Analysis of refill curve shape in ultrasound contrast agent studies
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Contrast destruction and replenishment by Flash Echo Imd§igd (also referred to as interval or
intermittent imaginghas been qualitatively and quantitatively used for tissue blood refill measure-
ments. Many features and capabilities of contrast refill in tissue blood flow and perfusion remain to
be elucidated. To aid the development and full reliable utilization of the technique in medical
practice, in this paper we undertake physical and mathematical modeling to evaluate different
measures derivable from FEI and to provide a basis for the further study of sensitivity and stability
of such measures for the detection and measurement of various flow properties and abnormalities.
A phantom was developed and used to conduct a dynamic contrast study. Refill curves were
investigated as a means of calculating the mean transit @iid) and investigating other infor-
mation that can be determined from their shape. Exponential and error function fits and the area
above these curves were used to estimate MTT. The bubble disruption zone was visually measured
and theoretically modeled. Computer simulated refill curves based on the flow phantom for differ-
ent velocity ranges were then computed and compared to the experimental refill curves. The simu-
lated refill curves closely matched the experimental curves in both shape and MTT. The simulated
refill curves matched the shape of the experimental results for different velocity ranges. Another
simulation examined how a real circulatory system might influence refill. Different refill curve
shapes were obtained for different vascular models. Models including the large arteries and veins
showed a much faster initial slope than models where the large vessels were not included. Likewise,
simulated “shunting” displayed a different slope than models without “shunting” and specific
portions of the refill curve that could maximally distinguish shunting. This computer simulation
could lead to some experimental hypotheses about differences between normal and cancerous blood
flow. © 2004 American Association of Physicists in Medicid®Ol: 10.1118/1.1649534]
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[. INTRODUCTION refill with different time delays between destructive pulses.

o - ) Each destructive pulse is also a monitoring pulse. Alterna-
For abf(I)ut half a century, mdr:cator-(;nunon.theor'les f%r VOI;]tiver a nondestructive monitor can be used on some US
ume flow measurement have been investigated. T &ystems to measure the refill

indicator-dilution theory was first developed for cardiac out- In this study, a flow phantom was developed to further

put measuremeht* and has now been used for blood flow . fioate the informati rast refill ide about
measurement. However, several problems with practical ysgvestigate the information contrast refill can provide abou

were encountered such as the necessity of two catheters fifid flow. The flow phantom consists of a dialysis tube em-
controlled indicator release and for the region of interesfedded in tissue mimicking foam. Interchangeable foam in-
(ROI) sample withdrawal, some anatomical regions canno8erts were placed within the tube to perturb the parabolic
be reached for catheter use. In addition, contrast agent muiew profile usually found in an empty tube and to offer some
be released in the left ventricle for uniform mixing in the backscattering. The foam inserts were chosen to closely
blood, and the timing for both contrast agent release anghatch real tissue with regard to a sound speed and attenua-
blood withdrawal is critical. tion coefficient. The contrast solution was pumped through a
Ultrasound flash echo imagin@-El) offers a powerful recirculating system at a slow, constant rate.
alternative because it is minim_ally invasive,sinexpensiye and \we observed refill curves that were often more complex
overcomes the problems me_ntl_oned above. ﬁE_t Ntermit-  than a simple exponential and therefore required further cor-
tent imaging has been qualitatively and quantitatively usedrection to relate the measurement to the MTT. There was

for tissue refilling measurements. For instance, the mean L )
transit time(MTT) of a tissue volume can be estimaf. often a delay before significant refill occurs due to the bubble

For our purposes, MTT is defined as the average time thdfisruption zone being wider than the imaging sensitivity
flowing particles take to exit from anywhere within a given ZOne. Other factors affecting the refill curve shape include
volume. In FEI, the measurement technique consists of dehe distribution of velocities within the ROI and the point
stroying microbubbles in tissues using a high mechanicas$pread functionPSF)of the imaging system sampling the
index (MI) ultrasound(US) beam and monitoring the tissue ROI.
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Outer Box vacuum pump, Sargent-Welch Scientific Co., Skokie, th
remove any air bubbles and then immersed in a degassed
saline solution contained in a box.

| Foam
{degaszsed
in saline) B. Acoustic properties
; ; R Each foam insert was evaluated for basic acoustic proper-
|2 : ties by placing each sample in degassed saline between a
e | : matched pair of transmitting and receiving transdudc&i®
146mm diametar Foam Insert alpha 3.5 MHz H 30871, K. B. Aerotech, Lewiston, PA
dialysis tubing w Cialyss Tube pulser/receiver system(Panametrics, Model 5900PR,
18mm foam insert Waltham, MA) produced narrow band pulses and an oscillo-

scope(Hewlett Packard Infinium, Colorado Springs, £@-

Fic. 1. The experimental setup consisted of dialysis tube through which . -
various types reticulated foam plugs were inserted. A solution of contrasporded the S|gnal from the receiing transducer.
agent and saline was pumped through the system using a recirculating pump The ultrasonic pulse’s transit time was used to calculate
system. A block of reticulated foam was used to simulate surrounding tissueegach foam plug’s speed of sound for a 2 cm saline path at
The foam materials were degassed in a vacuum chamber to remove any %om temperatureﬁé 23°C_24 oc) The power spectrum of
bubbles and then immersed in a degassed saline solution contained in a boX. ’ . .

