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Previously, passive cavitation imaging has been described in the context of continuous-wave

high-intensity focused ultrasound thermal ablation. However, the technique has potential use as a

feedback mechanism for pulsed-wave therapies, such as ultrasound-mediated drug delivery. In this

paper, results of experiments and simulations are reported to demonstrate the feasibility of passive

cavitation imaging using pulsed ultrasound insonations and how the images depend on pulsed

ultrasound parameters. The passive cavitation images were formed from channel data that was

beamformed in the frequency domain. Experiments were performed in an in vitro flow phantom

with an experimental echo contrast agent, echogenic liposomes, as cavitation nuclei. It was found

that the pulse duration and envelope have minimal impact on the image resolution achieved. The

passive cavitation image amplitude scales linearly with the cavitation emission energy. Cavitation

images for both stable and inertial cavitation can be obtained from the same received data set.
VC 2012 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4728230]
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I. INTRODUCTION

Acoustic cavitation has been identified as an important

mechanism in many therapeutic ultrasound applications,

including drug and gene release and delivery,1–5 sonoth-

rombolysis,6–10 sonophoresis,11–13 hemostasis,14 and ther-

mal ablation.15,16 Current research focuses on increasing

efficacy and illuminating the specific mechanisms by which

acoustic cavitation induces a bioeffect. Many passive and

active cavitation detection techniques17–19 have been devel-

oped to monitor acoustic cavitation.

Passive cavitation detection uses a transducer that oper-

ates passively (i.e., no transmit) to listen for ultrasound emis-

sions from a cavitation event. Its primary asset is that the

measurement technique does not affect the cavitation source.

Furthermore, the detected signals can be post-processed to

determine frequency components, which are corrected for the

frequency response of the detector. The different frequency

components have been associated with different types of

cavitation activity. Emissions below 50 kHz have been asso-

ciated with boiling.20,21 Detection of emissions at the subhar-

monic (one-half the driving frequency) and ultraharmonic

(odd harmonics of the subharmonic) bands at a power level

greater than that detected in the inharmonic bands is an indi-

cation of stable cavitation within an insonified bubble

population.21–26 Inertial cavitation results in substantial

broadband emissions.21,22 However, some low-level broad-

band emissions may also result from stable cavitation, due to

random bubble motion without inertial collapse, while some

subharmonic emissions may result from large-amplitude bub-

ble oscillations preceding inertial collapse.25

The study presented here follows recent convention21,26

by identifying broadband emissions primarily with inertial

cavitation and ultraharmonic emissions primarily with stable

cavitation. Since inertial cavitation emissions are primarily

broadband, while stable cavitation emissions are primarily

narrow-band, one can quantify emission energy at inhar-

monic frequencies to distinguish stable cavitation from iner-

tial cavitation. Inharmonic frequency bands are defined as

those bands that do not contain the fundamental, harmonic,

subharmonic, or ultraharmonic frequencies. Within an inso-

nified population, some bubbles may cavitate stably while

others cavitate inertially.

Until recently, most passive cavitation detectors (PCDs)

were either focused or unfocused, single-element transducers.
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Using a single-element transducer requires a trade-off

between the spatial specificity and spatial sensitivity of the

detection region. Focused PCDs provide high sensitivity and

spatial specificity in the focal region but are insensitive out-

side the focal region.18,27 Unfocused PCDs can record cavita-

tion emissions over a large area but have decreased

sensitivity and spatial specificity.28,29

More recently, PCDs using multiple-element arrays

have been shown to reduce the limitations of focused and

unfocused PCDs by allowing for spatial resolution over a

large area. Farny et al.23 and Salgaonkar et al.30 used modi-

fied diagnostic scanners with the ultrasound array transmit

turned off and the array in a passive detection state. The cav-

itation was induced by a separate therapy transducer. The

scanner beamformed the “receive-only” radio-frequency

(RF) signals. Beamformed RF signals were post-processed

offline to estimate frequency components and types of cavi-

tation activity in a spatially resolved manner, creating a pas-

sive cavitation image (PCI). Salgaonkar et al.30 referred

to these images as passive cavitation maps. In addition to

experimental demonstration, Salgaonkar et al.30 provided a

model for idealized passive imaging with single-frequency

(i.e., continuous-wave) insonations and a model for the

spatial sensitivity patterns of the diagnostic scanner used in

their experiments. Both the modeling and experimental data

showed significantly better azimuthal resolution than range

resolution. Farny et al.23 were able to show cavitation activ-

ity at the same location as they observed B-mode hypere-

choic regions after insonation. Salgaonkar et al.30 showed

cavitation activity within the beam profile of the insonation

transducer.

