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Abstract— The destruction and replenishment of microbubbles has been previously applied to estimating blood
flow in the microcirculation. The rate of increase of the time–intensity curve (TIC) due to microbubbles flowing
into the region-of-interest (ROI) as measured from the conventional B-mode images reflects the flow velocity. In
this study, we monitored microbubble replenishment using a new proposed approach called the time–Nakagami-
parameter curve (TNC) obtained from the parametric image based on the Nakagami statistical parameter for
quantifying the microvascular flow velocity. The Nakagami parameter is estimated from signal envelope to reflect
the backscattered statistics. The feasibility of using the TNC to estimate the microvascular flow was explored by
carrying out phantom measurements and in vivo animal experiments. The rates of increase of the TIC and TNC
were quantified as the rate constants �I and �N of monoexponential fitted curves, respectively. The experimental
results showed that �N behaves similarly to the conventional �I in quantifying the flow velocity. Moreover, the
tolerance to the effects of clutter is greater for the TNC than for the TIC, which makes it possible to use �N to
differentiate various flow velocities even when the ROI contains nonperfused areas. This finding suggests that the
TNC-based technique can be used as a complementary tool for the conventional TIC to improve measurement
of blood flow in the microcirculation. (E-mail: ckyeh@mx.nthu.edu.tw) © 2009 World Federation for Ultra-
sound in Medicine & Biology.
Key Words: Microcirculation, Nakagami parameter, Microbubble, Contrast agent.
INTRODUCTION

Microvascular changes occur in many disease states,
including cancer and diabetes (Weidner et al. 1991), with
current treatments focusing on controlling angiogenesis
to modulate blood perfusion in tissues. There is consid-
erable evidence that the prognosis is linked to the spe-
cific microvascular morphology (Folberg et al. 1992;
Makitie et al. 1999) and, hence, estimating the blood
flow in the microcirculation in tissues is of great impor-
tance to clinical diagnosis and prognosis.

Several noninvasive imaging modalities can be ap-
plied to measure the blood flow in the microcirculation,
such as single-photon-emission computed tomography,
positron-emission tomography and magnetic resonance
imaging. However, the associated high costs and long
examination periods limit the availability and popular-
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ization of these techniques (Schlosser et al. 2001). In
contrast, ultrasound imaging is a widely available and
relatively inexpensive method for estimating the blood
flow. However, there remain some limitations when us-
ing conventional ultrasound imaging to evaluate micro-
vascular changes. First, the vessel sizes within the mi-
crocirculation range from 5 to 200 �m (with flow veloc-
ities from 0.1 to 10 mm/s) (Fung 1997), which means
that the spatial resolution of conventional Doppler ultra-
sound systems operating at 2–10 MHz is insufficient.
Second, the typical weakness of ultrasonic signals back-
scattered from blood in microvascular structures makes it
difficult for flow information to be obtained using a
conventional ultrasound system.

To overcome the above problems of conventional
ultrasound, microvascular flows are generally estimated
using high-frequency ultrasound imaging combined with
a microbubble contrast agent. Using high-frequency ul-
trasound can simultaneously enhance the image resolu-
tion and the backscattering coefficient of blood and in-

jecting microbubbles into the blood can enhance the

mailto:ckyeh@mx.nthu.edu.tw


2 Ultrasound in Medicine and Biology Volume xx, Number x, 2009

ARTICLE IN PRESS
backscattering intensity and contrast of flow signals so as
to improve the sensitivity. A popular contrast-enhanced
imaging method is the microbubble destruction and re-
plenishment technique (Wei et al. 1998). In this method,
after microbubbles are destroyed by a low-frequency,
high mechanical index ultrasound pulse, the intact mi-
crobubbles flowing into the sample volume can be mon-
itored over time by B-scans to obtain the so-called time–
intensity curve (TIC). Wei et al. (1998) proposed a
monoexponential function to model the TIC and quanti-
fied the rate of increase of the TIC using the rate constant
�, which is proportional to the blood flow velocity.
Based on the exponential model of the TIC, Yeh et al.
(2004) further developed a 25-MHz high-frequency mi-
crobubble destruction and replenishment imaging system
with a spatial resolution of 160 � 160 �m2 to estimate
the microvascular flow velocity. Although the TIC de-
termined for cerebral and renal tissue perfusion is not
well represented by an exponential function, instead re-
quiring a sigmoid-based model for good agreement (Krix
et al. 2003; Lucidarme et al. 2003; Metoki et al. 2006),
the rate constant obtained by fitting the TIC using the
monoexponential model is still a useful and popular
index for estimating the blood flow.

One difficulty that arises when measuring the TIC is
that the ultrasonic echoes acquired from the region-of-
interest (ROI) often include both signals backscattered
from the microbubbles and clutter echoes contributed by
the nonperfused areas mainly containing the surrounding
tissues and vessel walls. The clutter signals typically
appear at low frequencies and at 40–60 dB higher than
the blood signal (Bjærum and Torp 2002; Feng et al.
2006). Although injecting microbubbles into the blood
can enhance the intensity of the flow signal, this en-
hancement is typically only 8–25 dB (Forsberg et al.
1998), which means that the clutter components may still
greatly affect the flow signals and the TIC. For this
reason, a high-pass filter (i.e., wall filter) is often applied
to separate the clutter echoes from the flow signals (Tao
et al. 2004; Feng et al. 2006). A fixed wall filter usually
does not provide optimal filtering but using an adaptive
filter may increase the computational complexity. In
addition, the bandwidth of the signals associated with
low flow velocities may overlap with that of the clutter
signals, resulting in filtering also removing some of the
flow information (Tao et al. 2004). More importantly,
applying a wall filter to remove the clutter components
does not necessarily produce an effective TIC for esti-
mating the flow velocity (Yeh et al. 2004).