the pulse was measured before and after insertion of the
foam plug in the ultrasonic beam in order to compute the

@ttenuation coefficient in dB/cm/MHz. This was calculated

To gain a greater understanding of the factors that affe . .
the refill curves, computer simulations were performedc.ggetgr(:g the slope of the difference of these two power

Simulated curves that closely resemble the actoavitro
studies were generated. In addition, it was possible to inves-
tigate a broader range of velocity distributions than in ourc. Refill curve acquisition

simple ultrasound flow phantom. For instance, excluding the . . . .
effects of the imaging PSF, a purely monotonic velocity pro-NI g_Tongba Powe[r\ﬁs!on 8000 scanr’(?’rosl’:jlbfa A_merlqan
file results in a nearly linear refill curve while a parabolic 'eh |ca3 7%/sl\t/lel_r|ns, u.sl'tln, QAW&LS employed for mga??'l\r;l?_i
flow profile results in a much steeper initial slope to theWIt as. Z cunviinear probe tran'sm|'tt|ng ?t p ‘
g the contrast FEI mode. The combination dialysis tube-

curve than an exponential. Another area investigated was t i . .
effect of the shape of the bubble disruption zone on the refil oam insert was positioned at the elevational beam focus and
iewed in a cross-sectional plane, i.e., an imaging plane per-

curve. These simulations could be useful in developing hyy

potheses about measurementsnafivo vascular systems for pendicular to the flow direction. The focus was measured
applications such as the detection of cancer using a slice profiling phantom to be 5 cm in the FEI mode.
' A 1/5000 diluted contrast agent in a saline solution was

circulated in the closed system described above. Refill curves

II. METHODS were evaluated for four reticulated foam inserts whose pore
size and density differ from each other and at three different
flow rates(156, 312 and 624 ml/hoprAlthough these flow

The experimental setup consisted of a 14.6 mm diametenates were slow, due to the contrast agent’s slow rise time,
dialysis tube (Spectra/Por molecularporous, Inc., Ranchothe signal level remained constant throughout the experiment
Dominguez, CAjthrough which various types of 3 cm long indicating that minimal or no contrast agent separation oc-
reticulated foam pluggeither S110, S80, T50 or A4@QCrest  curred.
Foam Industries, Inc., Moonachie, Ndere insertedFig. 1). In the contrast FEI mode, the images were captured with
The void volume was 97% and the uncompressed diametéhe system operating solely in the high power mode, i.e.,
was 18 mm. A solution of contrast ageiMRX-133 or 408,  with the scanner’s monitor feature turned off. Fourteen trans-
ImaRX Therapeutics, Inc., Tucson, AZnd saling1000 ml  mitted images and a subtraction fraribtraction of the
of 0.9 % sodium chloride, injection, USP, Abbott Laborato- 14th frame from the firstconstituted each flash sequence
ries, North Chicago, IL)was pumped through the system with the scanner’s acoustic power at its maximum for the
using a recirculating pumpvariable pressure volumetric largest possible destruction of the contrast bubbles in the
pump, IVAC Corporation, San Diego, GAThe contrast image plane of the prob@ig. 2).
agent used is a suspension of lipid stabilized perfluorocarbon Subsequent images for each flash sequence were acquired
microbubbles. This type of contrast agent has a relativelyafter an interval of P(pulse intervalseconds from the flash.
low buoyancy and therefore a very slow rise time. There wa®©ne cine loop of images was acquired for each PI. This
no apparent marginalization of the contrast agent in the flowielded 5 flash sequences. This procedure was repeated for
tubes to and from the phantom. monotonically increasing Pl between flash sequences for

A block of reticulated foam{S110, Crest Foam, Incwas  each foam insert and for each flow rate. This entire proce-
used to simulate the surrounding tissue. The foam materialdure was also repeated twice for each flow rate and type of
were degassed in a vacuum chamib#&velch duo-seal foam insert.