Gyöngy et al.31,32 and Jensen et al.33 have taken a very

similar approach, but employed non-beamformed data from

each element of a diagnostic ultrasound scanner array that

was demodulated and basebanded to in-phase and quadrature

(I/Q) data. The non-beamformed I/Q data was processed

using time exposure acoustics,34 which is a delay, sum, and

integrate algorithm. This technique is very similar to the

algorithm employed by the scanner with subsequent offline

processing used by Salgaonkar et al.30 Gyöngy et al. perform

a digital delay and sum, while Salgaonkar et al. perform an

analog delay and sum. Also, the time exposure acoustics

algorithm used by Gyöngy et al.31,32 worked with time-

domain data, whereas Salgaonkar et al.30 worked with

frequency-domain data offline. Time-domain processing has

the advantage of reduced computational load and could be

easier to implement on current clinical scanners, which use

similar processes (delay and sum). However, frequency-

domain processing allows one to differentiate between dif-

ferent classes of cavitation conveniently. One can select

the approach based on the specific requirements of the

experiment.

The experimental work of Gyöngy et al.32,35 showed

transient but periodic cavitation events during continuous-

wave insonation. Therefore published results have indicated

that passive cavitation imaging of pulsed and continuous

sources is possible. However, the dependence of the PCI

point spread function on the cavitation emission duration

and envelope is unknown. Delay and sum B-mode imaging

has a strong dependence of image quality on pulse duration,

indicating that a delay, sum, and integrate imaging algorithm

may also depend on pulse duration and bandwidth. Through

experiment and simulation, the work reported within this

manuscript explores the effect of pulse duration and pulse

envelope on the resolution of passive cavitation imaging.

The role of the frequency bands used to form the cavitation

image and array apodization will also be elucidated.

II. METHODS

A. Beamforming algorithm

Cavitation emissions were obtained on multiple passive

elements simultaneously. The received emissions were beam-

formed using a delay, sum, and integrate algorithm similar to

Salgaonkar et al.30 and Gyöngy et al.31,32 The algorithm per-

forms delay-and-sum beamforming based on the time of flight

from an image location (pixel) to a given element. After sum-

ming over the channel number, the frequency-dependent

energy in the summed waveform was computed and used to

assign a pixel value at that location. The frequency dependent

image, Bðx; ~xÞ, is defined in Eq. (1). Figure 1 shows the rela-

tionship between an image location~x and the array.

Bðx;~xÞ¼
XN

n¼1

SnðxÞAð~xn;~x; SnÞ exp ix
j~xn�~xj

c

� ������
�����
2

;

(1)

where SnðxÞ is the frequency domain representation of the

signal received on the nth element of the passive array

located at ~xn and Að~xn; ~x; SnÞ is an optional apodization that

can be applied. As noted by Norton and Won,34 this algo-

rithm results in a bias that can be removed by subtracting the

total energy of the individual channels. A passive cavitation

image for each frequency, Iðx;~xÞ, was formed as

FIG. 1. Schematic of passive imaging array and corresponding imaging

plane. The nth element of the array is labeled and the black dot indicates

image location~x. The elevational direction is out of the plane of the page.
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Iðx; ~xÞ ¼ Bðx; ~xÞ �
XN

n¼1

jSnðxÞAð~xn; ~x; SnÞj2: (2)

The final PCI, Ið~xÞ, was formed by summing over the fre-

quency bands corresponding to the cavitation mode of interest

(e.g., subharmonic and ultraharmonic bands for stable cavita-

tion or the inharmonic portion of the broadband band for iner-

tial cavitation). Unlike traditional delay-and-sum algorithms,

absolute time-of-flight information for the summed waveform

was not used to determine image depth. This strategy avoids

making an assumption about what temporal portion of a pulse

induced a cavitation event or if the cavitation event occurred

post-insonation.28,36 McLaughlan et al. investigated using

B-mode imaging, which incorporates absolute time-of-flight

information.21 The resulting images showed interference pat-

terns with little or no spatial correspondence to the location of

cavitation, though B-mode images were a useful metric for

determining when cavitation occurred.

