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Abstract—Ultrasonic contrast agents have been used to assist blood flow measurements. Several contrast-specific
flow measurement techniques have been proposed during the last few years. Among them, a method based on
relative enhancement of the backscattered signal as a function of time is of particular interest. This method is also
known as the time-intensity method. The method is based on the indicator-dilution theory, and the time-intensity
curve is used to derive blood flow-related parameters such as the flow rate and the blood mixing volume. Previous
in vitro studies done by other research groups were mainly based on a perfusion model or an artery model.
Results showed that several parameters derived from the time-intensity curve had a good correlation with the
flow rate under certain conditions. However, the studies did not focus on factors such as mixing volume, mixing
chamber configuration and different types of mixing chamber. In this paper, dependence of the time-intensity
curve is further studied. Specifically, two types of blood-mixing chambers were constructed. One was a spherical
compartment phantom with two different sizes (260 and 580 mL) and different inflow/outflow configurations. The
other was a perfusion phantom consisting of dialysis cartridges with the volume ranging from 114 to 351 mL. The
time intensities were also measured at both the input and the output of the mixing chamber. A commercial agent
(Levovist”) and a self-made, albumin-based agent were used and the wash-out time constant and the mean transit
time were derived for flow rates ranging from 500 to 1300 mL/min. For the perfusion phantom, results showed
that the parameters had a good correlation with both the flow rate and the mixing volume. Results from the
compartment phantom, on the other hand, indicated that the inflow/outflow configuration and the mixing size
significantly affected the derived time constants. Potential applications of new volumetric flow estimation
techniques based on both input and output intensities were also discussed. (E-mail: paichi@cc.ee.ntu.edu.tw)
© 2002 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION heart cycle and flow turbulence also make quantitative
flow measurements practically difficult.

In addition to conventional Doppler techniques,
new techniques for ultrasonic blood flow measurements
have also been continuously developed. The use of ul-
trasonic contrast agents is a good example (Frinking et
al. 2000; Goldberg 2000). Many contrast agents are
air-filled microbubbles that dissolve poorly in the blood.
The bubbles are small enough so that they can reach the
left ventricle of the heart and avoid rapid disappearance.
Contrast-specific imaging techniques have al so been pro-
posed and they can be categorized into three groups. The
first group is based on the enhanced echo signa at the
fundamental frequency. Ultrasonic contrast agents im-
prove blood flow detection and offer possibilities of
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Ultrasound (US) has become increasingly popular in
medical diagnosis. Among the magjor clinical applica-
tions, blood flow measurement is of particular impor-
tance. Conventionally, the Doppler effect is used to ac-
quire blood flow information. In this case, blood velocity
is measured by detecting the frequency change of echoes
backscattered from the moving blood. Despite its wide
clinical acceptance, the utility of Doppler-based methods
in quantitative volumetric flow estimation has been lim-
ited (Burns and Jaffe 1985). One of the limitationsis the
difficulty in obtaining the beam-to-flow angle (Li et a.
2000, 2001). Variations of the area of a vessel over a

349



350 Ultrasound in Medicine and Biology

are harmonic imaging and subharmonic imaging (Frink-
ing et al. 2000). The third group of contrast-specific
techniques is based on dilution and destruction of micro-
bubbles in the blood pool (Claassen et al. 2001; Chen et
al. 1998; Hindle and Perkins 1994; Schwarz et al. 1993,
1996; Ugolini et a. 2000; Wilkening et al. 1999, 2000;
Wilson et al. 1993). Note that the indicator-dilution the-
ory has already been used in other imaging modalities
(Axel 1980; Blomley et al. 1995). With the devel opment
of microbubble-based ultrasonic contrast agents, it is
possible to institute a noninvasive technique to measure
hemodynamic parameters based on dilution of micro-
bubbles.