To produce an acceptable TIC for estimating the
flow velocity, we start to study the feasibility of using
ultrasound parametric images that are independent of the
backscattering intensity (i.e., not conventional B-mode

images) to monitor the microbubble replenishment. Our
rationale comes from the aim of reducing the dependence
of the TIC on signal amplitude. A new parametric im-
aging method based on the Nakagami statistical param-
eter recently proposed by the present authors (Tsui and
Chang 2007) is particularly suitable for measuring the
microbubble replenishment. This is because the Nak-
agami-parameter map (Nakagami image) is independent
of the backscattering intensity, allowing visualization of
only the scatterer concentrations in the scattering me-
dium by analyzing the probability density function (pdf)
of the backscattered signals. This study explored the
feasibility of using the time–Nakagami-parameter curve
(TNC) for microvascular flow measurements.

In the remainder of this article, we first introduce
the theoretical background for the Nakagami statistical
distribution and the microbubble destruction and replen-
ishment imaging model and then describe the materials
and methods used for phantom measurements and in vivo
animal experiments. The 25-MHz B-mode and Nak-
agami images acquired from flow phantoms and the
rabbit eye for different flow velocities were used to
calculate the TIC and TNC. We applied the monoexpo-
nential model to fit the TIC and TNC to explore the
feasibility of using parameter � to quantify the flow
velocity in the microcirculation. Finally, we discuss and
remark on the advantages and potential of using the TNC
over the conventional TIC for estimating blood flow in
the microcirculation.

THEORETICAL BACKGROUND

Nakagami distribution
The Nakagami model was initially proposed to de-

scribe the statistical distribution of radar echoes (Holf-
man 1960). Since the late 1980s, it has been widely
applied to the statistical analysis of ultrasonic backscat-
tered signals (Hampshire et al. 1988; Zimmer et al. 1996;
Shankar 2000; Wachowiak et al. 2002). The Nakagami
distribution is a general model that describes all the
scattering conditions in medical ultrasound, including
pre-Rayleigh, Rayleigh and post-Rayleigh distributions
(Shankar 2000). The pdf f(r) of the ultrasonic backscat-
tered envelope R under the Nakagami statistical model is
given by

f(r) �
2mmr2m�1

ϒ(m)�m exp��
m

�
r2�U(r), (1)

where �(.) and U(.) are the gamma function and the unit
step function, respectively. Let E(.) denote the statistical
mean, then the scaling parameter � and the Nakagami
parameter m associated with the Nakagami distribution

can be respectively obtained from
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� � E(R2) (2)

and

m �
[E(R2)]2

E[R2 � E(R2)]2 (3)

Nakagami parameter m is a shape parameter that is
determined by the pdf of the ultrasonic backscattered
envelope. As m varies from 0 to 1, the statistics of the
envelope change from a pre-Rayleigh to a Rayleigh
distribution and the backscattered statistics conform to a
post-Rayleigh distribution if m is larger than 1. It should
be noted that the envelope statistics conform to a Ray-
leigh distribution when the resolution cell of the ultra-
sonic transducer contains a large number of randomly
distributed scatterers (Burckhardt 1978). Moreover, if
the resolution cell contains scatterers that have randomly
varying scattering cross-sections with a high degree of
variance, the envelope statistics conform to a pre-Ray-
leigh distribution. Finally, if the resolution cell contains
periodically located scatterers in addition to randomly
distributed scatterers (or there are locally a large number
of scatterers present), the envelope statistics conform to
a post-Rayleigh distribution (Shankar 2000; Shankar et
al. 2001). Therefore, Nakagami model is an outstanding
methodology for characterizing the scattering medium.

Microbubble destruction and replenishment imaging
model

Figure 1 that is adapted from Wei et al. 1988 illus-

Fig. 1. Microbubble destruction and replenishmen
trates the microbubble destruction/replenishment imag-
ing model. The infusion with a contrast agent at a con-
stant rate and concentration will produce a steady-state
concentration throughout the circulation after a certain
period of time. When the subsequent local application of
high-pressure pulses destroys microbubbles within a
sample volume with a width of E, the echo intensity
would suddenly drop and intact microbubbles will then
enter this volume at a rate determined by the flow ve-
locity v and vessel topology. At a constant v, the micro-
bubbles finally fill the entire beam volume and the echo
intensity I will gradually recover to the original back-
scattering intensity I0 at time T according to

E � vT (4)

Such a change in the backscattered echo intensity as a
function of time is the so-called TIC. The ideal TIC is
indicated by the dotted line in Fig. 1c. However, the
profile of the microbubble concentration is not expected
to be entirely flat. Therefore, Wei et al. (1998) proposed
a monoexponential function to model the TIC. In a more
general form, we can write down the monoexponential
model of the TIC as follows

I � Ic � (I0 � Ic) · (1 � ce��(t�t0)) (5)

where IC is the clutter echo intensity introduced to con-
sider the background intensity, � is the constant related
to the rate at which the echo intensity increases and the
parameter c is used to describe the degree of partial
destruction of microbubbles. Note that I0 and � would be

ing model based on a monoexponential function.
also affected by the partial microbubbles destruction
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(Leong-Poi et al. 2005). In case the clutter signals have
been thoroughly removed (IC � 0), the microbubbles
have been fully destroyed (c � 1) and the intensity
begins to rise at t0 � 0, eqn 5 can be simplified as

I � I0 · (1 � e��t) (6)

Equation 6 is illustrated by the solid line in Fig. 1c.
Taking the first-order derivative of eqn 6 yields

I� � I0�e��t (7)

Thus, the tangent slope of the TIC based on the expo-
nential model at the origin (t � 0) is

s � I0�. (8)

Figure 1c shows that s is also equal to I0/T and, hence,

� �
1

T
(9)