A. Experimental setup
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Low Contrast Agent Concentration decompressed and then the average of the 5 resulting maxi-
. mum projected images was computed. These maximum pro-
. . y : jection results were then used to compute the MPI as de-
% ° ‘ scribed above.
- N v N - E. MTT estimation
Time Two methods have been used to estimate MTT. The Meier
High Contrast Agent Concentration and Zierlef integration method estimates a particular MTT
(Veil Effect) as the integrated area above the refill curve. Wei's méthod
. . . estimates MTT as the slope of the refill curvetato, i.e.,
o o 1.' - . ., 1/a when the refill curve is represented by the equatjon
= PO K T v =b(1-exp(—at))with b= 1. Another technique is to fit the
IR ; 5 % refill curve with the error functiory=erf(at). In this case,

the area above the curve isalfr (see the Appendix). Nei-

ol Time ther fit represented a physical explanation of how the refill
should progress, but rather they serve as a way to smooth the
Fic. 2. In an FEI sequence, a series of images were acquired at full fram?aw experimental data.

rate after an interval of Rpulse intervalseconds. The first series of images Ideall indi fill ith .
removes the contrast signal and each subsequent series measures the con- ea_ Y'_ an indicator refi _Curve with respect _to t'me
trast refill. This sequence was repeakédmes at interval PI. The procedure  Would initially start at some time 0 then monotonically in-
was repeated with monotonically increasing Pl between flash sequences grease reaching a saturation concentration. Therefore, the in-
each trial. This figure represents the mean pixel inter@tl) within the dicator concentration was normalized by the saturation con-
region of interes{ROI) of the reticulated foam insert vs frame number for a . hi d h fill fi
low and a high contrast agent concentration. The high contrast agent cor?—entrat'on' In this S_tu Y ez_ic_ . raw ref _vae was first
centration suffers from the veil effect resulting in a low MPI for the initial adjusted by subtracting the initial echogenicity of the foam
pulses due to shadowing. insert before contrast traverses it and then normalized by the
maximum mean pixel intensity over the refill curve. Like-
o ' wise, the time axis was shifted to account for a delay time
_Allthe acquired images were stored on the scanner’s harghT) (giscussed lateuch that 0 sec was defined as the time
disk, transferred to a computer station and then processegnen the MPI began to increase.
The images were processed using an analysis program writ- Tq ghtain a single representative refill curve for each flow
tenin MATLAB (MathWorks, Inc., Natick, MA). Aregion of  ate and foam insert, the two associated normalized refill
interest(ROI) was drawn onto the foam insert cross-section.c;ryes were averaged into one single curve and renormalized
The pixel values recorded by the scanner were decompressgg the maximum MPI. This curve was then fit lyg= (1
to obtain the relative backscattered intensity. The reconstruc- exp(—at)) or y,—erf(at) where, respectively, a/ or
tion of the refill curves, from which MTT can be estimated, 15 /7 represents the estimated MTT for each flow rate and
was produced by computing a mean linearized intensity valioam insert.
ues over this RO[(Mean Pixel Intensity, or MPIfor each
pulsing interval(0.5, 0.7, 1, 1.5, 3, 5, 7, 10, 15, 20, 30 ec ¢ Bubble disruption zone and read-out zone
The MPI for each pulse interval was computed by averaging

the brightest frame for each of the 5 pulse sequences con- To evaluate the accuracy of our refill MTT estimation, we
tained in a cine loop. also estimated MTT geometrically. To do this, we assumed a

plug flow, i.e., a constant velocity across the vessel and then
we measured the cross-sectional area, the bubble disruption
zone width and the volume flow rate. To measure the bubble
Often the concentration of the contrast agent in the foandisruption zone width, the following experiment was per-
insert created a shadowing effect called the veil effeéag.  formed.
2) 8 This effect was characterized by the first frame contain- The same flow phantom as previously described was used
ing some bright pixels at the top of the ROI while pixels with the transducer orthogonally positioned to the flow di-
below were shadowed. In subsequent frames, the contrastction and the flow of diluted contrast halted. The contrast
agent at the top of the ROI was destroyed revealing brighFEI mode with subtraction mode on was used to create a
pixels below them. The shadowed pixels cause a low MPbubble disruption zone using a single set of 15 high Ml
over the ROI. To correct this, a maximum projection tech-images as in the refill curve experiment. The transducer was
nique was used which gives a better indication of the presthen rapidly rotated through an angle of 90° to observe the
ence of contrast throughout the ROI. bubble disruption zone using a second set of 15 high Ml
The maximum projection program was also written inlongitudinal images of the center of the flow tube. The 15th
MATLAB. The image sequence was cropped to the size oframe of the second set was the subtraction frame, i.e., the
the ROI. For each flash sequence, the maximum pixel valusubtraction between frame 1 and 14 of the second set. This
was selected for eachy(z) position across the 14 frames image was used to measure the extent of the bubble destruc-
acquired in each flash sequence. The resulting image wadmn, i.e., the profiles of the flow tube’s anechoic bubble dis-

D. Maximum projection
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Fic. 3. This subtraction FEI mode image was generated with the transducer (e)
longitudinal to the tube after a sequence of high Ml pulses in the orthogonal
plane. The bubble disruption zone is clearly visible and its width is shown to
vary with depth.