The indicator-dilution theory is based on the law of
mass conservation. After a dose of indicators is injected
into the blood, the concentration of the agent is moni-
tored as a function of time. The signa-enhancement
effect of the contrast agent can be used to monitor
concentration of the agent and to make quantitative in-
dicator-dilution—style measurements. Such a method is
also known as the time-intensity method. In general,
after injection, the microbubbles are mixed in a few
compartments in the circulatory system. Each of these
compartments can be treated as a simple mixing cham-
ber. The mixing process inside the chamber can be
described by a simple mathematical model and the re-
sponse from each chamber can be characterized by a
transfer function. Thus, by considering concentration of
the indicator entering the mixing chamber as the input
function, the output function defined as the concentration
leaving the chamber is simply the convolution of the
input function and the transfer function (Chen et al.
1998). With multiple mixing chambers in cascade con-
nection, the same procedure can be repeated. The flow
rate and the volume of the mixing chamber can then be
derived if the transfer function of a particular mixing
chamber can be estimated.

Several recent studies have focused on contrast-
based flow quantification. In particular, effects of the
flow rate on the measured time intensities have been
extensively studied (Claassen et al. 2001; Chen et al.
1998; Hindle and Perkins 1994; Schwarz et a. 19933,
1993h, 1996; Ugolini et al. 2000; Wilkening et al. 1999,
2000; Wilson et al. 1993). In the study of Ugoalini et al.
(2000), absolute and relative flow quantification was
performed using harmonic power Doppler imaging. A
good correlation between the absolute flow and several
parameters derived from the time-intensity curve was
found in a perfusion model. The perfusion model was
composed of dialysis cartridges and the derived param-
eters included onset time, time-to-maximal enhance-
ment, peak intensity and maximal ascending slope. The
correlation for atube model was also investigated. It was
found that, for absolute flow quantification, the correla-
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Fig. 1. A schematic diagram of the mixing chamber model.

tion for the tube model was lower than that for the
perfusion model. Nonetheless, the correlation in both
models was improved when only relative flow quantifi-
cation was concerned. Quantification of flow rates was
also investigated using harmonic grey-scale imaging
(Claassen et al. 2001). Again, a dialysis cartridge was
used to produce a capillary flow modd. Peak signal inten-
Sty, area under the curve and mean trangt time were the
main parameters of interest. It was found that the indicator-
dilution theory is not applicable for perfusion analyss,
possibly due to the effect of bubble saturation.

In addition to the perfusion model with a fixed
volume, absolute and relative volumetric flow rates were
also studied in an arterial model with two different sizes
(Schwarz et al. 1993a). Three ultrasonic time-intensity
methods (RF, video and Doppler) were tested. It was
shown that the mixing volume affected results of abso-
lute volumetric flow rate measurements. Relative mea-
surements, on the other hand, were independent of the
mixing volume. Finally, an in vivo study on quantitating
myocardial perfusion with a dog model was aso per-
formed (Wilson et a. 1993). It was found that the time-
intensity techniques may be feasible with intracoronary
injections, but there was no appreciable intensity change
with IV injections.

In this study, correlation between the time-intensity
curve and various experimental conditions was further
determined. Specifically, the time-intensity curve was
measured with different sizes of two types of blood-
mixing phantoms. One is a compartment phantom made
of a hollow sphere and the other is a perfusion phantom
consisting of a maximum number of four dialysis car-
tridges. Also, the influence of the inflow/outflow config-
uration for the compartment model was investigated.
This paper concludes with a discussion of potential new
flow quantification techniques based on both input and
output intensities.

BASIC PRINCIPLES OF THE TIME-
INTENSITY TECHNIQUE

Consider the simple model depicted in Fig. 1. Blood
flow of rate Q enters and leaves a blood-mixing chamber
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Fig. 2. lllustration of generation of the time-intensity curve.

of volume V via asingle input vessel and a single output
vessel. Asthe contrast agent is entering the chamber, the
concentration as a function of time (i.e., the input func-
tion) is defined as ny(t). According to the indicator-
dilution theory, the concentration of the contrast agent at
the output end (i.e., the output function n.(t)) is given by:

No(t) = ni(t) & h(), D

where ® stands for convolution and h(t) is the transfer
function of the mixing chamber. Note that the concen-
tration is not directly measured in practice. Instead, the
backscattered acoustic intensity is used to represent the
concentration of the microbubbles (Schwarz et al.
1993b). Such an approximation may not be valid when
the bubble concentration is high (Wilson et al. 1993;
Claassen et a. 2001). In this study, the concentration was
empiricaly determined so that the linear relationship
between the backscattered intensity and the concentra-
tion was valid while maintaining a sufficient signal-to-
noise ratio (SNR). Figure 2 is a schematic diagram of
generation of the time-intensity curve. Assuming atrans-
ducer focuses a sound beam in a vessel, as shown in the
left panel, the lower right panel shows a corresponding
M-mode image with the horizontal axis denoting time
and the vertical axis representing depth. At each time
instance, intensities of the backscattered signals within
the vessel are averaged and the average value becomes a
point in the time-intensity curve shown in the upper right
panel. This process continues at all times until a com-
plete time-intensity curve is generated. Note that the
reverberation signals shown in the M-mode image can be
easily removed by subtracting the baseline from the raw
time-intensity data.

The transfer function h(t) contains characteristics of
the blood-mixing chamber (Chen et al. 1998). The sim-
plest form of the transfer function can be described by a

single time constant. The time constant T can be consid-
ered as the system’s transit time and is defined as the
ratio of the mixing chamber volume to the volume flow
rate (i.e., 7 = V/Q. Specifically, the transfer function is
given by:

0 t<O0

ho =1! e (=0 &)
T

It is assumed that the microbubbles are completely
mixed with blood inside the mixing chamber. This as-
sumption may not be true in practice and may affect
results of time-constant estimation. The time constant 7
is aso known as the wash-out time constant (i.e., 1/t is
the wash-out rate).

In addition to 7, the mean transit time (MTT) de-
fined in egn (3) can aso be employed:

f oct X ny(t)dt
MTT= 3)

J wno(t)dt

If duration of the input function n,(t) is significantly
smaller than 7, the input can be approximated as an
impulse function and the output n.(t) approximates the
impulse response h(t). In this case, in can be easily
shown that MTT = 7. Generally, the input function may
have an arbitrary form because it can be the output
function of a previous mixing chamber. In this case, both
the input and the output need to be measured and decon-
volution techniques can be applied to find the transfer
function. In the following section, we will focus on the
two parameters MTT and T and assume that the duration
of the bolus injection is sufficiently small that the output
function approximates the transfer function of the mixing
chamber. Also, note that the transfer function described
in egn (2) may not be applicable to all types of mixing
chambers. As will be shown in the next section, the
transfer function of the perfusion phantom has different
characteristics and will be modeled by a different func-
tion.

Methods and Materials

Spherical compartment phantoms (Ostrander et al.
1990) and perfusion phantoms (Hindle and Perkins 1994;
Claassen et a. 2001) were constructed. The spherical
compartment phantom was made of an acrylic hollow
sphere. The perfusion phantom, on the other hand, con-
sisted of four renal dialysis cartridges (C-12, Terumo
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Fig. 3. Photograph of the self-made albumin-based contrast
agent. The distance between two arrows corresponds to 50 wm.

Co., Tokyo, Japan) placed in paralel. Each cartridge
consisted of 8600 hydrophilic capillaries and each cap-
illary had amean diameter of 200 wm and alength of 235
mm, making a total capillary volume of 79 mL.

Both a self-made albumin-based contrast agent and
Levovist® were used in the study. The self-made contrast
agent was made from albumin using the hand agitation
technique (Navin and Reinhard 1993). Two 10-mL plas-
tic syringes (Terumo Co.) were connected to a three-way
stopcock (NIPRO Med Ltd., Osaka, Japan) and a needle
was connected to the third end. Four ml of water, 1 mL
of 20% human albumin solution (Octapharma AG, Vi-
enna, Austria) and 0.5 mL of air were mixed at one of the
syringes. The two syringes were then pushed in turn,
with the valve of the three-way stopcock closed at the
needle site. After several pushings, a layer of foam was
formed on the top of the solution. The fluid below the
foam layer was used asthe US contrast agent. The size of
the self-made microbubbles was estimated using an optic
microscope (EMZ-TR, Meui Tech. Co., Tokyo, Japan).
The diameter ranged from 20 uwm to 50 um. A picture of
the albumin-based contrast agent from the microscopeis
shown in Fig. 3.

