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Ul trasonic contrast agents have been used to en hance the acous tic back scat tered in ten sity of blood
andtoassistthe as sessmentofblood flow parameters. One exam pleisthe time-intensity method based
onthe indicator-dilution the ory. Inthiscase, amix ing cham ber model can be em ployed to de scribe the
concentrationofthe contrastagentasafunctionoftime. Bymeasuringthetimeintensitiesat both the in-
put and output of the blood mixing chamber, blood flow information can be obtained if proper
deconvolution tech niques are ap plied. Note that most deconvolution tech niques as sume a linear and
timeinvariant (LTI)systemfor the mix ing of the contrastagentwithblood. Inthispaper, thehypothesis
thatablood mixingchamberisan LTIsystemwastested. Several aspectswerestudied. Oneas pectwas
thelinearre lationship be tweenthe concentration of the contrastagentand the back scattered intensity.
The otheras pectwasthe de pend ence of the de rived time con stantson the con centration. Thecon ceptof
an ef fec tive mix ing vol ume was also intro duced and eval u ated. Finally, the in putand the outputtime
con stants were mea sured and com pared to the ory un der the LTI as sump tion. Ex ten sive ex per iments
were per formed. Two invitroflow mod els were con structed and two con trast agents were used. Re sults
indicatedthatthe LTlassumptiondoesnotholdand quantitative flowestimationisgenerally notpossi-
ble. Nonethe less, theindi cator-dilution the ory cansstill be ap plied if only rel ative measure ments of the
flow rate are re quired.

Key Worbs: Blood flow esti mation; deconvolution; ef fec tive mix ing vol ume; time-intensity curve; ul-
trasoniccontrastagent.

1. INTRODUCTION

Ultrasonic contrast agents are used to enhance the acoustic backscattered intensity of
blood. Theyimprovebloodflowdetectionandofferpossibilitiestovisualizeperfusi oncon-
ditions. Several recentstudieshavefocusedon invivoand invitroflow measure mentsbased
on the indicator-dilution theory.* The indicator-dilution theoryprovidesamathematical
model foresti matinghemodynamicparametersusing changesinthebackscatteredintensity
asafunctionoftime (i.e., the time-intensity curve). ™ Ithasbeenshown thatrel ative change
inthewash-outrate of the time-intensity curveislinearly pro portional to the vol umetric flow
rate.® It has also been shown that the peak intensity of the time-intensity curve is approxi-
mately linearly proportional to the volume concentrationoftheinjectioncontrastagent. *
Thus, the possibility for quantitative perfusionanalysisusingthetime-intensity curve has
beendemonstrated.

The con centration of the con trast agent as a func tion of time can be math e mat i cally de-
rived by modelingthe flowsystemasaseriesofblood mixingchambers. Each mixingcham-
ber is described by a transfer function relating the indicator concentration entering (i.e.,
input) and leav ing (i.e., out put) the cham ber asa func tion of time. Withabolusinjection, a
good corre lation be tween time constants de rived from the time-intensity curve and the vol u-
metricflowratecangenerallybefound, iftheacousticintensityislinearly proportional to the
concentration. * How ever, the time-intensity based meth ods are not as ef fec tive when the in-
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jection site is far away from the mea sure mentsite. > The situation can be viewed as the case
where there are more than one mix ing cham ber be tweenthe in jec tion site and mea sure ment
site. Thus, the in put func tion of the last mix ing cham ber hasa pro longed du ration. Whena
prolongedinjectionisintroduced, the out puttime-intensity curve re flects not only the dilu-
tion pro cess in the mix ing cham ber, the in put must also be taken into ac count.

To take into account the input function, the output time-intensity curve of the mixing
chamber canberepresentedasthe convo lutionofthe in put functionandtransferfunction of
the mixing chamber. ** Assuming a linear and time-invariant (LTI) system, the transfer
function of the mix ing cham ber can be ob tained by deconvolution tech niques if both the in put
andthe out puttime-intensity curvesare avail able. How ever, mostdeconvolutional gorithms
proposedtodate wereappliedtoanalyzesimulationdata. Efficacyofthedeconvolutional-
gorithms on in vitroand in vivo data is not yet evaluated.