It should be noted that images formed from Eq. (2) are

based on the signal received by each element. In general,

this algorithm can be used to beamform passively any scat-

tered signals, not just cavitation emissions. When beamform-

ing frequency bands that are only produced via cavitation

emissions, such as subharmonics, ultraharmonics, and inhar-

monics, the resulting image would be a passive cavitation

image. However when beamforming other frequency bands,

such as harmonics that can be produced via nonlinear propa-

gation, non-linear tissue scattering, or cavitation emissions,

one can no longer a priori state the exact type of passive

image produced (e.g., passive field-map image, passive scat-

tering image, or passive cavitation image). For the remainder

of this paper we will refer to all passive images as passive

cavitation images, even though in some cases the signal may

not be from a cavitation event.

Four different apodization functions were investigated:

AUnityð~xn; ~x; SnÞ ¼ 1; (3a)

ACosð~xn; ~x; SnÞ ¼
~x �~xn

j~xjj~xnj
; (3b)

ANormð~xn; ~x; SnÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

j
P

x0 Snðx0 Þj2
q ; (3c)

ANorm Cosð~xn; ~x; SnÞ ¼
ACosð~xn; ~x; SnÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j
P

x0 Snðx0 Þj2
q : (3d)

AUnity represents no modification to the received signals.

ACos is a cosine apodization to reduce grating lobes (obtained

from the dot product of ~x and ~xn and normalizing by their

magnitudes). ANorm scales the amplitude of each channel so

that all channels have equal root-mean-square values. For

arrays where the element sensitivity falls off with increasing

angle, the array f-number is effectively increased. Using

ANorm decreases the f-number, which typically improves

resolution. This may also more accurately represent the

signal from omnidirectional scatterers. ANormCos applies both

the root-mean-square normalization and cosine apodization.

To compare the passive images for the different pulse

durations, pulse envelopes, and apodizations, all PCIs,

except where noted, were normalized using the following

equation:

Inormð~xÞ ¼
Ið~xÞ

max½Ið~xÞ� : (4)

B. Experiment

Passive cavitation images from experimentally obtained

data were formed using Eq. (2). A schematic of the experi-

mental setup is seen in Fig. 2. Signals in the frequency do-

main, SnðxÞ, were obtained by insonifying an experimental

ultrasound contrast agent, echogenic liposomes (ELIP),37,38

in a flow phantom with spectral Doppler pulses (center

frequency of 6 MHz) from a CL15-7 transducer driven by

an HDI-5000 clinical scanner (Philips Medical Systems,

Bothell, WA). The acoustic properties and morphology of

ELIP have been recently studied by Kopechek et al.39 and

Paul et al.40 ELIP are of interest for both their diagnos-

tic37,38,41,42 and therapeutic43–47 capabilities. The flow phan-

tom consisted of a reservoir connected to a peristaltic pump

(Rabbit, Rainin, Oakland, CA), which pumped a solution

of ELIP (0.1 mg/ml lipid concentration) in 0.5% (wt./vol)

bovine serum albumin (Sigma-Aldrich Co., St. Louis, MO) in

phosphate buffered saline (Sigma-Aldrich Co.), through

a low-density polyethylene tube (2.7 mm inner diameter,

4.0 mm outer diameter, McMaster-Carr, Aurora, OH) at a

2.0 mL/min flow rate. The portion of the tube insonified was

submerged in a tank of 22 �C degassed water (dissolved

oxygen of <30%) to minimize the occurrence of cavitation

outside the tube. After the insonation zone, the ELIP emptied

into a waste reservoir. B-mode images were used to align the

L8-3 transducer with the polyethylene tube by obtaining a

uniform echogenicity from the tube wall along the length of

CL15-7
insonation
transducer

ELIP or degassed H2O
from reservoir to waste reservoir

degassed H2O tankL8-3 receiving array

flow tube

Front View

Side View

CL15-7
insonation
transducer

flow tube

L8-3 receiving array

degassed H2O tank

FIG. 2. Schematic of the experimental setup. A single-pass flow phantom

with ELIP in a polyethylene tube was used. The ELIP were insonified by the

CL15-7 transducer and cavitation emissions were recorded passively with

the L8-3 transducer passive array.
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the tube and orienting the tube parallel to the face of the

transducer, as can be seen in Fig. 3. Subsequently the CL15-7

transmitted Doppler pulses that scattered off the tube at the

center of the CL15-7 B-mode image. The L8-3 was shifted

azimuthally until the scatter was centered in its B-mode

image. The CL15-7 was aligned in the same manner using B-

mode images.