The experimental system consisted of two data
acquisition subsystems. One was to acquire acoustic data
from the input vessel of the mixing chamber and the
other was for the output vessel. The input subsystem
consisted of a pulser/receiver (Panametrics 5800,
Waltham, MA), a 12-bit, 20 Msampless A/D (HP
E1425A) and a 12-bit, 40 Msamples/s arbitrary function
generator (HP E1445A). The equipment was controlled
by a personal computer via VEE software (HP E1425A,
Palo Alto, CA). The output subsystem had a similar
configuration. It included a pulser/receiver (Panametrics
5072), a data-acquisition system with a 12-bit, 80
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Msamples/s arbitrary function generator (CompuGen
1100, Gage, Montreal, Canada) and a 12-bit, 100
Msamples/s A/D (CompuScope 12100, Gage, Montreal,
Canada). The equipment was controlled by a personal
computer via LabVIEW (National Instruments, Austin,
TX). The arbitrary function generator of the input sub-
system was also used for synchronization between the
input and the output subsystems. After the returning
echoes were received and amplified by both subsystems,
the signals were then sampled and stored for off-line
signal processing. The intensity data were sampled at a
rate of 1 Hz. Dataanalysis and graphic display were done
on a personal computer using MATLAB (MathWorks,
Natick, MA). Two identical transducers (Panametrics
V380) were used in the two subsystems. Both transduc-
ers had a center frequency at 3.5 MHz and a fixed focus
a 70 mm. A pump (Cole-Parmer L/S-18, 77201-60,
Vernon Hills, IL), silicone peroxide-cured tubing with an
8-mm diameter (Cole-Parmer L/S-18), a shielded flow-
meter (Gilmont Instruments GF-2560, Barrington, IL)
and a damper (Cole-Parmer LC-07596-20) comprised of
the flow system. Note that the damper was used to
eliminate flow pulsation and to create a laminar flow.
Schematic diagrams of the data acquisition system with
the spherical compartment phantom and the perfusion
phantom are shown in Figs. 4 and 5, respectively.
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Fig. 5. Experimental setup with the perfusion phantom.
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Fig. 6. Two different compartment phantoms. Left: same in-
flow/output direction. Right: opposite inflow/outflow direc-
tions.

EXPERIMENTAL RESULTS

The first set of experiments was performed to study
effects of flow directions on the measured time-intensity
curves. Two spherical compartment phantoms were con-
structed, as shown in Fig. 6. The phantom on the left had
the inflow and the outflow aong the same direction (i.e.,
the input/output vessels were placed on opposite sides).
The phantom on the right had the inflow and the outflow
along opposite directions (i.e., the two vessels were
placed on the same side). The estimated time constants
associated with the two phantoms as a function of the
flow rate are shown in Fig. 7a and b, respectively. The
time constants were derived from least-square fitted ex-
ponential time-intensity curves based on the output mea-
surements. In both figures, the MTTs are represented by
the dashed lines and the 7s are represented by the dotted
lines. For all data, the mean value of five independent
measurements is shown, with the error bar indicating =
1 SD. The theoretical values shown by the solid lines
were obtained by dividing the total volume of the sphere
(i.e., V) by the volume flow rate measured by the flow-
meter (i.e., Q). Thetotal volume of the spherein this case
was 260 mL and the flow rate ranged from 500 mL/min
to 1300 mL/min. It is shown that the MTT valuesin Fig.
7b (i.e., opposite inflow/outflow directions) are in good
agreement with the theory. On the other hand, the s in
Fig. 7b were significantly lower than the theoretical
values, although a genera inverse trend was present
between the time constant and the flow rate. Both time
constants shown in Fig. 7a, on the other hand, did not
follow the inverse relationship with the flow rate.