Afundamental hy pothesisthat needs to be tested be fore in vesti gat ing the deconvolution
techniques is the as sump tion that the blood mix ing cham beris LTI.” In other words, it is
necessarytoverifyiftheacousticbackscatteredintensityislinearlyproportionalto the con-
centration such that the measured time-intensity curve reason ably rep re sents the tem po ral
change ofthe concentrationofthe contrastagent. Influence ofthe concentrationonflowes-
timationhasbeenpreciouslydiscussed. **** Thelinearrelationshipbetweentheconcentra-
tion and parameters such as the area under the time-intensity curve and the peak intensity
was found if the con cen tration was within a cer tainrange. One pri mary pur pose of this study
istoinvestigate notonlythe re lation ship be tweenthe acoustic in ten sity and the con centra-
tion, butalsoeffectsoftheconcentrationonflowestimationresults. Inaddition, bot hacom-
partment flow model and per fu sion flow model will be used.

Another fac tor af fect ing the LTI as sump tion is the ef fect of the cham ber size on blood
mixing. Inotherwords, the ef fec tive vol ume may be dif fer ent from the phys i cal vol ume of
themixingchamber. ® If the con trast agent does not mix com pletely with lig uid within the
mixing cham ber, the ef fec tive di lu tion vol ume is smaller than the phys i cal vol ume of the
mix ing cham ber. Be cause the wash-out rate of the con trast agent de pends on both the vol u-
metric flow rate and the vol ume of the mix ing cham ber, quan ti ta tive flow es ti mation is not
possi blewith outthe knowl edge of the ef fec tive mixing vol ume. Inotherwords, theindi ca-
tor-dilutionthe ory can only be used to es ti mate the ef fec tive vol ume, in stead of the physi cal
volume. Influence of the ef fec tive vol ume on the time-intensity based flow es ti mation is
also stud ied in this pa per.

Finally, an other pur pose of this study isto in vesti gate the va lid ity of the LTl as sump tion
by comparingthe in puttime constantto the out puttime constant. Therelationshipbetween
the in put time con stant and the out put time con stant are math e mat i cally de rived and com-
paredtothe measure mentre sults. The ex peri mentsin this study were per formed with botha
com partmentmodel and a per fusionmodel. ® Each model had two con fig urations for bolus
injectionsandprolongedinjections, respectively. Experimentalresultsaresummarized with
adiscussionontheap plicabil ityand limitations of the time-intensity based flow esti mation
techniques.

2. MATERIALS AND METHODS

A. Basicprinciples

Whenacertainamountofindicatorso lutionisin putinto the flow system, the concentra-
tion atthe system out put can be de scribed based on the in di cator-dilution the ory. However,
the con cen tra tion of the ul tra sonic con trast agent is not di rectly mea sured in prac tice. In-
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FIG. 1. Illustrationoftheinputand the outputofamixingcham ber.

stead, the back scattered acousticintensity is used to rep re sentthe con centration of the con-
trast agent. The following discussion on the mixing chamber model assumes that the
backscatteredintensityisalinearfunctionoftheconcentrationofthecontrastagent. Theva-
lid ity of this as sump tion will be stud ied in the next sec tion.

Adiagram of the mix ing cham ber is de picted infig ure 1. The echo intensity measured at
the out put of amix ing cham ber, de noted by 1 (t), de pendsonthe inputfunction I(t) and the
transferfunctionh(t). Ifthesystemis LTI, the out putfunctioncanbeex pressedasthe convo-
lution of the in put func tion and trans fer func tion of the mix ing cham ber. * In other words,

lo(® =1, (A N(), 1)

where A standsfor convo lutionand h(t) is the trans fer func tion of the mix ing cham ber. The
transferfunction h(t) con tains char ac ter is tics of the mix ing cham ber and is given by

” _110 t<0 )
O =1lgwn (>0

Tt

where t is con sid ered as the sys tem’s tran sit time (i.e., in verse of the wash-out rate) and is
proportional to the mixing chamber volume and inversely proportional to the volumetric
flow rate. ' Equation (1) in di cates that deconvolution tech niques can be ap plied to es ti mate
the transfer function of a mixing chamber if both the input and the output time-intensity
curvesareavail able. Afterthetransferfunctionisdeter mined, blood flow parameters, such
as the wash-out rate, can then be ob tained.