S0% peak=1.18 sigma - - - - - - - :

ruption zone(Fig. 3). Note that the width of the destruction

. . . . ——
zone varies with depth through the tube. This effect will be 6dB points
included in a subsequently described model as an initial cor- o ) I
Fic. 4. Generating finite element refill curves. The top drawing illustrates

rection for this eﬁ?Ct' . the variation with depth of the width of the bubble disruptiétZ) and the
The average width of the read-out zone width can also beead-out(RO) zones. Often Kz was wider than RO. Each pixel elemient
estimated by calculating the slope of the velocity versus thevas assigned a KZ and a RO from the relevant demghas well as a
inverse of the estimated MTT. The velocity profile in the velocity v;. An elemental refill curvef;(d) is shown here in the middle
. llystration. d was the distance traveled by the leading edge of the contrast
foam insert was assumed to be constant and was calculatég it refills the bubble disruption zone for this elemethtcan be simply
as the_VOIUme ﬂ(_)V\_’ rat¢based on the VOI[_Jme output from rejated to time by the equatiati=v;t. f was the cumulative distribution
the fluid pump)divided by the cross-sectional area of the function constructed from a Gaussian shaped point spread fur@sH),
tube as measured on the US image. The area of the foaghown in the lowest drawing, where the Gaussian meang.ar&Zz(z)/2
material itself was considered negligible because the voi@"d the standard deviations are- RO(z)/2.36
volume was 97%.
It was observed that the bubble disruption zone was larger

than the read-out zone, which was manifested as a delay timfie read-out zone was modeled as a typical Gaussian
(DT) measured as the time between the bubble disruptiogeighted point spread functidi®SF). Like KZ, the width of

event and the beginning of the refill rise. this PSF varies with depth due to attenuation effects.
For each pixel in they,z plane, an unnormalized spatial
G. Simulation elemental refill curve is generatde(d), whered was the

The initial computer simulation generated refil CurVesd|stance traveled by the leading edge of the contrast through

based on the geometry and assumed properties af thigo the bubble disruption zone for this element:

flow phantom for different velocity ranges. These curves . fi(Q):_(1/_2)[1+erf.((d—,u)/m/2)] which i.s the cumula- .
were compared to the experimental refill curves. The simullVe d|str|but|qn function due to the Gaussian shap'ed point
lated tube model consisted of a cylindrical region of radiuss_plr?egd /flzjr;cgon ép‘?:) q; hthe} ;eag-%lgtl qune V.V'tha

50 pixels(Fig. 4). The effort here is to provide some initial . h (Z_) K'Z ?Zn the width of the bubble disruption zone
corrections for the effects of beam shape and overlying a1t u= _(Z) o .

tenuation including that from the presence of the contrast A normalized spatial refill curve can be represented by the

agent and its dynamic changes during FEI. equation

Each pixeli was associated with a velocity, and two f,(d)—f,(0)
widths: one related to the bubble disruption zone lert&#) Fi(d)= (2w —=1.(0)"
and the other related to the read-out zone ler§®). The nep)
bubble disruption zone’s width varies withand therefore The velocity was assumed to be uniform plug flow when

KZ was calculated a1 points along the axial axis Forthe  simulating the foam insert, i.e., the velocity was equal to a
purpose of this modeling, this elevational variation was desingle linear velocity for every pixel. When simulating an
fined as a truncated Gaussian sh@ipg. 4(a)]. In addition, empty tube, a parabolic velocity profile was employed. In
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TasLE |. Flow properties of the human systemic circulati@ef. 12). a t; amount of time in the vascular subspt The total
amount of time blood will circulate through the entire system

Vascular subsetj Velocit / Length ; - . . .

ascular subset] elocty (em/sec) engthem) is T=Ej7:1tj. When divided intoN equal time intervals,

Large arterieg1) 20 100 At=T/N.

i:earlilo?ertse(g?ﬁ) ‘2‘ 12 Within each time intervalt, blood flows with a velocity

Capillaries(4) 0.03 01 of v, Whergl =1to N_. v, is Qefined by linearly in_terpolating

Venules(s) 03 0.4 the velocities associated with the vascular subgetger the

Small veins(6) 1 10 N time intervalsAt. Points beyond the time poiftl are

Large veins(7) 4 100 assigned the valuey. The distance,Ad,, that blood
traverses inAt with a velocity of v, is therefore Ad,
:U|At.

It is assumed here that for each point in the circulatory
either case, for each pixel d=v;t, wherev; is the velocity  system, the volume flow rate is constant. The blood volume
associated with that element associated with a segment of the circulatory system is di-

Fi(vit) is then evaluated for each pixelto generate a rectly proportional to the amount of time blood takes to

an average of all the elemental refill curves: one expects to have an equal volume of blood associated
N Fi(vit) with that segment. Therefore, in any given sub-volume of
R(t)= — tissue in the body, a first order approximation would be that