ELIP were manufactured at the University of Texas

Health Science Center at Houston and shipped as a lyophi-

lized powder to the University of Cincinnati where they

were reconstituted and injected into the flow model. Huang

et al. established the manufacturing protocol for the ELIP.37

The ratio of lipids used was determined by Buchanan et al.38

and was 42:27:8:8:15 of 1,2-dipalmitoyl-sn-glycero-3-phos-

phocholine (DPPC) to L-a-phosphatidylcholine (egg-PC) to

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE)

to 1,2-dipalmitoyl-sn-glycero-3-[phosphor-rac-1-gly-cerol]

(DPPG) to cholesterol. All lipids were purchased from

Avanti Polar Lipids (Alabaster, AL).

The insonation spectral Doppler pulse duration and en-

velope from the CL15-7 were measured in the free field at

the location where the polyethylene tube was placed. The

pulses were measured using a 0.2 mm needle hydrophone

attached to a 3D-micropositioning system. Both the pulse

duration and envelope changed when the on-screen spectral

Doppler “sample volume” setting was changed. While called

a sample volume on the scanner, it was reported on-screen

with units of length. For sample volume values of 5.0 mm

(3.33 ls) or less, the pulse envelope, as observed with the

hydrophone was similar to a Gaussian. For displayed sample

volume values of 7.5 mm (5.0 ls) or larger, the pulse enve-

lope was a rectangular window. It should be noted that while

the insonation pulse duration and envelope can be controlled

experimentally, the cavitation emission pulse duration and

envelope cannot be controlled with the same ease and preci-

sion. Furthermore, the spatial distribution of microbubbles

continually changes as the ELIP flow through the tube and

therefore the spatial distribution of cavitation activity would

be expected to change. Therefore to observe the impact of

passively imaging different known pulse durations and enve-

lopes, the ELIP solution was replaced with filtered, deion-

ized, and degassed water. Using this water, no energy was

observed above the system noise floor in the subharmonic or

inharmonic bands. Therefore, in this case, the passive imag-

ing corresponded to scattering from the tube walls, which

were stationary in time and space.

Received signals, SnðxÞ, were obtained using the IQscan

research package on a z.one ultra scanner with an L8-3 trans-

ducer (ZONARE Medical Systems, Inc., Mountain View,

CA).48,49 The array had a 0.3 mm pitch, 6 mm element height,

25 mm elevational focus, 128 elements, and no inter-element

apodization. Using the research package, the signals received

by the center 64 elements were recorded in parallel for 138 ls.

This constituted one frame of RF data. The z.one ultra scanner

preprocessed each frame of RF data by preamplifying by

30 dB (flat across frequency and time) and basebanding to I/Q

data. To prevent aliasing, a 2–7 MHz bandpass filter was used.

The I/Q data was beamformed offline using MATLAB (Math-

works, Natick, MA) to produce the PCI, I(x). It should be

noted that there was no temporal synchronization between the

CL15-7 pulse Doppler firings and the L8-3 frame recordings.

The Doppler pulse repetition frequency was 1250 Hz. The L8-

3 frame rate (1124 Hz) was selected so that at least every ninth

frame would capture a cavitation event. When forming passive

cavitation images, those frames that captured no cavitation or

scattering had an order of magnitude or smaller total energy in

the frame as compared to frames with cavitation or scattering.

Therefore, they could easily be excluded from analysis. Forty-

five PCIs were then averaged pixel-by-pixel on a linear scale

to form a final PCI that provides a representative image of the

average cavitation activity. The final averaged PCI was con-

verted to a dB scale for display.

For each run, before placing the L8-3 transducer into a

passive state, the L8-3 was used to capture a B-mode image

to record any echo-contrast destruction from the CL15-7

Doppler pulses. The L8-3 was then put into a passive state

and recorded cavitation emissions at the Doppler exposure

settings used to capture the B-mode images. The PCIs were

overlaid on the corresponding B-mode images using the

“alpha transparency” figure property in MATLAB. The PCI

pixel transparency, að~xÞ, was set by

að~xÞ ¼ log10

Iðx;~xÞ
max½Iðx; ~xÞ�

� �� �1=3

: (5)