Fig. 2. Block diagram of the microbubble d
Consequently, the flow velocity can be calculated as
v � E� (10)

and the flow rate f can be further estimated by the product
of A (the cross-sectional area) with v (the flow velocity):

f � Av (11)

Equations 9 and 10 indicate that the blood flow velocity
can be quantified using � if the characteristics of the
ultrasound beam are known. The time to achieve 99%
replenishment, T99%, is used to estimate � based on the
monoexponential model in eqn 6:

� �
�ln(0.01)

T99%
(12)

METHODS

System description
Figure 2 shows a block diagram of the microbubble

destruction and replenishment imaging system. The ma-
jor components included those for pulse generation, data
acquisition and motor control. The system consisted of

ion and replenishment experimental set-up.
two single-element transducers with spherical focusing:
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(1) a 25-MHz spherically focused transducer (Model
V324, Panametrics-NDT, Waltham, MA, USA) used for
high-resolution imaging and (2) a 1-MHz cylindrically
focused transducer (Model V303, Panametrics-NDT)
used for microbubble destruction. These two transducers
were fixed in a machined holder in a confocal arrange-
ment. The 25-MHz imaging elevational plane was
aligned perpendicular to the flow direction. The sound
profiles and focal lengths of two transducers were mea-
sured using a wideband hydrophone (Model HNP-0400,
ONDA, Sunnyvale, CA, USA) mounted on a positioner
controlled by a three-dimensional stepping motor. The
central frequencies and bandwidths of the transducers
were then estimated using Fourier spectra of the echoes
acquired from the focal zone. The specifications of the
two transducers are summarized in Table 1.

The pulser/receiver (Model 5900PR, Panametrics-
NDT) provided impulse excitation to the 25-MHz trans-
ducer for transmitting acoustic pulses and receiving the
radio-frequency (RF) ultrasound backscattered signals
through a transformer diplexer/diode limiter circuit for
protection purposes. The excitation energy was 8 �J,
which produced an acoustic pressure of 0.24 MPa at the
transducer focal zone (as measured by a hydrophone).
The received RF backscattered signals were amplified by
a low-noise preamplifier (Model AU-1114-BNC, Miteq,
Hauppauge, NY, USA) and then further amplified 42 dB
by the built-in amplifier in the pulser/receiver. Finally,
the backscattered signals were digitized at a 120-MHz
sampling rate using a 14-bit analog-to-digital card
(Model PCI-9820, Adlink, Taipei, Taiwan) and stored on
a PC for off-line processing. The 1-MHz pulses with a
length of 10 cycles used to destroy microbubbles were
generated by a programmable arbitrary-waveform gen-
erator (Model 5300, Tabor Electronics, Tel Hanan, Is-
rael) and then amplified by an RF power amplifier
(Model 150A100B, AR, Bothell, WA, USA) to produce
an acoustic pressure of 0.7 MPa at the transducer focal

Table 1. Specifications of transducers

Destruction
(V303)

Imaging
(V324)

Center frequency 1 MHz 25 MHz
Element diameter (mm) 12.70 6.35
Focal length (mm) 15.01 12.85
�6 dB bandwidth 78.2% 51.5%
�6 dB (�3 dB) depth of focus

(mm) 15.54 (8.29) 1.40
�6 dB (�3 dB) lateral beam

width (mm) 11.09 (7.99) 0.12
�6 dB (�3 dB) elevational beam

width (mm) 3.24 (2.36) 0.12
region. We previously showed that more than 95% of the
microbubbles can be destroyed by 10 cycles of a 1-MHz
pulse at 0.6 MPa (Yeh et al. 2005).

Phantom measurements
The flow phantom was constructed by embedding a

dialysis tube with an inner diameter of 5 mm and a
thickness of 0.5 mm into an agar phantom formed by
dissolving 2 g of agar powder in 100 mL of water. The
commercial ultrasound contrast-agent Definity® (Bris-
tol-Myers Squibb, New York, NY, USA) was used at a
concentration 40 �L (�l) of contrast agent per 100 mL of
water. A syringe pump was used to control the flow rate
from 30 to 400 mL/h, corresponding to a mean flow
velocity from 0.42 to 5.66 mm/s. A magnetic stirring bar
inside the syringe was used to keep the solution well
mixed. A flexible rubber buffer made of latex with the
characteristics of lower attenuation between the phantom
and the syringe pump was used to dampen pulsatile flow
and vibration produced by the syringe pump.