an equal blood volume is input from eveit segment, as-
suming the different elements of the circulatory system are
evenly mixed. The total refill curve would be an average of
However, the simulated tube model does not accuratel§he refill curves beginning at eactt sub-volume.
represent a real human circulatory system. Another simula- An elemental refill curve starts at a sub-voluinef the
tion investigated how a circulatory system with many differ- circulatory system. So we havd elemental refill curves.
ent sized vessels distributed throughout the imaged tissugach refill curve starts at one edge of the bubble disruption
might affect contrast refill. zone and is therefore KX} in width wherek=1 to M and
Unlike in the tube simulation model, each finite elementrepresents the depth. Like in the tube simulation, each el-
was not assigned a single velocity. Rather, a continuousmental refill curve is spatially independent and thereMre
range of velocities was simulated representing the transitiomalues of KZk). Unlike in the tube model, the velocity can
between vessel types. The circulatory simulation consisted ofary with time.
a series of large arteries going into small arteries, then arte- The first step is to generate a function relating the distance
rioles, then capillaries, then venules, then small veins antraveled with time. This function starts at 0 and reaches a
finally large veins(Table I). maximum at KZ. Each time segmeit was assigned a ve-
An elemental refill curve was constructed from two func-locity v, for m=I to N which determines the slope of the
tions. The first related time with the distance traveled acrosgefill at that time interval. When the distance travetidis
the bubble disruption zondy,=g,(T). And the second is the bigger than KZ or in other words when the sum of all time
normalized spatial refill curve that was developed in the firsintervals traversedt multiplied by their appropriate veloc-
simulation. ity v, equaled the bubble disruption zone widKz), it
As in the tube model, the contrast refill was assumed tgeaches saturation and is set equal to KZ. Therefore
progress from one side of the bubble disruption zone to the N
other. However, in this case, a spatial variation along the -_ E DAL
k= btk
z-axis was included that provided for differing vascular con-
tributions. The assumption is that the image plane being re-
filled has a finite slice thickness that is small compared to the As in the tube simulation, the read-out zone was a typical
axial and lateral extent of the plane. Therefore, all flow con-Gaussian weighted PSF whose width varies with depth due
tributions are from out of plane and can be from either di-primarily to attenuation effects. The width of the bubble dis-
rection. At any given location in the plane, the vasculatureruption zone also varied with depth. This variation was mod-
would have varying contributions for different vessel types.eled as a Gaussian shape in this study.
In addition, as the thickness increases, the distribution would Next, the distance traveled}=g,(T) was related to the
change. For example, capillary beds near the center of theercent refill by evaluating the cumulative distribution func-
slice must have supply arteries and draining veins. Arteriation, similarly defined in the tube model. Havilng* N val-
and venous effects then depend on the location of the capilies of g,(T), one for each elemental refill curve at each
lary bed within the slice. depth, we applied the effects of the KZ and RQ(g,(T)),
This function was constructed as follows. The entire cir-as we did in the tube simulation to create elemental refill
culation path was laid out on the time axig=1; /v, where  curves.
l; andv; are, respectively, the length and velocity of each The final refill curve is a weighted average of all these
vascular subsgtfor j=1 to 7. In other words, blood spends elemental refill curves where the weighting for each elemen-

H. Extension to vascular flow
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TasLE Il. Reticulated foam inserts’ characteristics. The speed of sound and attenuation coefficient of the
reticulated foam inserts were measured in a degassed saline solution. The pore size was obtained from Crest
Foam Ind. Three methods were used to estimate MTT or the area above the refill curve: the trapezoid method,
an exponential fit and an erf fit. The read-out zone length can be estimated from the slope of the pump’s volume
flow rate normalized by the area of the reticulated foam inGemisec)vs 1/MTT (secl).

RO width
Vel *MTT RO width RO width
Sound Attenuation Area ab.  Vel*MTT  Vel*MTT
Speed coefficient Pores/inch  Density Curve Exp. Fit Erf Fit
(m/sec) (dB/MHz/cm) ppi Ib./cu.Ft. (cm) (cm) (cm)
Empty 1492 0.23+0.01 0.21#0.03 0.18#0.03
tube
S110 1498 0.79 94 2.2 0.180.02 0.15#0.03  0.1320.03
S80 1498 0.81 80 1.9 0.14-0.04 0.1220.04 0.1120.03
T50 1496 0.75 50 1.4 0.16:0.07 0.1320.04 0.1220.04
A40 1497 0.70 40 1.3 0.130.03 0.11#0.03  0.1020.03

tal refill curve is its blood volume within the slice thickness. B. Maximum projection

glh 'S dvie'l?ht'r;g 'S tt rlﬁreforﬁ tbhasid bobrll tr:f amt(_Junt of tlmle The relationship between MPI and the contrast agent con-
00d takes 1o get throug € Dbubble diSruption Zone. e yation s presented in Fig. 5. Due to the creation of shad-
other words, a slow refill curve was weighted more becaus wing at a high concentration, a decrease in MPI was ob-

more blood has time to flow into the vasculature associate erved when the concentration exceeded 0.1 ml of contrast in
with that refill curve. Therefore, each refill curve is Weighted1 liter of saline. After a correction for shado.wing by a maxi-
by its rise time Ry: mum projection technique, a linear relationship between MPI
LMo RT and the contrast agent concentration was observed. There-
_ Ik fore, this technique was also used to generate the refill
R(T)=— F )<=~ = '
M=y gl 21 @1 ))E{l":lE,N:lRTLk curves.

