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Abstract—Current techniques for imaging ultrasound (US) contrast agents (UCA) make no distinction between
low-velocity microbubbles in the microcirculation and higher-velocity microbubbles in the larger vasculature. A
combination of radiofrequency (RF) and Doppler filtering on a low mechanical index (MI) pulse inversion
acquisition is presented that differentiates low-velocity microbubbles (on the order of mm/s) associated with
perfusion, from the higher-velocity microbubbles (on the order of cm/s) in larger vesseld.n vitro experiments
demonstrate the ability to separate vascular flow using both harmonic and fundamental Doppler signals.
Fundamental and harmonic Doppler signals from microbubbles using a low-MI pulse-inversion acquisition are
compared with conventional color Doppler signalsin vivo. Due to the lower transmit amplitude and enhanced
backscatter from microbubbles, thein vivo signal to clutter ratios for both the fundamental (—11 dB) and
harmonic (—4 dB) vascular flow signals were greater than with conventional power Doppler<£51 dB) without
contrast agent. The processing investigated here, in parallel with conventional pulse-inversion processing, enables
the simultaneous display of both perfusion and vascular flowln vivo results demonstrating the feasibility and
potential utility of the real-time display of both perfusion and vascular flow using US contrast agents are
presented and discussed. (E-mailmbruce@u.washington.ed) © 2004 World Federation for Ultrasound in

Medicine & Biology.
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INTRODUCTION
The major motivation for continued research of ultra-

dB). The practical consequence of this challenge is
limited sensitivity to low-velocity flow in smaller ves-

sound (US) contrast agents (UCA) over the past 20 yearsS€ls (diameter 2 mm), blood flow in deep vessels (

has been the possibility of detecting perfusion with US.
The detection of tissue perfusion would yield informa-
tion about organ viability and function enabling new

10 cm) and flow in regions with tissue motion. One
approach to overcome these limitations is to inject
brighter ultrasonic scatterers into the vascular system.

applications for US. As a result, methods dedicated ex- Gas-filled microbubbles are a reflector in clinical use.

plicitly to the detection of blood flow in larger vessels
(diameters> 2 mm) with contrast agents have received
little attention.

Despite increases in sensitivity of color flow sys-
tems, clinical situations exist in which the detection of
blood flow in the vasculature is still problematiegw-
ers et al. 1995 Color-flow systems used for the de-
tection of vascular flow are challenged by the weak
backscatter of blood relative to tissue-40 to —60
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Unfortunately, conventional color Doppler has proven
to be a poor method of detecting flowing microbubbles
(Powers et al. 1996 Blooming over vessels walls and
uncorrelated Doppler signals due to microbubble de-
struction are examples of the difficulties encountered
(Powers et al. 1996

Researchers have manipulated methods developed
to detect perfusion with microbubbles to better image
vascular flow. Two general approaches have been ap-
plied to visualize blood flow in larger vessels with
current contrast agent imaging methods. Low mechan-
ical index (MI) (< 0.12) harmonic techniques have
been devised to visualize nearly stationary micro-
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Fig. 1. Doppler spectrum of a pulse-inversion acquisition with illustration of conventional pulse-inversion
processing, composed of a low-pass filter to remove the fundamental and a threshold to remove harmonic tissue.
The fundamental signal has been reduced by RF filtering at the second harmonic.

bubbles in the microcirculation in real-time with frame
rates exceeding 8 Hz. Following a bolus injection, the
larger feeding vessels of the vascular tree can be
visualized until the microcirculation fills. After the
microcirculation is filled, microbubbles in the paren-
chyma obscure visualization of larger arterial and ve-
nous vessels. This method provides momentary visu-
alization of the larger arterial vessels at the beginning
of the bolus (~5-30 s). Another approach has been to
simply raise the transmitted amplitude so that the
low-velocity microbubbles are destroyed, leaving only
microbubbles with high enough velocities in larger
vessels to replenish sample volumes. This method
destroys the agent in the microcirculation, relies on a
delicate balance between signal and destruction and is
unable to display perfusion information.