When the microbubble solution was stably flowing
in the tube, we scanned the flow phantom with the
25-MHz transducer at 10 frames/s to monitor the move-
ment of the microbubbles in the solution. The scanning
area consisted of 64 A-lines, where the distance between
each A-line was 16 �m, which corresponds to approxi-
mately 3.3 � 1.024 mm2. After 2 s of data acquisition,
the 1-MHz transducer was switched on to destroy the
microbubbles. The total acquisition time was 12 s, cor-
responding to 120 images. For each image, all the scan
lines of the ultrasonic backscattered signals were demod-
ulated by taking their absolute values of Hilbert trans-
form to obtain the envelope image. The B-mode images
were displayed as typically log-compressed envelope
images with a dynamic range of 40 dB. We then pro-
cessed the data according to our previous studies (Tsui
and Chang 2007), where the Nakagami image was con-
structed from the Nakagami-parameter map obtained by
using the sliding window technique to process the un-
compressed envelope image. The size of the sliding
window was 480 � 480 �m2 – the use of a square with
a side length equal to three times the pulse length of the
incident ultrasound (i.e., approximately 160 �m) satisfies
a stable estimation of the local Nakagami parameter
based on eqn 3 (Tsui and Chang 2007). Pseudocolor was
used to clearly display the values of the Nakagami pa-
rameter in the Nakagami image: values from 0 to 1 were
shaded from dark blue to light blue, representing back-
scattered envelopes exhibiting statistics of varying pre-
Rayleigh distributions; values of 1 were shaded white,
representing a Rayleigh distribution; and those larger
than 1 were shaded from light red to dark red, represent-
ing backscattered envelopes exhibiting statistics of vary-
ing post-Rayleigh distributions.
To estimate the flow velocities at different depths in
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the phantom, we measured the TICs and TNCs in three
ROIs of size 480 � 480 �m2 in the scanning region:
ROIs 1, 2 and 3 were located at depths of 1.28, 1.92 and
2.56 mm, respectively. The TIC was obtained from the
temporal changes in the backscattering intensity calcu-
lated by averaging all pixels in the ROI of the echo
intensity image obtained from the square of the envelope
image and the TNC based on the Nakagami image was
obtained analogously. Consequently, the average values
of � based on the TIC (�I) and TNC (�N) as functions of
the flow velocity were obtained using eqn 12 from five
phantom measurements. In addition, to simulate the tis-
sue clutter components and explore their influences on
flow estimation by the TIC and TNC, we placed a small
amount of cotton (less than 0.01 g) inside the flow
phantom and repeated the above experimental procedure.
Note that the cotton needs to be placed into the water first
and to be centrifuged then to eliminate the air in the cotton.
After this process, we stuffed the cotton into the tube in the
water bath. Such cotton simulates not only the tissue scat-
tering but also the flow randomization in the microcircula-
tion.

In vivo animal experiments
The performance of using the TNC technique to

estimate the microvascular flow was further explored by
performing an in vivo animal experiment in which the
highly vascular ciliary body and iris region of a healthy
Dutch Belt rabbit eye was imaged. The rabbit eye is an
acceptable physiologically relevant model for microvas-
cular blood flow (Silverman et al. 1999; Yeh et al. 2004).
The rabbit was first anesthetized with an IM injection of
diazepam at 5 mg/kg followed by 2.5% isoflurane. A
small speculum was used to fix the eyelids and ultra-
sound gel is applied to the eye. An acoustic window at
the bottom of a water bath was placed in contact with the
gel and filled with distilled water. The water was main-
tained at 40°C using a temperature controller and the
contrast agent was injected through an ear vein at full
concentration (directly from the vial) using a syringe
pump set to 0.5 mL/h. When the microbubbles were
flowing stably in the eye blood vessels, the 25-MHz
transducer began to scan the 2.5 � 2.0 mm2 region
containing the iris and ciliary process at 10 frames/s. We
then switched on the 1-MHz transducer to destroy the
microbubbles and simultaneously data were acquired for
10 s to collect a total of 100 images for monitoring the
replenishment of microbubbles. Each image consisted of
128 A-lines of backscattered signals with 512 sample
points obtained at a sampling rate of 125 MHz. Speckle
tracking was applied to align subsequent images so as to
reduce physiological motion artifacts. Furthermore, a
step-initialized, second-order inverse-Chebyshev high-

pass filter with a –30 dB stopband and –1.5 dB passband
frequencies of 1.7 and 2.1 Hz was used in the image
index dimension for wall filtering. The filter was first
applied in the forward direction and then reapplied in the
reverse direction to cancel nonlinear phase distortion.
Note that both the envelope intensity and Nakagami
parameter values corresponding to each image were
formed before and after applying wall filtering and a
sliding window of size 480 � 480 �m2 was used to
measure the local TIC and TNC for constructing the �I

and �N parametric images of the scanning region. Five
independent measurements were repeated to confirm the
reproducibility of the results.

RESULTS AND DISCUSSION

Flow phantom without cotton
The precontrast (no microbubble), microbubble de-

struction and replenishment B-mode and Nakagami im-
ages of the flow phantom without cotton are shown in
Fig. 3. The precontrast image is shown in Fig. 3a. Typ-
ical B-mode images obtained at 0.7, 2.2, 2.5, 3.0 and
3.6 s are shown in Fig. 3b through f, respectively. Here
the flow velocity was 1.27 mm/s, corresponding to a flow
rate of 90 mL/h. Figure 3b is the predestruction image.
Excitation with the 1-MHz pulse to destroy the micro-
bubbles darkened the B-mode image in the flowing re-
gion, as shown in Fig. 3c and the progressive replenish-
ment of the microbubbles resulted in the echoic area
(bright portions) of the B-mode image gradually expand-
ing, as indicated by Fig. 3d and f.

The Nakagami images corresponding to the B-mode
images in Fig. 3a through f are shown in Fig. 3g through
l. The predestruction Nakagami image (Fig. 3h) exhibits
more blue shading in the upper portion of the flow
phantom at depths from 0 to 1.5 mm and more red
shading for depths larger than 1.5 mm. The reason why
the Nakagami image has more blue shading in the upper
portion of the flow phantom and more red shading for
deeper locations may be due to attenuation. This is
because the noise would become larger when the atten-
uation is stronger, making the global envelope statistics
close to Rayleigh distribution (Tsui et al. 2005). In this
condition, there would be more local red regions of
post-Rayleigh statistics appearing in the Nakagami im-
age (Tsui et al. 2008). Figure 3i shows the Nakagami
image at the moment of microbubble destruction. There
are no red areas evident, with dark blue being the pre-
dominant shading in the Nakagami image, which is due
to most of the microbubbles being destroyed. The sub-
sequent progressive replenishment of the microbubbles
results in a gradual increase in the microbubble concen-
tration in the sample volume and, hence, the Nakagami
image recovers its original blue/red-interlaced shading,