This model can easily be adjusted to accommodate differe. Refill curve fitting
ent tissue models. For instance, if no large vessels are present . . .
in the ROI then they can be removed from the list of vascular Each refill curve was fit with both the error functigerf)

subsets. Shunting is characterized by a direct flow of blooélnd an exponentlal. The error function was a better fit than
from the arterial to the venous system, therefore, can bEhe exponential to the experimental curves observed. In the

simulated by bypassing the capillary beds. The shunting
simulation was similar to the one mentioned above but omit-

. L 400
ting the capillaries.
300 *

lll. RESULTS >
A. Foam properties = 200 % .

The speed of sound and attenuation coefficient measured Z - ¥ . B
for each foam are presented in Table Il along with the poros-
ity and the density. Note that the measured sound speed in 1001 o Mamum Projection
the tube filled with only saline matches measurements made ® Maximum MPI Frame
within the foam inserts to within 1%. The attenuation coef- ——Linear Fit
ficient only varies from 0.70—0.81 dB crhMHz ™! for the 0 . oos 01 o015 o= oo
foams selected. Using ROIs selected from the S110 foam ' ' ' o7
block surrounding the tube, the signal to noise ratio was Contrast Agent Concentration

estimated from the decompressed pixel intensities as MPI/ (mlin 1 liter of saline)

stdev, where the stdev is the standard deviation of the pixgl; 5 Relationship between MPI and the contrast agent concentration. The
distribution. The resulting value was 1.5. points constituting the Maximum MPI Frame were obtained from the aver-

To ensure that no bubble accumulation occurred duringge of the 5 peak frames of a FEI sequence taken in a tube with a S110 foam
contrast circulation, the echogenicity below the reticulatedSe": At high concentration, a shadowing effect was observed, character-
. . ized by a decrease in MPIl. A maximum projection technique was used to

foam insert was measured and remained constant throughOirect this effect and yields a more linear relationship between MPI and the

the experiments. contrast agent concentration.
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Refill Curve and Fits 624ml/hour

\ 1 0.8 q
0.8 - (DL _#‘f

. E 4
05 / Exp. Eit e

/ y=1-exp(-t/a)
04 : /

' | / =T FIt sl
oz ; y=erf(at)

MPI

0.4 — MNormalized Em pty Tube Simulation

# Empty Tube Experimental

— 5110 Simulation

Averaged Normalized MPI

X B S110 Experimental
. / 0 4+ T T
Vi
' 0 5 10 15
0 fit .
£ 0 5 10 15 20 25 30 Time(sec)
Time(sec) Fic. 7. Results of a simulated tube model for an empty tube and the S110

foam insert, characterized, respectively, by a parabolic and a plug flow pro-
files for a volume flow rate of 624 mil/hour. The bubble disruption and

. read-out zones’ width were different and both assumed to have a truncated
mL/hour. For the equatiog=erf(at), a value of 0.120.01 was found for  Gayssian shape. The read-out zone was a Gaussian weighted PSF. The simu-

a, corresponding to a MTT of 4.800.01 sec while for the equatiop |ated curve for the empty tube has been normalized in the same manner as
=(1—exp(-t/a)), a value of 5.308.40 sec was found foa. The delay  the experimental data.

time (DT) was equal to 1.5 sec. The time axis was shifted such that 0 sec
was defined as the time at which the MPI began to increase.

Fic. 6. A comparison between an exponential fit and an error funcédn
fit to the refill curves for the foam insert S110 and a volume flow rate of 156

a KZ of 0.27+0.03 cm with a RO of 0.180.03 cm. With
example shown in Fig. 6, the foam insert was S110 at @&ny of the foam inserts, the trapezoid method generated a KZ
volume flow rate of 156 mL/hour. The erf function coeffi- Of 0.28+0.07 cm and RO of 0.208.05, the exponential fit
cient fit was 0.12:0.01 corresponding to a MTT of method gave a KZ of 0.190.05cm and RO of 0.13
4.80+0.01 sec while the coefficient or the MTT was 5.30 =0.03 cm while the erf fit method, KZ was 0.18.05 cm
+0.40 sec for the exponential fit. As expected, differencestnd RO was 0.118.03 cm. These estimates are the compi-
were observed between refill curves with different volumelation of measurements at all flow rates and demonstrate that
flow rates. However, none of the investigated properties acvariable flow rates still yield consistent values for KZ and
sociated with the foam inserts such as the porosity, densitfRO widths.
and echogenicity showed a consistent effect on the curves. To validate these results found from the experimental re-
The small differences observed between curves with identifill curves, a comparison between the estimated and actual
cal volume flow rate was likely due to the difference in the bubble disruption width was needed. From Fig. 3, the shape

reproducibility of experiments. of the bubble disruption zone can be visualized. It is seen

that the zone tapers off with depth. The width of KZ ranges
D. MTT, bubble disruption and read-out zone between 0.6 and 0.2 cm, which is within the range of esti-
estimation mates listed above. However, given the variation of the KZ

and RO with position within the tube, a better way of com-

MTT can be obtained via three different methods: the tWopaing the expected refill to the experimental results is via
mentioned above and also via the trapezoid method basegyyiation.