C. Simulation

For the experimental setup described above, it was not

possible to control pulse duration and pulse envelope inde-

pendently. Furthermore, the pulse duration was limited to

8.33 ls. Therefore simulations were used to study the effect

of pulse duration and pulse envelope independently and to

study pulse durations extending from two-cycles to

continuous-wave. Simulated passive cavitation images were

formed based on Eq. (2). To produce a signal, SnðxÞ, a source

waveform was defined and numerically propagated from a

preselected source location, ~xs. The source waveforms were

created from sinusoids multiplied by a rectangular or modi-

fied Gaussian temporal window. The rectangular windows

had an amplitude of one. The duration was varied between

one-half cycle and 828 cycles. A duration of 828 cycles at 6

MHz corresponds to 138 ls, which is the longest duration the

z.one ultra scanner could record RF data for during one

frame. Therefore, when compared to the experimental data,

828 cycles effectively approximates a continuous-wave emis-

sion. For each rectangular window, a corresponding Gaussian

window was defined by setting the Gaussian peak amplitude

to one and the width defined such that the total energy in the

pulse was the same as in the rectangularly window source.

Propagation was performed in the frequency domain by mul-

tiplying the emission waveform with a propagation vector for

each element. Assuming spatial reciprocity, the propagation

vector was computed as the impulse response from an array

element to the location of simulated cavitation emission

based on the diffracted spherical-wave Fresnel approxima-

tion.50 The simulated array parameters were the same as the

L8-3 transducer. An empirically obtained spatial apodization
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was applied to each channel so that the root-mean-square

(RMS) value of the received signal on each element was the

same as the average RMS values on experimentally-obtained

signals. The data was then apodized according to Eq. (3a).

Passive cavitation image beam widths for different pulse du-

ration and envelopes were compared.

III. RESULTS

A. Experiment: Apodization and localization

Figures 3 and 4 show passive cavitation images overlaid

on corresponding B-mode images for the pulse Doppler sam-

ple volume placed at an upstream or downstream location.

The downstream insonation location was centered azimu-

thally with the passive cavitation array. The upstream loca-

tion was azimuthally located approximately halfway

between the center and upstream edge of the passive cavita-

tion array. For all PCIs, a 0.30 MHz band was selected,

which corresponded to the �3 dB bandwidth of the funda-

mental and subharmonic lobes in the power spectrum of the

beamformed data at the focus of the Doppler insonation. The

PCI in Fig. 3 was formed from the fundamental frequency

band (5.85–6.15 MHz). The PCI in Fig. 4 was formed from

the inharmonic frequency band (3.85–4.15 MHz). A high

acoustic output (MI ¼ 0.80) was used to induce echo-

contrast destruction within the tube. The pulse duration was

set to 1.33 ls. The cavitation activity mapped to the location

of echo-contrast destruction. The flow tube is seen as the

bright parallel echoes at depths of 22 and 25 mm. Cavitation

activity was also mapped erroneously proximal and distal

to the flow tube and constitutes a PCI artifact. This axial

artifact has been previously noted.30 The PCIs were formed

using the apodizations ACos [Eq. (3b)] and ANormCos

[Eq. (3d)]. The PCIs created using apodizations AUnity

[Eq. (3a)] and ANorm [Eq. (3c)] were very similar to the PCIs

created using ACos and ANormCos, respectively, except that the

grating lobes were larger in magnitude for AUnity and ANorm.

It should be noted that just six of the sixty-four elements

summing constructively yields a �10.3 dB signal, which

corresponds to red in the PCIs. Constructive summation on

32 of the 64 elements yields a �3 dB signal, which corre-

sponds to yellow in the PCIs.

Table I reports the �3 dB azimuthal and axial beam

widths for the fundamental (5.85–6.15 MHz), subharmonic

(2.85–3.15 MHz), and inharmonic (3.85–4.15 MHz) fre-

quency bands using Eq. (2). This is reported for ACos and

ANormCos. The beam widths for AUnity and ANorm differed

from ACos and ANormCos, respectively, by less than 0.1 mm

azimuthally and 0.3 mm axially. For the frequency summa-

tion that was performed to compute ANorm and ANormCos, all

frequencies were used regardless of whether the PCI was

formed for the fundamental, subharmonic, or inharmonic

acoustic emissions. This was done because the signal in the

subharmonic and inharmonic bands of SnðxÞ was the same

magnitude as the system noise floor. The PCIs were formed

from acoustic emissions with the pulse Doppler sample vol-

ume aligned to the flow tube at the upstream edge of the pas-

sive cavitation array, the center of the passive cavitation

array, or the downstream edge of the passive cavitation

FIG. 4. PCI overlaid (hot colormap) on a B-mode (grayscale) for the spec-

tral Doppler “sample volume” placed at an upstream location [(A) and (C)]

and a location 5 mm downstream [(B) and (D)]. The PCI was beamformed

over the inharmonic frequency band (2.85–3.15 MHz) using ACos [(A) and

(B)] and ANormCos [(C) and (D)]. ELIP were insonified with an MI of 0.8 and

pulse duration of 1.33 ls.