Figure 8 shows the corresponding time-intensity
curves, to offer possible explanation for the results de-
picted in Fig. 7. Figure 8a shows the input (left) and
output (right) intensities as afunction time for the mixing
chamber shown on the left of Fig. 6 (i.e., same flow
direction). Figure 8b shows results for the mixing cham-
ber shown on the right of Fig. 6 (i.e., opposite flow
directions). The volumetric flow rate in this case is 500
mL/min; thus, making the theoretical value of the time
constant 31.2 s. As shown in this figure, duration of both
input functions is significantly smaller than the theoret-
ical time constant. Thus, the input can be approximated

Same

05 0.7 0.9 11 13
Flow Rate (I/min)
(a)

Opposite

05 0.7 0.9 1 13
Flow Rate (l/min)

&

Fig. 7. Time constants measured using the spherical compart-
ment phantom (260 mL). (a) Same inflow/output direction; (b)
opposite inflow/outflow directions.

by an impulse function and the output approximately
represents the transfer function of the mixing chamber.

Although the two input functions are similar to each
other, the two output intensity curves shownin Fig. 8 are
significantly different. As shown in Fig. 8a, the output
intensity curve consists of a peak very similar to the
input function, followed by a region that resembles a
typical exponential wash-out curve. Thismay result from
the fact that many microbubbles pass directly through the
mixing chamber without being completely diluted, dueto
the particular inflow/outflow configuration. It is also
consistent with the fact that the estimated time constants
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Fig. 8. Measured time-intensity curves. (a) Left: input/same
direction; right: output/same direction; (b) left: input/opposite
directions, right: output/opposite directions.

are smaller than the theoretical values (i.e., a smaller
effective mixing volume). When the inflow and the out-
flow have opposite directions, on the other hand, mixing
is more complete; the entire curve can be viewed as a
typical exponential wash-out curve. In this case, the
MTT curve is in good agreement with the theory. The
wash-out time constant is smaller than the MTT in both
cases, possibly due to the nonnegligible measurement
noise. In other words, the MTT is amore robust measure
of the time constant in this case.

The same set of experiments with opposite flow
directions was also performed using Levovist® and re-
sults are shown in Fig. 9. Again, the MTT curve is in
good agreement with the theory and the T curve is lower
than the MTT curve. The 7 curve of Levovist® is also
lower than that of the self-made albumin-based contrast
agent shown in Fig. 7a. Again, MTT is less affected by
the differences in measurement conditions.

Another set of experiments was performed with a
larger spherical compartment phantom. The volume was
580 mL and opposite inflow/outflow directions were
used. The estimated time constants are shown in Fig. 10.
Again, MTTs are larger than the 7s. Unlike the results
from a smaller chamber, however, the MTT curve is
lower than the theoretical curve in this case. This indi-
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Fig. 9. Time constants measured with Levovist®.

cates that the effective mixing volume may be smaller
than the physical volume of the chamber. Nonetheless,
the effective mixing volume is till larger than the vol-
ume used in Fig. 7 (i.e., larger than 260 mL) and the
inverse trend between the flow rate and the MTT s still
present.

Finally, experiments were performed with the per-
fusion phantom. There were four cartridges in total and
each cartridge was independently connected or discon-
nected by controlling valves at the ends of the cartridges.
The number of connected cartridges determined the
overall volume of the mixing chamber. Because the
volume of a single cartridge was 79 mL and the volume
in the connecting tubes was 35 mL, the total volume of

05 07 0.9 11 13
Flow Rate (I/min)

Fig. 10. Time constants measured with a larger compartment
phantom (580 mL).
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Fig. 11. A typica time-intensity curve with the perfusion
phantom.

the perfusion phantom varied from 114 (i.e., 79 + 35) to
351 mL (i.e, 79 X 4 + 35). Figure 11 shows a typical
output time-intensity curve measured from a perfusion
phantom. The curve can be divided into three regions.
The first region is between 20 s and 30 s and it corre-
sponds to the case where microbubbles directly pass
through the cartridges without much dilution. This is
similar to the output curve shown in Fig. 8a. The second
region is from 30 s to 70 s and it relates to a more
complete mixing and dilution of the microbubbles. Note
that characteristics of the time-intensity curve in this
region differ from those associated with the compartment
phantom shown in Fig. 8b. Specifically, the backscat-
tered intensity does not increase as rapidly in Fig. 11 as
in Fig. 8b. Thus, the time-intensity data were fitted to a
gamma function instead of to an exponentia function. A
gamma function has the following form:

g(D) = alt -t e #Y), 4

where « and B are scaling factors and vy represents the
skewness.