directly on the observed data points, allowing us to calculate

the area above the experimental refill curves. The bubeE Simulation

disruption zone lengtfKZ in cm) as estimated from the

refill measures can be calculated via the equation KZ Using the experimental refill curves obtained for the
=2DTXV+RO where RO=MTTXV (cm)and MTT is the empty tube and the foam insert S110 with a volume flow rate
mean transit timésec)calculated from the experimental re- of 624 mi/hour, i.e., a linear flow rate of 0.08 cm/sec and the
fill curves(Table Il). DT is the delay timésec), i.e., the time respective MTT (including the delay time)of 2.77

for new contrast to reach the read-out zone after bubble dis= 0.02 sec and 2.696:03 sec obtained from the erf fit
ruption and measured from the experimental refill curkes. method, computer simulated refill curves were generated
is the linear flow velocity throughout the foam insert. (Fig. 7).

When the width of the bubble disruption zone was mea- For the simulation of the empty tube through the sur-
sured in the empty flow tube, a KZ value of 080.11 cm  rounding foam, a parabolic flow profile was assumed with a
and a RO of 0.218.02 cm were found with the trapezoid maximum velocity of 1.72 mm/sec calculated from the
method. The exponential fit gave a KZ of 080.03cm  known geometry of the tube and volume flow rate. The
with a RO of 0.210.03 cm and the erf fit method generated bubble disruption zone was assumed to be a Gaussian with
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Time {sec) Fic. 9. A comparison between different levels of simulated shunting versus

a simulated normal small vasculature. Shunting is characterized by a bypass
Fic. 8. Simulation of the vascular model corresponding to different velocity of the capillary bed such that blood flows directly from arterioles into
ranges using the serial vascular model. Broader velocity ranges display wenules. A shunting model is therefore simulated by removing a percentage
rounder appearance than the more monotonic simulations seen when sefthe capillary contribution from the model.
lected velocitieglimited vasculature typesare used.

o=5 and a maximum top width of 6.95 mm and a minimum T4 fyrther investigate the potential to obserire vivo
bottom width of 1.60 mm. These values were selected tQnynting using the shape of refill curves, an analysis

match the observed anechoic zoffég. 3). The variation a5 done on the difference between refill curves as in Fig. 9
with depth of the read-out zone was also assumed to be R various percentages of shunted blood floRig. 10).

Gaussian withr=4.25 and a maximum top width of 5.91 The peak difference of 20.3% was seen at 4.7 sec for
mm and a minimum bottom width of 1.36 mm. These values|ggo, shunting. This time corresponds to 56% refill of the
were obtained from the observed anechoic zgfig. 3). The 1 ormal vasculature and 77% refill of the 100% shunted blood

simulated refill curve was normalized in the same manner ago. This difference scales linearly with the percentage of
the experimental data such that it resides between then nting.

y-ordinates 0 and 1, yielding a simulated MTT equal to 2.78
sec compared to the experimental value of 277
—0.02 sec obtained with the erf fit.

For the simulation of the foam insert S110, a plug or 25
uniform flow profile of 0.8 mm/sec was used. The bubble
disruption and read-out zone characteristics were kept simi-
lar to the simulation of the empty tube. The simulated MTT
was found to be 2.66 sec compared to the experimental value
of 2.69+0.03 sec obtained using the erf fit. Both simulated
and experimental curves matched very closely, not only in
the MTT estimate but in shap€ig. 7).

Vascular models based on values from Table | were gen-
erated using the serial simulation of the vascular systam
8). The full vasculature included large arteries through large
veins while the small vasculature included small arteries
through small veins and finally the microvasculature in-
cluded the arterioles through the small veins. Therefore, dif-
ferent velocity ranges can be modeled resulting in differently
shaped curves.

A shunting model can also be created by removing thesc. 10. The difference between normal small vasculataseseen in Fig.
capillaries segment from the model, so that arterioles go d|10) e_md shunted flow in 5% increments versus time. The maximum separa-
recly nto venules. fgure 9 shows the effct of VAU 1V-4pg 175 o et or e 005 sunted blod o Forcompite shunt.

' ) ing (100%), the maximum separation is 20.3% of the refill saturation level.
small arteries to small veins). This difference scales linearly with the percent shunted blood flow.

