

n =no+ HCT(o.K- no) . 

(2.12) 

(2.13) 

(2.14) 

Those equations present linear relation of the at tenuation coefficient to 

the hcmatocrit. 
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3. Doppler Attenuation Measurement 

T he a ttenuation was mcasmed in-vitro from t he spectrum of t he Doppler 

signal. In Fig. 2 the initial measurement system is shown. It provides for 

a ll!easuremeut of flow velocity at two different dept hs. In pract ical ten us. this 

mcaus using tvvo receivers. in which the gate delay ha.s a constant difference, 

corresponding to the constant distance betwceu u1easurcmeut volumes Q1 

and Q2. The power of the backscattcrecl Dopp ler signal from Lhc first and 

the second gate was determi ned from equa tions (2. J) aucl (2.2) , respectively, 

PQ1 = PrTt)l· 

P. P T - 4nz 
Q2 = T 7J2e 

(3 .1) 

(3 .2) 

where Pr denotes the transmi tted acoustic power. T is equal to total loss 

of the signa l between the transducer and the gate Q 1. 17 1 and 772 denotes 

the backscattering coefficients of reel blood cells in t he gates Q 1 and Q2 
respect ive ly. n is equal to t he total aco u}';tic attenuation aucl z t he axial 

distance between the two gates (sec F ig. 2). 

T he backscatt ering coefficient depends on hematocri t. cell aggregat ion 

and concentrat ion of roleaux [81. The ·ell aggregation changes with spat ial 

shear rate .. acceleration and turbulences I-ll The bachcattering cocfhcient 

depends on the angle between the flow direction and the t ransducer axis 111. 

Pulsed 
Doppler 

blood 
vessel 

ultrasonic probe 

sample 
volumes 

FICl'HE 2. Tlw principl(' of op<'ration of tlw initial. two gal(' Doppl<:>r lwmatocriL 

III Cl ('r 
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When t he gates (sample volumes) arc positioned symmet rically to the ccnlcr 

of the vessel, it can be assumed. that: 

7]1 = 7]2 . (3.3) 

Then. from (3.1 ) and (3.2) attenuation coeffi cien t can be determ ined as : 

ln(PQ, / PQ2) 
a= . 

4z 
(3.4) 

The hemalocril value ba!:ied on pulse-echo measurements and Eq. (2.1<!) 

eau be then expressed as 1101: 

HCT = 11 .2(o- 3.66). (3.5) 

As mentioned ear lier. 20 1\ IHz Doppler signal was chosen to maximize the 

sensit ivity of the hematocrit meter. The 3 rnm diameter , 20 1\IHz transducer 

was made of Lithium iobate crystal and special attention was paid to ensure 

symmetric d istribution of the generated field. 

4 . M easure m ents in-vitro 

To further examine the Doppler approach, a mult igate system with 128 

gates was constructed . The tested porcine blood of various hematocrit flew 

within a plexiglas tube of internal d iameter equal t o 6.4 mm. A per istaltic 

pun1p fo rced either continuous flow with constant velocity 15 cm s or pul
satile flow with cyclic velocity variation between - 16 cm s and + 68 cm s. 

The d istance belweeu Lhc axis of the t ube aud the transducer surface was 

cl.O mm. In this way. t he sampling volumes were located symmetrically. T he 

value of hematocri t was cletcrminccl from the ratios of the power Doppler 
spectra from th<' two sets of measurements corre. pondi ng to laminar and 

pulsatile Aow. The porcine blood assays ranging from 3% ... 72% IICT. For 

each hematocrit sample 100 sets of Doppler spect ra were recorded . each set 

being related to all of 128 gates acro s the vessel. After the spectra were ac
qui red , the da ta were processed using l\ laLLab 1

M software (T he 1\ [aLhWorks, 

alick. 1\ IA. USA). For each spectrum recorded in each gatf'. the power of the 

Row signal was calculated and Doppler power profi le DP P (the distribution 

of the Doppler power acro, s the vessel diameter) was obtained. The DPP 

data were used to calculate the value of hematocrit. T he averaged linear re

gression was calcula ted from t he DP P curve. T he slope of the regression line 
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divided by 2 is equal to the attenuation coefficient. The DPP data were used 

to calculate the Yalue of hcmatocrit . Next. all nteasurcmcnts were averaged 

to yield t he fin a l value of hC'matocrit. Tl1C' rC'sults arc prC'sC'ntC'd in Fig. 3. 