as shown in Fig. 3j through l.
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Typical TICs for a flow velocity of 1.27 mm/s in
different ROIs obtained from the B-mode images are
shown in Fig. 4a through c, which indicates that the
normalized backscattering intensity increases with the
replenishment time, eventually approaching a steady-
state value when the microbubbles are fully replen-
ished in the scan volume. It is obvious from the figure
that the TICs of different ROIs can be fitted well with
an increasing monoexponential function, which is in
good agreement with previous experimental studies
(Wei et al. 1998, 2001; Chomas et al. 2001; Yeh et al.
2004). The TNCs of different ROIs for the same
velocity of 1.27 mm/s obtained from the Nakagami
images are shown in Fig. 4d through f. The TNCs
gradually increase with the replenishment time, due to
increasing numbers of microbubbles in the sample
volume increasing the average Nakagami parameter,
eventually reaching a steady state when the intact
microbubbles are fully replenished in the entire scan
volume. Note that the TNCs and their monoexponen-
tial fittings reveal two important points. First, based on
the plateau phase of the TNC, the microbubble con-
centration may differ with depth in the flow phantom.
Although this information was also indicated by the previ-
ous results of the Nakagami image, using the TNC can be
more quantitative. With an increase in the image depth, the

Fig. 3. Typical precontrast (a), postcontrast (b), destr
corresponding Nakagami (g) through (l) images for a flo
average Nakagami parameter of the TNC plateau phase
tends to vary from 0.65 to 0.85, corresponding to a change
in the backscattered statistics from a pre-Rayleigh to an
approximate Rayleigh distribution, indicating that there
are more microbubbles in the center of the flow phantom.
Second, the exponential model also fits the TNC well,
showing that the behavior of the TNC is very similar to
that of the TIC, although the slopes during the increasing
phases of the TIC and TNC are not identical. Therefore,
it is appropriate to apply the monoexponential function
to model the TNC for estimating the flow velocity in
high-frequency measurements. It is especially interesting
that the slope during the increasing phase is steeper (i.e.,
faster rise time) for the TNC based on the Nakagami
image than for the B-scan-based TIC. This is due to the
characteristics of the statistical parameter. Previous study
has shown that the ultrasound statistical parameter would
earlier tell the initial point of the plateau phase compared
with the intensity-based parameter (Huang et al. 2007).
This suggests that the Nakagami image has a faster
response time and is more sensitive for detecting the
microbubble replenishment following their destruction.

Further comparison between Fig. 4a through c and
Fig. 4d through f reveals another point: that the TNC
may be more suitable than the TIC for quantifying the
microbubble concentration because the former depends
only on the change in the backscattered statistics caused

(c) and replenishment B-mode (d) and (f) and their
city of 1.27 mm/s (no cotton inside the flow phantom).
uction
by the variation in microbubble concentration and is
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independent of the echo amplitude that is easily affected
by the pulse energy and the system gain.

Now we show the values obtained for constants �I

and �N based on the TIC and TNC, respectively, as

Fig. 4. Time–intensity curves (TICs) (a) through (c) and
flow velocity of 1.27 mm/s in regions-of-interest (ROIs)

inside the
functions of flow velocity (Fig. 5). For three ROIs at
different depths, the average �I increased from approx-
imately 2/s to 10/s as the flow velocity increased from
0.42 to 5.66 mm/s (Fig. 5a through c) and the average �N

based on the TNC also increased from approximately 2/s

Nakagami-parameter curve (TNCs) (d) through (f) for a
ths of 1.28, 1.92 and 2.56 mm, respectively (no cotton
hantom).
time–
to 10/s for the same increase in flow velocity (Fig. 5d
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through f). These experimental results demonstrate that
�N performs similarly to the conventional �I in quanti-
fying various flow velocities. However, it should be
noted that �N estimation has a larger variance compared

Fig. 5. Rate constants �I (a) through (c) and �N (d) throug
at depths of 1.28, 1.92 and 2.56 mm,
to the conventional �I.
Flow phantom with cotton
Now we use the phantoms with cotton, which is a

slightly more accurate model for the in vivo situation, to
explore the TIC and TNC. The B-mode and Nakagami

s functions of flow velocity in regions-of-interest (ROIs)
tively. Data are mean and SD values.
h (f) a
images of the flow phantom with cotton are shown in
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Fig. 6. The precontrast image is shown in Fig. 6a. Typ-
ical B-mode images at acquisition times of 0.7, 2.2, 2.5,
3.0 and 3.6 s are shown in Fig. 6b through f, respectively,
also for a flow velocity of 1.27 mm/s. The precontrast
image clearly indicates the areas where cotton was
present in the flow phantom. The B-mode image of Fig.
6b is slightly brighter where cotton was used to simulate
the nonperfused area than where injected microbubbles
were present. This image behavior is close to the typical
brightness of the B-mode image for the scanning region
simultaneously containing the tissue clutter components
and the perfusion areas filled with microbubbles. De-
struction of the microbubbles by the low-frequency pulse
darkens the B-mode image in the perfusion areas, as
shown in Fig. 6c and the following replenishment of the
microbubbles gradually brightens the B-mode image in
the perfusion areas, as indicated by Fig. 6d through f. But
the image is always brighter in the cotton-containing
nonperfused areas than in the perfusion areas.