%u Difference

Time (sec)

Medical Physics, Vol. 31, No. 3, March 2004



631 Potdevin et al.: Analysis of refill curve shape 631

IV. DISCUSSION inserts but not by the density or porosity of the insert. This
was not unexpected, because the high void volume of the
The basic acoustic properties of the developed flow phanfoam does not divert the primary axial flow, but rather serves
tom proved to be reasonable for simulatimgvivo tissues.  to effectively segment the flow into many small channels. As
The measured speed of sound for all the tested reticulateg result, the major effect of the foam insert was probably to
foam inserts are close to that of salifvéithin 1%), reflecting  alter the parabolic flow profile of an empty tube to something
the large void fraction, and about 3% different from soft close to the uniform velocity profile of plug flow.
tissue. Since the void fraction of the foam is so high, one can From the tube simulation, a noticeable difference was ob-
expect to readily adjust the sound speed with temperatureerved in the shape of the refill curves in the case of a para-
changes. The attenuation is somewhat higher than soft tissilic versus plug flow profilgFig. 7). This difference was
but reasonable at about 0.8 dBThMHz* (Table II). mainly observed at the high end of the refill curve and com-
The surrounding reticulated foam is used to mimic attenupares well with the experimental data. While the MTT is
ation caused by overlying soft tissue in the human body. Trugomparable, total refill was much slower and the curve has a
speckle is characterized by MPl/stde¢. In the reticulated rounder shape for the parabolic flow profile compared to the
foam, a value of 1.5 was observed for this ratio. This was nopresumed plug flow profile through the foam.
unexpected because the reticulated foam does not offer ran- In the serial vascular system simulations, it can be con-
dom scatterers but rather a somewhat regular structure. Ditluded that the range of velocities also affects the shape of
ferent soft tissues display a range of values for this paramthe refill curves. Wider velocity ranges found in the full vas-
eter. culature which includes large arteries through large veins
The contrast agent concentration of 1/5000 used in ouproduce a rounder refill curve shaggig. 8). A flatter refill
experiment combined with the high MI FEI technique re-curve shape was generated when the large vessels such as
sulted in a veil effect. This problem was overcome by usingarge arteries and large veins were removed from the simu-
the maximum projection technique for the refill curve analy-lation. The shape of the refill curve gets even flatter for the
sis(Fig. 5). With this technique, a linear relationship betweenmicrovasculature simulation, i.e., when the only vessels
MPI and contrast agent concentration was observed over th@esent in the model were arterioles, capillaries and venules.
wide range of concentrations. When “shunting” was simulated, the refill occurred
In the foam insert experiments, the error functienf) fit sooner due to the absence of capillaries in the m@dgl 9).
offers better smoothing for the experimental refill curvesThe maximum separation between curves of varying shunt
than the exponential fit assumed by Waial®* (Fig. 6).  percentage appears to occur at around the 56% refill level of
This cannot be assumed to apply to all velocity profiles bethe normal vasculature.
cause there is no physical rationale behind its selection. It is The simulations also indicate that the best time to detect
also important to take into account the delay tit®) be-  changes in the refill curves due to shunting is 4.7 sec into the
tween the bubble disruption event and the time when thgefill. In order to detect shunting below 5%, the error in this
actual refill begins. A previous study done by Lucidarmerefill measurement should be less than 1%. These prelimi-
et al1? also found a sigmoid shape function to be a better fithary simulations show some intriguing results based on rela-
to the refill curve. Their finding was for different reasons, tively simple but relevant changes in the vascular structure.
however, as their experimental setup employed a different When observing the shape of the refill curves, it is impor-
imaging plane with continuous low MI imaging. tant to take into account the shape of both the receiving beam
The width of both the bubble disrupticiikZ) and read- profile and the bubble disruption profile. Simulations show
out (RO) zones varies with depth and can be approximatedhat refill curves can be used for more than the mean transit
by a truncated Gaussian as seen in Fig. 3. This shape is liketlyme estimation. Information about velocity profiles and even
due to attenuation from the contrast agent and/or the foam. Rbnormal vascularity such as shunting can also be detected.
is also likely to depend on the number of high Ml pulses It is interesting to note that a previous stétifound that
constituting a pulse sequence. Therefore, experimental varihe time to the 80% contrast replenishment level was a ro-
ability can be introduced by effects on both transmitted andust parameter for distinguishing normal from cancerous
received pulses. This is of importance because the shape bfood flow in a rat. Our simulation techniques should accom-
these zones affect the shape of the refill curves. If both zone®odate more refined vascular models and make it possible to
were square in shape, the curvature found in the refill curvetest hypotheses that might explain this and other phenom-
would then be due only to the range of velocities and theenon related to refill curves and abnormal vasculature.
read-out zone's PSF.
The imaging system used for the experiments has limited
suppression of a nonbubble background signal. Because of
the high echogenicity of the foam insert, the resulting images\ck NOWLEDGMENTS
suffer from lack of dynamic range. This can be overcome by
using a newer imaging system which incorporates better This work was supported in part by PHS Grant No. RO1
background suppression. DK56658 and NIST Cooperative Agreement No. 2001-00-
In general, the refill curves were affected by the volume4392. Equipment support was provided by Toshiba Medical
flow rate (or linear velocity)of the fluid traversing the foam Systems.
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APPENDIX: AREA ABOVE AN ERROR FUNCTION

Knowing that

—x2
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Thus the area above the error function is l#a.
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