The time-intensity curve is used to de rive two pa ram e ters in this study. One is the mean
transit time (MTT) and the other is the area un der curve (AUC). The MTT is de fined as
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where x (t) isei ther the mea sured time-intensity curve or the de rived trans fer func tion of the
mixing cham ber. The MTT rep re sents the time for the en tire fluid vol ume to pass though the
mixingchamber. Accordingtotheindicator-dilutiontheory, thereisaninverserelation be-
tweenthe flowrateandthe MTT. Ifthetrans fer functionisde fined in Eq. (2), it can be shown
that

MTT =t = (4)

Ol <

where Visthevolumeof mixingchamberand Qisthe volumetric flowrate. Inthisstudy, the
flow rate ranged from 500 to 1100 ml/min and the size of the mix ing cham bers ranged from
200 to 930 ml.

Based on Egs. (1) and (2), it can also be shown that the MTT of the out put func tion (MTT,,)
equalsthe sumofthe MTT ofthe in put function (MTT, ) and the MTT of the trans fer func tion
of mixing chamber (MTT ,).® In other words,

MTT  =MTT, + MTT,,. (5)

Tover ify the LTI as sump tion, the MTT de rived from Eq. (5) will be com pared with the
value de rived from Eq. (4).

Finally, the AUC de fined as the fol low ing equation is used to test the lin ear re lation ship
betweentheconcentrationandbackscatteredintensity. ?

¥ (6)
AUC = (J o(D)ct

0

B. Experimentalsetup

Two in vitro flow mod els were con structed. One was made of a spher i cal com part ment
phan tom and the other was made of a per fu sion phan tom. ® Fur ther more, each flow model
had two different configurations. One was for bolus injection and the other was for pro -
longed in jections. Fig ure 2 shows asin gle com part ment phan tom and fig ure 3 shows two
compartmentphantomsincascade. Iftheinputhasashortdurationcom paredtothe MTT of
the mix ing cham ber, the out putinten sity curve measured from the phantom showninfig ure
2ap prox i matesthe trans fer func tion of the mix ing cham ber (i.e., the in putisap prox i mated
asanimpulse). Forthe flowmodel shown infig ure 3, on the other hand, the in put of cham ber
Aisalso the out put of cham ber B. Thus, the time-intensity curve mea sured at the out put of
chamber A canbe used to eval u ate the time-intensity based method when the inputhasapro-
longedduration.

The com part ment phan tomwas made of an acrylic hol low sphere. Twosilicontubescon-
necting to the sphere were fixed in par al lel with op po site flow di rec tionsand immersedin a
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FIG. 3. Experimental setup fortwo com part ment phantoms in cas cade.
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FIG. 4. Experimentalsetupforthe perfusionphantom.

water tank. The di am e ter of the tubes was 8 mm. A 7-MHz lin ear ar ray trans ducer (L7-4,

Advanced Technol ogy Laboratories, Bothell, WA, U.S.A.)wasplaced 2cmabove the tubes.
The damper was used to sta bi lize the flow. To pre vent recirculation of the con trast agent

back into the phan tom, the wa ter in this sys tem only passed through the model once. Infig-
ure 2, the contrastagentwas in jected to the tube at the front side of the sphere by asy ringe. In
figure 3, the in jection po si tion was at the in put side of cham ber B. The in put time-intensity
curve of chamber Awasthe trans fer func tion of cham ber B if the duration of the in putin jec-
tionwas suf fi ciently short.

The other flow model was based on a per fusion phantom made ofadial ysiscartridge.
Again, an ad di tional sphere was in serted be tween the in jec tion site and the per fu sion phan-
tomastheconfigurationforprolongedinjections. Sche maticdiagramsofthetwoconfigura-
tions are shown in fig ures 4 and 5, re spec tively. The di al y sis tube (C-12, TERUMO Co.,
Tokyo, Japan) consisted of 8600 capil larieswithadiameter of 200 nm and a length of 235
mm for each capil lary, making ato tal vol ume of 79 ml.