Real-time visualization of vascular blood flow
with contrast at a low M| would enable simultaneous
detection of perfusion and simplify detection of vas-
cular flow over current methods. The display of larger
vessels throughout a bolus or infusion would provide
landmarks during a contrast scan. Improved vascular
visualization over color Doppler would have a clinical
impact on a number of applications, such as liver
lesion detection and characterization, cancer therapy
monitoring and stroke management (Pohl et al. 2000;
Wilson and Burns 2001). The goal of this work is to
add vascular flow information to existing perfusion
images created with UCA. Using a pulse-inversion acqui-
sition, a method is presented that extracts in real-time both
vascular flow and perfusion information.

This paper is organized as follows. First, conven-
tional pulse inversion for imaging perfusion is pre-
sented. An algorithm for detecting harmonic and fun-
damental flow components from a pulse-inversion ac-
quisition using microbubbles is presented. In vitro
experiments demonstrate the ability of the method to

separate stationary tissue and microbubbles from
flowing microbubbles with both the fundamental and
harmonic Doppler signals. In vivo experimental data
from a human liver are used to quantify and evaluate
the harmonic and fundamental flow components ex-
pected in clinical practice. A comparison of clutter and
flow amplitudes is made against conventional power
Doppler without contrast.

METHODS

Pulse inversion for perfusion

A pulse-inversion acquisition consists of trans-
mitting n pulses down each direction line, with each
subsequent pulse inverted. The resulting effect on the
Doppler spectrum is that odd harmonic components
are modulated to Nyquist and even harmonic compo-
nents are moved to zero (Hope Simpson et al. 1999).
The phase shift experienced by the inverted pulses at
the second harmonic is twice that at the fundamental,
because the received second harmonic signal is twice
the RF frequency of the fundamental. An 180° phase
shift, the inversion, at the fundamental corresponds to
a 360° phase shift at the second harmonic, which
aliases back to zero frequency in the Doppler spectrum
(Bruce et al. 2000).

The detection of nearly stationary microbubbles
in the microcirculation is accomplished by applying a
low-pass filter to remove the fundamental component
(Fig. 1). The remaining harmonic tissue can be re-
moved by a simple threshold of the resulting power.
The fundamental component illustrated in Fig. 1 has
been diminished by RF filtering around the second
harmonic (see Fig. 2). This RF filtering helps remove
fundamental tissue motion that can leak into the pass
band of the low-pass filter. The utility of pulse inver-
sion arises from the ability to separate harmonic sig-
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Fig. 2. lllustration of parallel processing for the simultaneous detection and display of perfusion and vascular flow with
UCA. The top path illustrates conventional pulse-inversion processing.

nals overlapping the fundamental in the RF spectrum.
This separability enables harmonic imaging using
broadband transmit waveforms for greater axial reso-
lution. Otherwise, a narrowband transmit is required
for harmonic imaging to prevent the overlap of second
harmonic and fundamental components (Averkiou
2000).

The discovery that microbubbles could be differen-
tiated from tissue using a low-output power led to the
real-time estimation of perfusion (Averkiou et a. 2001).
Prior to this discovery, normal diagnostic US output
powers were used (Ml > 1.0), which destroyed the
microbubbles.

The associated requirement for nondestructive
detection of microbubbles in the microcirculation, en-
abling real-time visualization of perfusion, limits the
MI to below 0.10 (Tiemann et al. 2001). Full-sector
fields-of-view are generally used in UCA perfusion
imaging. To maintain clinically usable frame rates
with large acquisition sectors, Doppler shifts from
higher-velocity microbubbles must be detected using
short ensemble lengths (2—6). These design con-
straints raise the question of whether vascular flow can
be detected with contrast with equal or greater sensi-
tivity and penetration relative to conventional color-
flow imaging without contrast.