The third region is after 70 s and it corresponds to
an elevated baseline. In this region, some microbubbles
may have been trapped in the dialysis cartridges and they
moved much slower than the overall blood velocity. The
estimated time constants from the second region with
y-curve-fitting are shown in Fig. 12. In both panels, X, o,
+ and * represent estimated mean time constants of 10
independent measurements, with the error bar represent-
ing = 1 SD for flow rates of 500, 700, 900 and 1100
mL/min, respectively. The 7s are shown in the top (Fig.
12a) and the MTTs are shown in the bottom (Fig. 12b).
The horizontal axis represents the number of diaysis
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Fig. 12. Time constants measured with the perfusion phantom.
The horizontal axis is the number of connected dialysis car-
tridges. (@) 7; (b) MTT.

cartridges connected and it is approximately linearly
proportional to the total volume. The least-square-fitted
lines are aso shown. In general, the time constants are
linearly proportional to the total volume of the mixing
chamber. For a fixed number of connected dialysis car-
tridges, the time constants also decreased with the flow
rate.

The results shown in Fig. 12 are summarized in
Table 1. Because T = V/Q, the slope in this case simply
corresponds to Q~*. The intercepts of the lines on the
vertical axis are generally small compared to the typical
estimated time constants (note that, in theory, the lines
pass through the origin). The correlation coefficients
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Table 1. Summary of the derived time constants with the
perfusion phantom

Flow Slope Flow X dlope
(L/min) 9 Intercept c.C. (mL)
T 0.5 12.75 -315 0.959 106.25
0.7 8.76 —-222 0.994 102.20
0.9 7.45 —-4.04 0.998 111.75
11 6.02 -4.18 0.981 110.37
MTT 0.5 13.02 —224 0.969 108.50
0.7 8.31 3.07 0.992 96.95
0.9 7.28 -0.72 0.999 109.20
11 6.26 -253 0.984 114.77

between the measurements and the least-squares fitted
lines are al higher than 0.95, indicating a good linear
relationship between the time constants and the mixing
chamber volume. Finaly, the product of the volume flow
rate and the slope corresponds to the volume of a single
dialysis cartridge. The results are shown in the last col-
umn, with an average of 107 mL and an SD of 5.7 mL.
The average volume is larger than the volume of asingle
dialysis cartridge (i.e., 79 mL), but close to the total
volume when including the extra tubing connecting the
injection site, the sample volume and the cartridges (i.e.,
114 mL).

DISCUSSION AND CONCLUSIONS

In this study, the time-intensity technique was eval-
uated and results showed that several factors need to be
considered for quantitative flow analysis. For example,
the microbubbles were not completely mixed when a
large mixing chamber was used. Thus, only relative flow
quantification can be achieved and absolute flow quan-
tification is not possible unless the effective mixing vol-
ume can be found. In addition, the inflow/outflow direc-
tions also affected the derived time constants. Differ-
ences between the compartment phantom and the
perfusion phantom were also demonstrated. First, the
differences in characteristics of the time-intensity may
require different signal-processing techniques for the two
types of mixing chambers. Second, as shown in Table 1,
estimation of the mixing volume was reasonably accu-
rate for the perfusion phantom for a volume up to 351
mL. The MTTs derived from the compartment phantom,
on the other hand, were in good agreement with the
theory for the 260-mL phantom and became lower than
the theory for the 580-mL phantom. By further increas-
ing the total volume, it is possible to explore the relation
between the physical volume and the effective volume
for the perfusion phantom. Such information is critical in
clinical applications of the time-intensity-based quanti-
tative flow analysis techniques.