C. Imageprocessing

The input and the output time-intensity curves were simultaneously measured using a
commercial ultrasound machine (Ultramark 9, Advanced Technology Laboratories Inc.,
Bothell, WA, U.S.A.). Themechanical index (MI)was 0.7 withthe imaging frame rate rang-
ing from 20 to 30 Hz. The de struc tion of microbubbles due to the acous tic power level was
neg li gi ble based on the fact that the ra tio of the in put AUC to the out put AUC was close to
unity inall cases. Effectsof postprocessing onthetime intensitieswerealso ig nored be cause
the im ages were ac quired prior to the postprocessing func tions were ap plied. Inad dition,
shadowing and other unwanted effects poten tially re sulting from the un even microbubble
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FIG. 5. Experimental setup for the per fusion phantom in cas cade with acom part ment phan tom.

distributionwere notobservedinthe gray-scale images. Gray-scaleimagesofthetransverse
view ofthe in putand the out put tubes were ac quired one frame per second. Atotal of 300im-
ageframes (i.e., 5 minutes) were ac quired and dig i tized by aframe grab ber (UPG401B, UP-
MOST Corp., Tai pei, R.0.C.) and stored for off-line anal y sis. The im age size was 153 by
232 pixelscoveringa36 mmby55mmarea. Atypicalimageisshowninfigure6. Thetwo
re gions of in ter est de noted by the two cir cles cor re spond to the in put and the out put tubes.
Theimage datawere con verted fromthe logarithmicscaletothe linear scale be fore the mean
backscatteredintensitiesinsidethe ROl werecal cu lated.

To ob tain a time-intensity curve, a cir cle was used to cover the in ner por tion of the tube.
Theintensitiesofthe pix elsinside the ROl were summed and the re sultwas used as the in ten-
sity atthat partic u lar time. The pro ce dures contin ued until all the 300 dig i tized gray-scale
imageswere processed.

Tore duce noise in the time-intensity mea sure ments, the time-intensity curve isfitted toa
gammafunction g(t) de fined as the fol low ing

g(t) =a(t- t,)9e tb), @

wheret, indicatesadelaytime, a and barescalingfactorsand grepresentstheskewness. All
flo-related parameterswere cal cu lated aftergammafunctionfitting. Typical in putand out-
put time-intensity curves are shown in fig ure 7. Note that the dot ted lines cor re spond to the
orig i nal mea sure ments and the solid lines are with curve fit ting.

D. Contrastagents

A commercial contrast agent (Levovist,® Schering, Berlin, Germany) and a self-made
contrastagentwere used. The self-made agentwas made from humanalbuminusingtheagi-
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FIG. 8. (a) AUC of the in put time-intensity curve and (b) MTT of the out put time-intensity curve vs. Levovist ®
concentration forthe com partmentphantom.

tationtechnique. “* The size of the self-made microbubbles was es ti mated us ing a light mi -
croscope (EMZ-TR, MEJI Tech. Co., Tokyo, Japan). The di am e ter of the self-made agent
was about 20 to 50 mm. * The concentration of theal bu min-based contrastagentis primar ily
de ter mined by the amount of air used when mak ing the agent.

3. EXPERIMENTAL RESULTS

A. Concentrationvs. meantransittime

Experiments were conducted to evaluate influence of the concentration of the contrast
agentonthe MTT estimates. A flow rate of 900 ml/minwas used. Foreach case, theav erage
andthe stan dard de viation were taken from three in de pend ent measure ments. Theexperi-
men tal setup is shown in fig ure 2, with the vol ume of the com part ment at 200 ml.