Pulse inversion for flow

This section describes processing to discriminate
higher-velocity microbubbles (> 0.5 cm/s) in the mac-
rovasculature from those in the microcirculation using a
pulse-inversion acquisition. The 2-D Fourier transform
of a Doppler acquisition indexed in fast and slow time
shows the position of each Doppler spectral component
in the RF spectrum (Evans and McDicken 2000). The
2-D discrete Fourier transform of an array indexed in
sample depth and pulse number of a Doppler acquisition
is defined as:

P (ki Kpop) = NeNgeotn

NeL-1+ Ndepth-t

X > > X(ngNpge™ Ndepm"””“ep‘“ el s oo (1)

Npop=0 Ngepth=0

where X(ny,Npep) is the array of RF samples for each
Doppler acquisition (Np,,), Ne, is the ensemble length,
Ngeptn 1S the number of depth samples and kp, and kge
are the spectral indices of the Doppler and RF spectra.
Figure 3 isagraphic illustration of a pulse-inversion 2-D
power spectrum from a sample volume containing both
stationary tissue with microbubbles and flowing micro-
bubbles. The transmit frequency in Fig. 3 is 1.7 MHz.
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Fig. 3. 2-D Doppler RF spectrum of a pulse-inversion acquisi-
tion over a sample volume containing both stationary tissue or
microbubbles and flowing microbubbles.
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Stationary targets generate a zero Doppler frequency.
The second harmonic component is centered at zero
frequency along the Doppler axis and at twice the trans-
mit frequency (3.4 MHz) along the RF axis. The funda-
mental component is centered at Nyquist along the
Doppler axis due to the pulse inversion process, and
centered at the transmit frequency (1.7 MHz) along the
RF axis. If there are scatterers moving in the sample
volume, each frequency component of the scattered pulse
exhibits a Doppler shift given by the Doppler equation
(fy = 2 vicfze). The vertical spectral linestilt along lines
with slopes of 2 v/c (Wilson 1991). The broadening of
the spectral line arises due to moving targets passing
through the finite sample volume. The increase in spec-
tral broadening with RF frequency reflects the fact that
the effective sample volume shrinks with increasing RF
frequency (Wilson 1991).

The isolation of second harmonic signals with
Doppler shifts can be achieved as follows. To detect
second harmonic signals with Doppler shifts, a bandpass
RF filter centered at the second harmonic frequency
attenuates the fundamental component. A bandpass filter
in the Doppler domain removes the remaining stationary
second harmonic and fundamental components at DC
and Nyquist, respectively. Similar processing can be
used to separate the fundamental vascular flow compo-
nent.

Wall filter for pulse-inversion flow
The wall filter operation can be cast as a matrix
multiplication of the discrete Doppler time series:

y = AX 2

where A is a NXN matrix with N equaling the ensemble
length and x isa N X 1 vector with elements of values
from each pulse at a particular depth. The bandpass
response of the Doppler filter illustrated in Fig. 2 can be
achieved by cascading two high-pass wall filters in se-
ries:

-1 0 Ca
01 0
A= AFund 0 -1 AHarm (3)

where A, and Ag g &€ NxN matrices with high-pass
frequency characteristics. The middle diagonal matrix
acts as a mixing matrix to trandlate the fundamental at
Nyquist down to DC. The utility of egn (3) is that
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existing wall filter design techniques can be used
togenerate Ay om @nd A g (Bjaerum et al. 2002). In
addition, Ayam and Ag,.q May have different fre-
quency responses. Zero order least sguare regression
filters were used for both A,, and Ag,.q in the
following experiments. The dynamic range of funda-
mental clutter is much higher than that of the second
harmonic (see the Results section). The resulting rank
of A must be greater than or equal to two to estimate
frequency or one to estimate power. This limits the
dimension of the null space of A or subspace allocated
to the removal of clutter (cut-off frequency) consider-
ing that ensemble lengths of three to six are used.
Also, because A, acts first on x, it must have a
nearly linear phase response for Ag,,g. Otherwise,
low-frequency stationary clutter signals are modulated
into the pass band of Agng-

Fundamental and harmonic flow components

The discrimination of microbubbles from tissue
has relied solely on their differences of nonlinearity.
For the detection of flowing microbubbles, the funda-
mental signal can be used because a wall filter can
remove stationary tissue. Due to the larger signa
amplitude and lower attenuation relative to the har-
monic, the fundamental signal is expected to have
more penetration and sensitivity. Figure 2 illustrates
parallel signal paths with which perfusion and vascu-
lar flow signals can be detected and displayed simul-
taneously from a pulse-inversion acquisition. The top
signal path illustrates conventional pulse inversion
processing for perfusion. The other two signal paths
detect harmonic and fundamental signals for higher-
velocity microbubbles in larger vasculature. Parame-
ters from each of these signal paths are then used for
the discrimination of tissue, perfusion, noise and vas-
cular flow. The fundamental and harmonic flow com-
ponents each have advantages and disadvantages im-
portant to imaging flow, to be discussed in the Results
section.