The derived time constants are related to both the
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volumetric flow rate Q and the mixing volume V. Hence,
the time constant alone is not sufficient for quantitative
flow analysis, even if it can be accurately obtained. In
other words, the time-intensity technique can only be
applied for relative flow analysis if no additional infor-
mation on the volume or the flow rate is available. For
example, one may assume that the mixing chamber vol-
ume is fixed and, thus, that the time constant is inversely
proportional to the volume flow rate. Alternatively, if the
volumetric flow rate can be obtained by other techniques
(e.g., conventional Doppler techniques), then the effec-
tive volume can be calculated. The derived mixing vol-
ume may be directly related to perfusion of a particular
organ.

The input function in this paper was approximated
by an impulse function. In this case, the output function
was used to represent the transfer function of the mixing
chamber. This may be invalid in practice because the
microbubbles may have traveled through several organs
(i.e., mixing chambers) before they reach the region-of-
interest (ROI). In this case, the importance of measuring
both the input and the output intensities becomes more
significant. If both the input and the output can be mea-
sured, the transfer function can be obtained by deconvo-
lution (Bates 1991). To measure both the input and the
output of the ROI may be practically difficult in clinical
situations. In other words, it may be difficult to place
both the artery and the vein of an organ in the same
image plane. Thus, 3-D imaging may be beneficia in
generating the input/output time intensities. As described
by Claassen et a. (2001), grey-scale harmonic imaging
can be employed for time-intensity measurements. Be-
cause the temporal intensities are typically sampled with
arate at about 1 Hz, current nonreal-time 3-D imaging
systems may be adequate. Another complication is that
many organs have multiple input vessels and multiple
output vessels (e.g., liver and brain). Thus, the single
input/single output model used in this paper also needsto
be modified. Also note that the transfer function obtained
by deconvolution is always noisier than the input and
output data. Finally, the measured intensity is used to
represent concentration in this study. Although such an
assumption has been used in previous studies, some
studies have also demonstrated the nonlinear relationship
between the bubble concentration and the measured in-
tensity (Claassen et al. 2001; Wilson et al. 1993). Thus,
theinitial concentration of the bolus injection needs to be
carefully controlled. Otherwise, the linear system model
will not be valid.

More information can be obtained when intensities
at both the input and the output are measured. Consider
the single-input/single output flow model depicted in Fig.
1, the difference between the number of contrast agents
at the input and that at the output at timet is equal to the
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Fig. 13. Input function, n,(t); output function, n.(t), and the
concentration in the mixing chamber, n(t). (a8) Compartment
phantom; (b) perfusion phantom.

time derivative of the number of microbubbles in the
mixing chamber based on the law of mass conservation.
Therefore, we have:

dn(t)
V=g = Q) — Qno(t) = Q(ni(t) — no(t)).  (5)

By integrating both sides of the above equation, we
obtain the following equation:

n(t) = Sf (m(t) = no(t))dlt. (6)

Equation (6) indicates that, by measuring the concentra-
tion at both the input and the output, it is possible to

evaluate the concentration in the mixing chamber. Ap-
parently, such a technique is different from the conven-
tional indicator-dilution techniques and has the potential
to provide more clinically relevant information. As an
example, Fig. 13 shows n,(t), ny(t) and n(t) for both a
compartment phantom and a perfusion phantom. The
three panels in Fig. 13a (from top to bottom) correspond
to n,(t), ny(t) and n(t), respectively. The three panelsin
Fig. 13b, on the other hand, are from the perfusion
phantom with the same display format asthat in Fig. 13a.
By deriving proper parameters based on n(t), it may be
possible to produce more information for quantitative
flow analysis.

Time intensities acquired at the input vessel and
the output vessel may also be correlated with the
perfusion measurements acquired directly from the
mixing chamber. In other words, the hypothesisis that
perfusion conditions can be measured outside of the
perfused tissue. Particularly for extracranial flow as-
sessment, perfusion in the brain can be assessed by
imaging the carotid artery and the jugular vein if such
a technique exists. Again, alternative modeling of the
problem is required because such a flow system has
multiple input vessels and multiple output vessels.
Developing new time-intensity-based techniquesisthe
focus of current research.
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