Figure 8(a) demonstrates the relationship between the AUC and the concentration of
Levovist.® The av er age val ues are shown with the er ror bars rep re sent ing +/- one stan dard
deviation. Levovist ® with four dif fer ent doses (0.5 g, 1.0 g, 1.5 g and 2.0 g) were mixed with
4 mlwarter. Itisshown thatthe AUC in creased with the Levovist ® dose. Figure 8(b) shows
the MTT esti matedat fourconcentration levels (i.e., four dif ferentdoses). Theoretical val -
ues de rived from Eq. (4) were shown as the dashed line. Re sults in di cate that al though the
AUC increased with the Levovist ® concentration, the MTT estimates still varied with the
concentration. The same experiments were also performed with the perfusion phantom
shown in figure 4 un der the same ex per i mental con ditions. Re sultsare showninfigure9.
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FIG.9. (a) AUC of the in put time-intensity curve and (b) MTT of the out put time-intensity curve vs. Levovist ®
concentrationforthe per fusionphantom.

Again, the AUC in creased with the Levovist ®concentration, butthe MTT esti mateswereall
smaller than the the o ret i cal value (dashed line). Note that the the o ret i cal value was cal cu-
lated based on the sum of the vol ume of the car tridge (79 ml) and the vol ume of the con nect-
ing tubes (160 ml). If only the volume of the cartridge was considered, the dashed line
becomes much closer to the measurement results.

Notethatthe MTT’s for the per fusion phantom (fig ure 9(b)) ap pearto be much flatter than
those forthe compartmentphantom (figure 8(b)). Onepossiblereasonisthedifferenceinthe
mix ing cambervolume. Inthe per fusion phantom, the real di lution vol ume equaled the vol -
ume of the car tridge. T he di lu tion vol ume of the com part ment phan tom, on the other hand,
was larger than that of the per fu sion phan tom. In other words, the phys i cal vol ume may be
larger than the effectivevolume.

The ex per i ments were also re peated us ing the al bu min-based con trast agent. Four ml of
waterand 0.2 ml of 20% human albuminwere usedinall cases. Thedif ferentconcentration
levels cor re sponded to 0.2, 0.4, 0.6 and 0.8 ml of air, re spec tively. Figures 10 and 11 show
the re sults from the com part ment phan tom and perfusion phantom, re spectively. Infigures
10(a) and 11(a), the AUC in creases with the amount of air. The amount of air pri mar ily de-
termines the concentration of the contrast agent. Figures 10(b) and 11(b) illustrate the
MTT sestimatedatdif ferentconcentrationslevels. Again,the MTT increased withthe con-
centration for the compartment phantom and stayed relatively constant for the perfusion
phantom.

Resultsshownin figures8-11indicate thatthe MTT generally de pends on the con centra-
tion, althoughthe measure mentsagreewell withthetheoryincertainsituations. Inaddi tion,
the MTT estimates fromthe self-made agenthave larger stan dard de viationsthan those from
thecommercialagent Levovist. © One possi ble reason isthesize unifor mity of microbubbles.
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FIG.12. MTT mea sured with the mix ing cham ber vol ume at (a) 200 ml, (b) 260 ml, (c) 580 ml, and (d) 930 ml.
The air used for mak ing the con trast agent was 0.2 ml for all solid lines. In (a), 0.4 ml of air was used for the dashed
lines, 0.6 ml for the dot-dashed line and 0.8 ml for the dot ted line.

For Levovist,® 99% of the microbubbles are smaller 4 nm whereas the size of the self-made
agent ranged from 20 to 50 mm. Thesize uniformity may potentially af fectthe back scattered
signalintensities.