MATERIALS

In vitro experiment

An HDI 5000 US system (Philips Ultrasound,
Bothell, WA) equipped with a C5-2 curvilinear trans-
ducer was used for all the experiments. For proof of
principle, a flow phantom was imaged with flowing
microbubbles and stationary microbubbles to simulate
perfusion. A Masterflex 77201 pump (Cole Parmer Co.
Barrington, IL) was used to pump diluted contrast
agent through a flow phantom with an 8-mm tube
(model 523A, ATS Labs Inc., Bridgeport, CT). The
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flow circuit contained 0.05 mL of the contrast agent
Optison® (Amersham Health AS, Oslo, Norway) di-
lutedin 11 of 0.9% saline. A single line pulse-inverted
transmit sequence was acquired, enabling the collec-
tion of enough pulses to estimate the Doppler spec-
trum. A pulse-inverted sequence was transmitted
down a single line using a 1.7-MHz three-cycle pulse
at a pulse-repetition frequency (PRF) of 4000 Hz. The
center of the tube intersected the acquired scan line at
a depth of 7 cm and at an angle of 60° relative to the
transmit beam. For acquisitions with flow, the mean
and peak Doppler angle-corrected velocities were
measured to be 5.0 and 10.0 cm/s, respectively, using
spectral Doppler on the HDI 5000 US system. The
output power was set at an M| of 0.12. Beam-formed
RF data from 340 pulses were acquired for two flow
states. One set of RF data was acquired with the flow
pump turned off and with the flow tube filled with
contrast to simulate perfusion. Another set of RF data
was acquired with flow pump turned on. For this
acquisition with flow, the angle-corrected peak veloc-
ity was measured to be 11.0 cm/s, using spectral
Doppler on the HDI 5000. Before each data acquisi-
tion, transmit was temporarily suspended to avoid
microbubble destruction.

In vivo experiment

To test clinica feasibility, the liver of a healthy
volunteer was imaged during abolus injection of contrast
agent. An HDI 5000 US system was again used equipped
with the C5-2 transducer. A typical dosein clinical use of
the contrast agent Definity® (Bristol-Myers Squibb, New
York, NY) was injected (0.2 mL followed by a 5-mL
sdline flush at 2 mL/s). A four-pulse pulse-inverted se-
gquence was transmitted using a 1.7-MHz three-cycle
pulse at a PRF of 1 kHz and an M| of 0.07. Beam-formed
RF data was then acquired near the peak of the portal
phase of the injection (when contrast agent enters the
liver via the portal vein).

After contrast agent had cleared the liver, RF data
were collected using the conventional power Doppler
mode without contrast for comparison of vascular flow
sensitivity. The US system was set up in a low-velocity
power Doppler mode optimization. This optimization
consisted of a 2.5-MHz pulse with a PRF of 1 kHz, and
an ensemble length of 10. The acquisitions with and
without contrast were ECG-triggered to enable compar-
ison of flow with contrast against conventional power
Doppler flow without contrast at the same point in the
cardiac cycle. This experiment was done with approval
of the University of Washington's human subjects divi-
sion.

RESULTS

The in vitro experiment was performed using a
single scan line acquisition to enable visualization of
both the Doppler and RF spectral content. The algo-
rithms for fundamental and harmonic flow could then be
tested using data with known RF and Doppler spectral
structures. The signal paths of Fig. 2 for perfusion,
harmonic flow and fundamental flow were tested by
processing the 340 pulses in groups of effective ensem-
ble lengths of four to produce an M-mode image for each
flow state.

A meaningful assessment of clinical utility of the
algorithms for harmonic and fundamental flow can only
happen with in vivo microbubble concentrations and
transmit amplitudes used for perfusion. The in vivo ex-
periment provides harmonic and fundamental signal-to-
noise (SNR) and signal-to-clutter ratios experienced in a
clinical scenario to detect perfusion with contrast. The
harmonic and fundamental flow signals with contrast are
compared against blood flow signals detected with con-
ventional power Doppler without contrast.