The Nakagami images corresponding to the B-mode
images in Fig. 6a through f are shown in Fig. 6g through
l. The predestruction Nakagami image (Fig. 6h) is dark
blue in the cotton-containing nonperfused areas, corre-
sponding to extreme pre-Rayleigh distributions of the
backscattered envelope and is light blue to white in the
other flow regions containing the microbubbles, corre-

Fig. 6. Typical precontrast (a), postcontrast (b), destruc
corresponding Nakagami (g) through (l) images for a fl
sponding to approximate Rayleigh backscattered statis-
tics. Applying the low-frequency pulses resulted in the
shading of the Nakagami image in the perfusion regions
varying from light blue and white to dark blue, indicating
destruction of the microbubbles in the perfusion areas
and the statistical distribution of the ultrasonic backscat-
tered envelope changing from approximate Rayleigh to
pre-Rayleigh distributions, as shown in Fig. 6i. Note that
the bottom of the flow phantom in the Nakagami image
has some red shading, which may be due to the low-
frequency pulse not successfully destroying the micro-
bubbles in deep locations when there were several layers
of cotton in the flow phantom. With the microbubble
replenishment, the perfusion areas of the Nakagami im-
age gradually become light blue and even red, as shown
in Fig. 6j through l, indicating that the backscattered
statistics varied again from a pre-Rayleigh to an approx-
imately Rayleigh distribution. This reflects an increase in
the concentration of replenished microbubbles in the
sample volume. Note that the shading remains consistent
in the nonperfused areas in the Nakagami image during
the replenishment of microbubbles. This is different from
the B-mode image, which shows dark-blue shades cor-
responding to smaller Nakagami parameters than those
of the perfusion areas. In other words, the Nakagami
image reveals information about flow signals from the
microbubbles and simultaneously depresses the informa-

) and replenishment B-mode (d) through (f) and their
locity of 1.27 mm/s (cotton inside the flow phantom).
tion (c
tion of the nonperfused areas.
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Typical TICs and TNCs for a flow velocity of 1.27
mm/s in different ROIs obtained from the B-mode and
Nakagami images are shown in Fig. 7. Note that for all

Fig. 7. Time–intensity curves (TICs) (a) through (c) and
flow velocity of 1.27 mm/s in regions-of-interest (ROIs

ph
phantom data, we did not apply wall filtering to remove
the components of the signals backscattered from the
nonperfused areas, to explore the effects of clutter on the
TIC and TNC. For the TICs in ROIs 1 and 2, the

Nakagami-parameter curve (TNCs) (d) through (f) for a
pths of 1.28, 1.92 and 2.56 mm (cotton inside the flow
).
normalized backscattering intensity increases exponen-
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tially with increasing microbubble replenishment time,
as shown in Fig. 7a and b and, thus, these curves can be
used to estimate �I for quantifying the flow velocity.
However, the TIC in the deepest ROI (i.e., ROI 3)
instead becomes very noisy, making it impossible to fit it
with the monoexponential model, as shown in Fig. 7c.
Accordingly, the TIC of ROI 3 cannot be used to calcu-
late �I. The weakness of microbubble signals from deep
locations with many clutter components of the flow
might explain why ROI 3 did not exhibit the typical
exponential shape of the TIC. Considering that the re-
ceived ultrasonic signals are the summation of the mi-
crobubble echoes and the clutter signals, the clutter sig-
nals from the nonperfused areas would largely dominate
the formation of the TIC during this period and, there-
fore, information about microbubble replenishment is not
obtainable from the TIC. On the other hand, the TNCs in
the first two ROIs behave like the TICs, in that they
increase exponentially with the replenishment time, as
shown in Fig. 7d and e. These TNCs can therefore be
used to determine �N for microvascular flow estimation.
It is interesting that the TNC for ROI 3 also increases as
a monoexponential with the replenishment time. This
may be due to that the TNC only depends on the back-
scattered statistics rather than the backscattering inten-
sity of microbubble signals, which is weaker and easily
hidden in the deepest ROI 3 with many clutter compo-
nents. Consequently, the TNC is less affected by the
clutter signals and using the TNC-based �N may reduce
the influence of clutter signals when estimating the flow
velocities at deep locations.

On the other hand, we compared Figs. 4 and 7. It
shows that, for both of TIC and TNC, the rise times for
the cases without cotton are always faster than those for
the cases with cotton. The possible reason lies in that the
microbubbles after destruction are difficult to replenish
the whole sample volume at a short time under a micro-
circulation condition that the flow velocity is low and the
flowing area has many clutter components. The correc-
tion of rise time may be implemented by exploring the
relationships between rise time, clutter distribution and
density and area size of imaging ROI.

To verify the above-mentioned possible advantage
of the TNC technique for measuring the flow at deep
locations, we calculated constants �I and �N based on the
TIC and TNC, respectively, as functions of flow velocity
without using wall filtering, as shown in Fig. 8. For the
first two ROIs, the average �I increased from approxi-
mately 1/s to 8/s and from 1/s to 4/s as the flow velocity
increased from 0.42 to 5.66 mm/s, respectively, as shown
in Fig. 8a and b. For the deepest ROI, due to its TIC
being very noisy and hence no longer exponential, �I

cannot be determined as a function of flow velocity. On

the other hand, the average �N in ROIs 1 and 2 increased
from approximately 1.5/s to 6/s and from 1/s to 3.5/s for
the same range of flow velocities, respectively, as shown
in Fig. 8c and d. In particular, �N in ROI 3 increased
from about 1/s to 5/s with increasing flow velocity, as
shown in Fig. 8e. These results demonstrate that �I based
on the TIC cannot be used for a deep ROI with no wall
filtering applied, whereas the TNC-based �N is more
tolerant of the effects of clutter when quantifying differ-
ent microvascular flow velocities. Furthermore, the com-
parison between Figs. 5 and 8 shows that the slope of the
linear fitting line for �I and �N as a function of flow
velocity decreases with increasing the image depth, ex-
cept the case with cotton for �N in Fig. 8. It implies that
�N can remain sensitive to detect different velocities in
deeper locations with clutter effects.