B. Effectivemixingvolume

The MTT’swere es ti mated from the out put time-intensity curves us ing the com part ment
phantomswithdifferentsizesand flowrates. Theex perimental setupisshowninfigure2and
the al bu min-based con trastagent was used. Re sultsare showninfigure 12. Infigure 12(a),
the MTT’sobtainedatdifferentconcentration levelswereshown. Again, the fourconcentra-
tionlevelscorrespondedto0.2,0.4,0.6 and 0.8 ml of air, re spectively. Fourml ofwater, 0.2
ml of 20% hu man al bu minwere used inall cases. The vol ume of the com part ment phantom
was 200 ml. Flow rates were 500, 700, 900 and 1100 ml/min. For each flow rate, five in de-
pendentmeasure mentswere per formed. Thehorizontalaxisrepresentsthetheoretical val-
ues ob tained from Eq. (4) and the ver ti cal axis shows the mea sured MTT. Mean val ues are
shown as crosses with the er ror bars cor re spond ing to +/- one stan dard de viation. Lin ear re-
gres sionwas per formed and the best-fit lines at dif fer ent con centration lev els are shown as
the solid line (0.2 ml of air), the dashed line (0.4 ml of air), the dot-dashed line (0.6 ml of air)
and the dot ted line (0.8 ml of air). The four cor re lation co ef fi cients be tween the MTT esti-
mates and lin ear re gres sion lines were 0.94, 0.92, 0.94 and 0.93, re spec tively. Inall cases,
theestimated MTT isap prox i mately inversely pro portional to the vol ume flowrate Q, dem-
onstratingthattheindicator-dilutiontheory canbeappliedforrelative volumetric fl owmea-
surements. However, absolute measurements are not possible due to the different MTT
estimatedatdifferentconcentrationlevels.
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TABLE1. Summaryoftheestimated MTT sforfourdifferentvolumesandfourdifferentflowrates. Thevolumes
were (a) 200 ml, (b) 260 ml, (c) 580 ml, and (d) 930 ml.

Flow rate 0.5 (I/min) 0.7(1/min) 0.9 (I/min) 1.2 (I/min)

(2) MTT(average) 23.85 16.00 13.20 11.97
VIQ 24.00 17.14 13.33 10.91

k 0.99 0.93 0.99 1.10

(b) MTT(@verage) 25.48 20.39 17.31 13.72
VIQ 31.20 22.29 17.33 14.18

k 0.82 091 1.00 0.97

(C) MTT(average) 41.24 35.30 26.69 24.03
VIQ 69.60 49.71 38.67 31.64

k 0.59 071 0.69 0.76

(d) MTT(average) 61.11 40.86 37.26 33.18
VIQ 111.60 79.71 62.00 50.73

Re sults shown in fig ures 12 (b) to 12 (d) cor re spond to the es ti mated MTT s at dif fer ent
flow rates and dif fer ent vol umes of the com part ment. Asinfigure 12(a), the flow rates were
500, 700, 900 and 1100 ml/min. The com part ment vol ume was 260 ml for fig ure 12(b), 580
ml for figure 12(c), and 930 ml for figure 12(d). The concentration of the con trastagentwas
fixed at4 ml of water, 0.2 ml of 20% hu man al bu minand 0.2 ml of air. The three corre lation
coeffi cients be tween the esti mated MTT’s and the best-fit lineswere 0.94,0.92and 0.88, re-
spec tively. The slopes of lin ear re gres sion the best-fit lines for fig ures 12(b) to 12(d) were
0.66,0.48and0.45, respectively. Thehighcorrelationcoefficientsshowedthatrelative flow
esti mationis pos si ble with the time-intensity based meth ods. More over, itis shown that the
slope de creased as the cham ber vol ume increased. Inotherwords, the ef fec tive mix ingvol-
umechangedwiththe physical volume. Asthe physical volumeincreased, theratio oftheef-
fective vol ume to the physi cal vol ume de creased.

Theresultsatthe0.2mlofairconcentrationlevelaresummarizedintable 1. Tables1(a)to
1(d) in clude re sults cor re spond ing to the com part ment vol ume of 200, 260, 580 and 930 ml,
respectively. Ineach case, the av er age esti mated MTT s are shown in the sec ond row. The
theoretical val uesbasedonEq. (4) and theratios (k ’s) of theestimated val uestothetheoreti-
cal val ues are shown in the third row and fourth row, re spec tively. If k isclosetoone, itindi-
cates that the contrast agent mixes with the fluid completely within the chamber and the
indicator-dilutiontheorycanbeapplied forabsoluteanal ysis. Otherwise,onlyrelat ive mea-
sures can be ob tained. Asshownintable 1, k is the clos est to the one with the small est vol -
ume. Itde creases as the com part mentvol ume in creases.