In vitro results

The 2-D power spectra in Fig. 4 were estimated
using a2-D array of 340 Doppler pulsesby 7-mm section
of RF. Figure 4a showsthe 2-D and 1-D Doppler and RF
spectraof asection of RF from aregion-of-interest (ROI)
located in the tissue-mimicking material just above the
tube (5.5 cm). Figure 4b shows spectra of stationary
microbubblesin the tube with no flow. The same spectral
structure is observed as for tissue, with the exception of
20-dB increased second harmonic signal. The fundamen-
tal signals, centered at Nyquist in the Doppler spectrum,
of tissue and stationary microbubbles are at the same
level. This result illustrates why harmonic imaging tech-
niques have been used for the discrimination between
tissue and microbubbles. Figure 4c shows the spectra of
flowing microbubbles in the tube, with similar 2-D spec-
tral content of Fig. 3. The peaks of the fundamental and
harmonic spectral Doppler components have shifted off
from Nyquist by 150 Hz and off from DC by 250 Hz.
The fundamental and harmonic Doppler shifts corre-
spond to Doppler angle-corrected velocities of 10 and 11
cm/s, respectively, matching the measured velocity by
spectral Doppler of the US system. Figure 4 illustrates
the spectral content described in the Methods section and
provides rationalization for the processing described for
the separation of vascular flow (bottom signal paths of
Fig. 3).

In addition to the fundamental and second harmonic
signals, thereisa small uncorrelated signal spread across
the Doppler spectrum centered around the fundamental
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Fig. 4. RF and Doppler 1-D spectra (vertical and horizontal plots, respectively) and 2-D RF Doppler spectra from
pulse-inversion acquisitions of (a) tissue, (b) stationary microbubbles in tube, and (c) flowing microbubbles in tube.

RF frequency, roughly 5 dB above the noise floor. This
uncorrelated signal is likely due to microbubble disrup-
tion in the sample volume, observed even at thislow Ml
(Chomas et al. 2001).

Figure 5 shows M-mode images made by breaking
the acquisition of 340 pulsesinto 85 ensembles of length
four for both stationary (Fig. 5a—c) and flowing micro-
bubbles (Fig. 5d-f). All the images are displayed with a
dynamic range of 42 dB. The tube resides between
depths of 65 mm and 73 mm. Figure 5a and d show
conventional pulse-inversion processing (top signal path

Pulse Inv
40

50

Stationary
Microbubbles E &0

50

Flowing
Microbubbles E &0

(d)

of Fig. 2) for stationary and flowing microbubbles. Tis-
sue harmonic signals appear above and below the tube.
Figure 5b and e shows the fundamental Doppler signa
from the bottom processing path of Fig. 2 of stationary
and flowing microbubbles, respectively. Figure 5¢c and f
shows the removal of the harmonic stationary tissue and
microbubble signals seen in Fig. 5aand d. The SNRsfor
the harmonic and fundamental are 22 and 40 dB, respec-
tively. Figure 5 illustrates higher velocity microbubbles
can be differentiated from stationary microbubbles using
tissue and a low-MI pulse-inversion acquisition.

Fundamental Flow Harmonic Flow

0

24

Fig. 5. M-mode images (depth vs. time) of stationary microbubbles (a)—(c) and flowing microbubbles (d)—€). The grey
scale shows the results of (a) and (d) pulse inversion imaging, (b) and (€) harmonic flow, and (c) and (f) fundamental
flow. All images were processed with an ensemble length of four pulses. The x-axisisin ms.
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Conventional Pulse Inversion

Fig. 6. Perfusion image of the liver with contrast processed
using conventional pulse-inversion processing (top signal path
of Fig. 2) with a displayed dynamic range of 30 dB.