We now propose some explanations for why the
Nakagami image is less sensitive to the nonperfused
areas and why the TNC for the flow at a deep location
still exhibits a monoexponential increase when the ROI
contains clutter components. There are some prerequi-
sites for Nakagami imaging successfully suppressing the
effects of clutter. First, the tissue clutter size must be
much smaller than the sliding window used to construct
the Nakagami image (e.g., subresolvable tissue clutter).
Second, there should not be too many clutter components
in the ROI so that some spacings between tissue clutters
can be larger than the sliding window. This can ensure
that some microbubble-contributed flow signals be de-
tected by the Nakagami image. Third, the clutter signals
should be sufficiently larger or smaller than the micro-
bubble signals. If these three conditions are satisfied, the
sliding window will acquire not only tissue echoes but
also flow signals when the window moves onto clutter
components. Because the clutter signals are larger than
the flow signals, the statistics of the backscattered enve-
lopes collected by the window would readily tend to
conform to a pre-Rayleigh distribution, making the Na-
kagami parameter very small. We call this the subresolv-
able effect of Nakagami imaging, which happens at
locations corresponding to clutter components and leads
to their depression in the Nakagami image. In this con-
dition, the TNC is accordingly determined by the micro-
bubble flow signals in the ROI. Microbubble replenish-
ment increases the microbubble concentration in the
ROI, causing the TNC to increase exponentially with the
replenishment time. More importantly, recall that the
TNC is determined by the backscattered statistics rather
than the backscattered intensity, furnishing the TNC with
good performance and making it less affected by weak
flow signals from a deep location (with high attenuation).

Whilst the results shown in Figs. 7 and 8 indicate
that the tolerance to the effects of clutter is greater for the
TNC than for the TIC, this does not necessarily apply to

all cases since the clutter components can have diverse
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sizes, shapes and different numbers, arrangements and
locations in the ROI. Therefore, to further validate the
practical performance of the TNC technique in microcir-
culation measurements, we performed in vivo measure-

Fig. 8. Rate constants �I (a) and (b) and �N (c) through
at depths of 1.28 and 1.92 m
ments on rabbit eyes.
Animal experiments
Figure 9 shows precontrast, postcontrast and de-

struction B-mode images of a rabbit eye. The upper
region in the scanning region contained the iris and the

functions of flow velocity in regions-of-interest (ROIs)
ta are mean and SD values.
(e) as
lower region contained the ciliary processes. The iris
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contains some arterioles and veins with relatively larger
diameters and the ciliary body has marginal capillaries
(Ritch et al. 1996). Hence, the average blood flow ve-
locity is higher in the iris region than in the ciliary body,
as has been demonstrated previously (Yeh et al. 2004).
Note that the recorded signals of a rabbit eye are actually
contributed from the injected microbubbles and many
tissue clutters with a high echogenicity and, therefore,
the three images in Fig. 9 are very similar to each other.
Furthermore, no gold standard method for directly mea-
suring blood flow was used in the current study. We
examine the in vivo results by physiologically theoretical
conditions of blood flow in a rabbit eye described above.

To observe the behaviors of the TIC and TNC in
regions with different flow velocities, we choose three
ROIs in the B-mode image of the rabbit eye: ROIs A
and B correspond to upper locations for measuring the
iris and ROI C is a deeper location for monitoring the
ciliary body. The TICs and TNCs in ROIs A, B and C
before wall filtering are shown in Fig. 10. The TICs
for all ROIs were very noisy, as shown in Fig. 10a
through c. Compared to the phantom results in Fig. 7c,
where the TIC is not readily characterizable in deep
locations, the TICs in upper locations in a practical
tissue microcirculation also are not consistent with a
monoexponential function. This may be due to there
being too many small vessels of various sizes in the
rabbit eye. The clutter contributed by such vessel
walls in the ROI may have echo intensities that are
larger than those of flow signals contributed by the
microbubbles in small vessels. When a wall filter is
not used, the formation of the TIC would be domi-
nated by the clutter signals rather than the flow echoes,
preventing the rate constant �I from being calculated
to quantify the microvascular flow in the rabbit eye.
On the other hand, we found that the TNCs in three
ROIs behave similarly to their corresponding TICs in

Fig. 9. Typical precontrast (a), postcontrast (b) and destr
(ROIs) A and B are located in the iris region and
exhibiting very noisy signals, making it impossible to
perform exponential fitting to estimate rate constant
�N for distinguishing various flow velocities, as shown
in Fig. 10d through f.

In the phantom results in Fig. 7f, the TNC is less
influenced by the effects of clutter and still increases
exponentially with the microbubble replenishment time
even for deep ROIs. However, the results of the animal
experiment in Fig.10 appear to disagree with the findings
in phantom studies, for which there are several possible
reasons. The first is related to the magnitudes of these
TNCs. We found that the dynamic ranges for the TNCs
ranged between 0.24 and 0.36. These very small Nak-
agami parameters mean that the statistics of backscat-
tered envelopes in the ROI always remain as pre-Ray-
leigh distributions during microbubble replenishment.
According to the subresolvable effect of Nakagami im-
aging, it is likely that the ROI is filled with many clutter
components so that the generated variation in the back-
scattered statistics of the flow signals from pre-Rayleigh
toward Rayleigh due to microbubble replenishment will
become very small. In other words, flow signals embed-
ded in large clutter echoes have no impact on the TNC,
which is now fully determined by the clutter echoes for
the animal experiments.