C. Prolongedinjections

Theexperimental setupsshownin fig ures 3and 5were used to in ves ti gate ef fects of pro-
longed in jection. Forthe setup shown infig ure 3, the sizes of cham bers A and B were 260 ml
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FIG.13. InputandoutputMTT’smeasured withtwocom partmentphantomsincascade (setupshowninfi gure3).

and 200 ml, re spec tively. Four flow rates at 500, 700, 900 and 1100 ml/min were used. At
eachflowrate, five in de pend entmeasure mentswere per formedto obtainmeanand standard
deviation. The self-made con trastagent com posed of 0.2 ml of air, 4 ml of waterand 0.2 ml
of 20% hu man al bu min was used.

Resultsareshowninfigure 13. Thehorizontal axisrepresentsthethe oretical val ues ob-
tained from Eq. (4) (i.e., 260 ml for cham ber A di vided by the flow rate) and the ver ti cal axis
correspondstovarious MTT val ues. The dotted line and the dashed line are the best-fit lines
forthe in putand out put MTT’s of cham ber A based on the mea sured time-intensity curves.
AccordingtoEq. (5),the MTT for cham ber A can be ob tained by subtracting the input MTT
from the out put MTT. The re sults are shown as the dot-dashed line. The mix ing cham ber
MTT canalso be found ac cord ing to Eg. (4) and re sults are shown as the solid line. Note that
the solid line is sim ply a straight line with a slope of one. Ap par ently, the solid line is dis-
tinctly dif ferent fromthe dot-dashed line in di cat ing thatthe con centrationre lation shi p de-
scribed by Eq. (1) may not be valid.

The same ex peri mentswere per formed withthe setup showninfigure 5. Thesize of cham-
ber B was 200 ml and the chamber A was re placed with adial y sis car tridge. Re sultsare
showninfigure 14. Simi lartothe re sults shown in fig ure 13, the convo lution re lationship
be tween the in put time-intensity curve and the out put time-intensity curve again does not
hold. None the less, all the mea sure ment re sults shown in fig ures 13and 14 in di cate that the
MTT is approximatelyinversely pro portional to the vol ume flow rate Q.

4. CONCLUSION

The hy poth esisthat mix ing of the contrastagentisan LTI pro cess was tested in this pa per.
Suchastudy iscriticalindetermining if deconvolutiontech niques canbe ap plied for quanti-
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FIG.14. InputandoutputMTT’smeasuredwiththe perfusionphantomincascadewithacompartment phantom
(setup shown in fig ure 5).

tativeblood flowestimation. Resultsindi catedthatal thoughthe back scatteredintensity in-
creased with the con centration of the con trastagent, the measured MTT s also var ied as the
concentrationvaried. Inaddition, the MTT’softhemixing chamberderivedbasedonEg. (5)
were dif ferent fromthe MTT’s ob tained based on Eq. (4). There fore, itis con cluded that the
mixing process is generally not LTI and deconvolution techniques cannot be applied for
measuringtheabso lute flowrate. More over, table | showed thatthe MTT esti mates were af -
fected by boththe vol ume of the mix ing cham berand the flow rate. Ingeneral, the MTT esti-
mates were clos est to the the ory with a smaller mix ing cham ber and at a higher flow rate.
Although deconvolution tech niquesare generally notap plicable, resultsinfigures 12to 14
showed that a linearrelationship was still pres ent be tween the mea sured MTT val uesand
theoretical MTT val ues. Thus, time-intensity based meth odsarestill feasibleifonlyrelative
flow analysisisrequired.

Inan other study of this re search pro ject, the com part ment flow phan tom was placed both
verticallyandhorizontally. Resultsshowedthatboth configurationsproducedgoodrelative
estimates of flow parame ters. Hence, in flu ence of microbubbles buoy ancy can be ig nored
when the larger diame ter self-made agent was used.

Only constant flows were con sid ered in this paper. Inpractice, pulsatile flows are present
and the trans fer func tion be comes time-varying since the time con stant is also a func tion of
the flow rate. Effects of the pulsatile flows on flow es ti ma tion need to be fur ther stud ied. New
meth ods based on both the in putand the out puttime-intensity curvesarealsoofgreatinterest
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