In vivo results

This section investigates the clinical practicality of
detecting perfusion and vascular flow in rea-time with
microbubbles. Low-MI harmonic and fundamental vas-
cular flow signals with contrast are compared against
conventional power Doppler in the liver. Figure 6 shows
the perfusion image obtained through conventional

Power Doppler
no contrast

13
(a)

Fundamental Flow
with contrast

pulse-inversion processing using UCA. The portal veinis
visible in the center of the image, but the rest of the
larger vasculature is obscured due to microbubbles re-
siding in the microcirculation. The diaphragm can be
seen at the bottom of Fig. 6 at 13 cm. Figure 7a shows
liver images of conventional power Doppler without
contrast. Figure 7b shows fundamental vascular flow
with contrast analogous to Fig. 5e for the in vitro exper-
iment. Figure 7c shows harmonic vascular flow with
contrast analogous to Fig. 5f for the in vitro experiment.
Each image of Fig. 7 has a displayed dynamic range of
30 dB. The maximum fundamental Doppler signal, Fig.
7b, is 12 dB higher than the maximum power Doppler
signal, Fig. 7a but, also, exhibits pronounced blooming
around the portal vein and other vessels. The maximum
second harmonic Doppler signal, Fig. 7c, is 20 dB below
the maximum fundamental signal, but exhibits less
blooming artefact. Table 1 lists the mean power of the
Doppler signal for the regions illustrated in Fig. 7. The
clutter signals of the ROIs in Fig. 7 are the mean power
of the prewall-filtered signals. The harmonic signal has
the lowest clutter levels, but also has the lowest signal
levels while experiencing the highest attenuation in
depth, due to intervening tissue and microbubbles. The
fundamental flow signal has the highest SNR of the three
methods, with 30-dB less clutter relative to conventiona
power Doppler.

Figure 8 shows the results of combining the three
processing paths of Fig. 2 into one image. The copper
background of Fig. 8 displays conventional pulse in-

Harmonic Flow
with contrast

(b) ()

Fig. 7. Power Doppler images of aliver with adynamic range of 30 dB. The four marked regions are (A) and (B) clutter,
(IVC) inferior vena cava and (PV) portal vein. (a) Conventional color Doppler without contrast at Ml 1.2, (b)
fundamental vascular flow with contrast at M1 0.07, and (¢) harmonic vascular flow with contrast at MI 0.07.
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Table 1. Mean power of the Doppler signa in the four regions marked in Fig. 7

Portal vein Clutter(A) IvC Clutter(B)
Flow/signals (dB) (dB) (dB) (dB)
Power Doppler without UCA (Fig. 7a) 21 72 17 50
Fundamental flow with UCA (Fig. 7b) 29 40 24 30
Harmonic flow with UCA (Fig. 7c) 18 22 9 12

version processing (Fig. 6). The foreground in blue
illustrates a combination of the fundamental and har-
monic flow signals shown in Fig. 7b and c. This
combination varies with depth, where the second har-
monic signal is weighted more at shallow depths and
the fundamental flow signal is weighted increasingly
at deeper depths. The complementary benefits of both
the harmonic and fundamental flow signals are utilized
together.

CONCLUSION

Using a pulse-inversion acquisition, a method was
described that discriminates between higher-velocity
microbubbles in the vasculature and lower-velocity
microbubbles in the microcirculation. The method

Perfusion with Vascular Flow

cm
(=]

13

Fig. 8. Perfusion background with vascular flow foreground

image with contrast. Vascular flow component is a depth-

varying combination of fundamental and harmonic signals seen
in Fig. 7aand b.

uses the same acquisition for both flow and perfusion.
The signal-to-clutter ratios for both the fundamental
(=11 dB) and harmonic (—4 dB) vascular flow signals
were greater than with conventional power Doppler
(—51 dB) without contrast agents (Table 1). The fun-
damental Doppler image from microbubbles exhibited
the greatest SNR and penetration, but suffered from
blooming around larger vessels. The harmonic Dopp-
ler image exhibited less blooming than the fundamen-
tal image, but experienced less penetration and SNR.
The complementary traits of the fundamental and har-
monic signals were combined to image vascular flow.
A low-MI pulse-inversion sequence is processed sep-
arately to image simultaneously both perfusion and
higher-velocity vascular flow. This method adds infor-
mation to a conventional contrast examination for
perfusion and simplifies the visualization of vascular
flow in a contrast examination.
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