The results in Fig. 10 encourage us to further ex-
plore the behaviors of the TICs and TNCs of different
ROIs after applying the wall filter to remove the effects
of clutter from the flow signals. The TICs and TNCs in
ROIs A, B and C after wall filtering are shown in Fig. 11.
The symbol ‘o’ denotes T99%, which is the time to 99%
replenishment. It is obvious in Fig. 11a and b that using
the wall filter results in the TICs in ROIs A and B
approximating a monoexponential function that in-
creases with the replenishment of the microbubbles. This
demonstrates that wall filtering can remove most of the
clutter components so as to yield the typical exponential-
based TIC, reflecting the temporal change in ultrasonic

(c) B-mode images of a rabbit eye. Regions-of-interest
corresponds to the area of marginal capillaries.
uction
backscattering with the microbubble replenishment.
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However, for the TIC in ROI C, applying the monoex-
ponential fitting for estimating �I is difficult due to the
curve not exhibiting the typical exponential increase, as
shown in Fig. 11c. This is because deep locations are

Fig. 10. Time–intensity curves (TICs) (a) through (c) and
rabbit eye before wall filtering in region
always accompanied by high attenuation, which makes it
likely that the flow signals are too weak to form an
effective TIC even if the clutter components are fully
removed. The TNCs in ROIs A, B and C after wall
filtering are shown in Fig. 11d through f, respectively. It

Nakagami-parameter curve (TNCs) (d) through (f) in the
terest (ROIs) A, B and C, respectively.
time–
was found that the TNCs in ROIs A and B as functions



time–
Is) A,

16 Ultrasound in Medicine and Biology Volume xx, Number x, 2009

ARTICLE IN PRESS
of the replenishment time corresponded well to the
monoexponential model, as shown in Fig. 11d and e.
Moreover, it is very attractive that the TNC in the deep-
est ROI (i.e., ROI C) still increases exponentially with
the replenishment time, as shown in Fig. 11f. In partic-

Fig. 11. Time–intensity curves (TICs) (a) through (c) and
rabbit eye after wall filtering in regions-of-interest (RO
ular, T99% is smaller for ROIs A and B than for ROI C,
indicating that the flow velocity is higher in the iris
region than in the ciliary body. This finding indicates that
the TNC conformed to the expected value for microvas-
cular blood flow in real tissues and it further strongly
supports our previous declaration that the tolerance to the

Nakagami-parameter curve (TNCs) (d) through (f) in the
B and C, respectively. The symbol ‘o’ denotes T99%.
effects of clutter is greater for the TNC than for the TIC,



Nakagami parameter ● P.-H.TSUI et al. 17

ARTICLE IN PRESS
although the results show that a wall filter is still needed
when applying the TNC technique in the microcircula-
tion environment.

Figure 12 shows the �I and �N parametric images of
the scanning region after applying wall filtering, which
represent flow-velocity images based on the microbubble
destruction and replenishment technique. The black
shading in the flow-velocity image indicates nonperfused
areas without blood flow (i.e., �I and �N equal to 0). As
rate constants �I and �N increase, the image shading
varies from blue to red, representing an increase in the
flow velocity. The dynamic ranges for the �I and �N

parametric images are between 0 and 20. The image
profiles in the �I and �N maps do not match well with

Fig. 12. Flow-velocity parametric images of the rabbit eye after
applying wall filtering: �I (a) and �N (b). White arrow indicates
a perfused region, but the �I map indicates this as a nonper-

fused area.
that of the B-scan image of the rabbit eye. This is due to
the use of a relatively large sliding window to construct
the flow-velocity image (480 � 480 �m2). A window of
this size was used as the minimum region to monitor the
flow and calculate the corresponding TNC-based �N,
since this corresponds to the resolution of the Nakagami
image (i.e., a square with a side length equal to three
times the pulse length). Therefore, compared to using the
TIC technique, using the TNC may slightly degrade the
resolution and sensitivity of estimating local flows. Note
that the �I image does not reflect the correct information
related to the distributions of the blood flow velocities in
the rabbit eye. As mentioned above, the flow velocities
are higher in the upper region (iris) than in the lower
region (ciliary body). However, the �I image instead
indicates that flow velocity is lower in the upper region
(blue shading). Moreover, using the �I map also intro-
duces some errors into estimations of the microvascular
flow. For example, the white arrow indicates a perfused
region, but the �I map indicates this as a nonperfused
area without blood flow (black shading). Figure 12a
shows that the TIC-based method indeed has a limited
ability to quantify the microvascular blood flow using
high-frequency ultrasound. Compared to the �I map, the
�N image has a good ability to quantify the flow velocity
in the microcirculation. Figure 12b shows that the �N

image correctly indicates that the flow velocity higher in
the iris than in the ciliary body. In particular, it was found
that using the �N image has a smaller variability and a
more significant meaning (p � 0.05) than the �I image
when measuring different regions in the rabbit eye was
repeated five times, as shown in Fig. 13 showing that the
means and standard deviations of �I and �N correspond-
ing to different ROIs.

CONCLUSION

This study employed phantom measurements and in
vivo experiments on the rabbit eye to explore the more
practical performance of using the TNC based on micro-
bubble-contrast-agent-assisted Nakagami imaging to es-
timate the blood flow velocity in the microcirculation.
From the phantom results, we have some findings as
follows. First, rate constant �N obtained from fitting the
TNC with a monoexponential model is as useful as the
conventional �I based on the TIC for estimating the flow
velocity. Second, based on the subresolvable effect of
Nakagami imaging, the use of the TNC is conditionally
tolerant of the presence of tissue clutter in the ROI
without requiring the application of additional wall fil-
tering.

The in vivo animal experiments further produced
some important findings and practical considerations. In
microcirculation measurements of real tissues, if no wall

filter is applied neither the TIC nor the TNC can be used
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to estimate �I and �N for microvascular flow quantifica-
tion. This is because the ROI in the tissue microcircula-
tion typically contains many clutter components (i.e.,
vessel walls of different sizes) and weak microbubble
signals, result in the TIC and TNC not exhibiting expo-
nential increases. In this case, it is necessary to apply the
wall filter for practical microcirculation measurements in
tissues. Under a condition that the wall filter is applied,
the �N image based on the TNC can reflect the physio-
logically theoretical conditions of blood flow in a rabbit
eye but the �I image based on the conventional TIC
cannot. These results suggest that the TNC-based tech-
nique can be used as a complementary tool for the
conventional TIC method to improve estimation of the
microvascular flow.
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