Doppler Hematocrit% 
80~~--~--~--~--~--~--~--, 

70 

60 

50 

-W 

30 

o· 
,.. ,~;> 

Q 

o ./ 
0 

0 

b. 

a. 

30 ~0 50 60 70 80 
Hernatocrit% 

FtGURE 3. Compari ·on o f the results obtained using conventional hcmatocrit 

centrifuge and rnultigate Doppler mel hod for porc ine blood; a. constant veloci ty 

b lood fl ow; b. pulstile How 

The correlat ion coefficient was R = 0.999 for cont iuuous How aud R = 

0.992 for pulsatile flow. The standard devia tion was SD = 0.065 dB cm a nd 

SD = 0.239 dB cm respectively. The absolute accuracy of Doppler nwasm C'

ments werC' ± L:i% HCT for continuous flow and ±4.9% HCT for pulsatilc 

flow . 

5. M easurements in-vivo 

J n vivo me>asuremcnts of hem a tocri t were performed on rad ial artery in 

9 Yoluntcers. T he hematocrit values varying front 36Ao/t to cJ7.cJ %. For each 

volunteN 250 sel f> of Doppler spectra were recorded . each set being related 

to a ll of 128 gates across the vcssC'l. The rC'cording was done over a period of 

2.5 s: t hat corresponded to 2 heart c.vc:lcs. After the spectra were acquired. 

the data were processed ami Doppler povvcr versus depth vvas calculated. The 

hcmatocrit ,-alue iu vivo was calculate I fro nt the Eq. (3.5). The result s a rc 

prescntC'd in Fig. ·1. 

T he correlation coeffi cient was R = 0.986. n = 9. The absolute accu

racy of Doppler in-vivo measurements in brachial artery were not more than 
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__ Doppler Hematocrit % 
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0 

35 ~------~------~------~------~ 
35 40 45 50 )) 

Centrifuge Hematocri t % 

PlGl' RE <1. Comparison of t he resu lts obtained using centrifuge and mult igate 
Doppler method in vivo in the brachia l ar tery. 

4 7% HCT. The determined error was always positive, the Doppler measure

ment was always overestimated . 

6. Summary 

The goal of this work was to develop a clinically applicable method 

for non-invasive acoustic determination of hematocrit in vivo based on t he 

Doppler Ultrasound. 

The value of hematocrit (HCT) was determined from the pul. c-echo mea

surement s of acoust ic at tenuation at 20 1\fHz. The measurement:; in blood 

iu vivo were implemented using 128-gate. 20 MHz pulse Doppler flowmeLer . 

The Doppler :>ignal was recorded in the brachial artery and attenuation co

efficient:; were calculated from the appropriate ratio · between the received 
echo amplitudes. 

The attenuation coefficient of ul trasonic wave in vitro was determined 

fro n1 the measurements of porcine blood samples with hematocrit varying 

between 3% and 72%. The in vitro experiments indicated that the atLenuation 

coefficient increased linearly with hematocri t . The correlation coefficient was 

R = 0.999 for the continuous blood flow and R = 0.992 for pulsatile flow. The 
in vivo measurements were performed in the brachial artery in 9 volunteers. 

The absolu te accuracy of in vivo measurements was determined to be within 

±5% HCT. 
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The method proposed appears to be promi ·ing for in vivo determ ina tion 

of hcmaLocr it af:i 5% error is adequate lo moni tor changes at patients in shock 

or during d ialysis . The mul tigatc system largely simplifies the placement of 

an ultrasonic probing beam in the center of t he blood vc ·sel. Curreut work 

focuses on enhancing the method 's a pplicability to arbit rary selcclcd vessels 

and reducing t he HCT mea urcment error to well below 5%. 
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