FIG. 3. PCI overlaid (hot colormap) on a B-mode (grayscale) for the spec-

tral Doppler “sample volume” placed at an upstream location [(A) and (C)]

and a location 5 mm downstream [(B) and (D)]. The PCI was beamformed

over the fundamental frequency band (5.85–6.15 MHz) using ACos [(A) and

(B)] and ANormCos [(C) and (D)]. ELIP were insonified with an MI of 0.8 and

pulse duration of 1.33 ls.
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array. Using ANormCos decreased the beam widths relative to

ACos for all cases except the upstream, subharmonic PCI. De-

spite an improvement in the �3 dB beam widths, ANormCos

resulted in a broader distribution of artifact below approxi-

mately �6 dB in magnitude, as can be seen in Figs. 3 and 4.

Therefore, subsequent results will be reported using ACos.

Figure 5(A) shows the power spectra at the location of

maximum energy in the PCI for pulse Doppler insonation

MIs of 0.1, 0.4, and 0.8. These MIs corresponded to insona-

tions with neither stable nor inertial cavitation (no signal

above the system noise floor in the subharmonic or inhar-

monic bands), with predominantly stable cavitation but very

minimal inertial cavitation (signal in the subharmonic band

approximately 10 dB above the system noise floor but not

for the inharmonic band), and with significant stable and

inertial cavitation (signal in both the subharmonic and inhar-

monic bands well above the system noise floor), respec-

tively. Figures 5(B) and 5(C) are PCIs formed from the same

data set obtained with an insonation MI of 0.1 but over the

subharmonic and inharmonic bands, respectively. Figures

5(D) and 5(E) and Figs. 5(F) and 5(G) are likewise formed

but with MIs of 0.4 and 0.8, respectively. All figures were

normalized by the data set obtained using an MI of 0.8.

Figure 5, demonstrates the ability to independently form

PCIs for different types of cavitation activity from the same

frames of data.

B. Experiment: Pulse duration and envelope

Figures 6 and 7 show PCI data obtained using different

sample volume settings, in other words pulse durations,

when insonifying filtered, deionized, and degassed water in

the flow phantom. The PCI data was formed by summing

over the �3 dB bandwidth of the 6 MHz fundamental. The

tube was the primary scatterer, which provides a stationary

scatting source for all data acquisitions. Figure 6 shows PCIs

for insonations of 0.33 ls (Gaussian-windowed) and 8.33 ls

(rectangularly windowed). Figure 7 plots the azimuth and

range profiles of the PCIs for all available sample volume

settings and shows a constant image resolution with chang-

ing pulse duration and envelopes. Figures 6 and 7 correspond

to scatter off the tube walls since filtered, degassed, and

deionized water does not effectively scatter ultrasound.

The relatively poor axial resolution prevents the imaging

algorithm from resolving the walls separately. Figure 7(A)

also plots the Doppler pulse insonation beam pattern in the

azimuth direction at the depth of the tube. The insonation

beam pattern was measured with a needle hydrophone in a

free field. A good correspondence is observed between this

measurement and the line profiles formed from the passive

imaging algorithm. This provides further confirmation of

the spatial accuracy of the passive imaging algorithm. It

also demonstrates an alternative method of obtaining beam

profile data for calibration purposes.

TABLE I. The –3 dB axial and azimuthal beam widths for the apodizations

ACos and ANormCos. Results are shown for beamforming the fundamental

(Fund), subharmonic (SH), and inharmonic (IH) frequency bands at three

different azimuth cavitation locations.

Center Upstream Downstream

Fund SH IH Fund SH IH Fund SH IH

Azimuth (mm) ACos 0.53 0.61 0.46 0.69 0.61 0.53 0.61 0.69 0.53

ANormCos 0.31 0.53 0.38 0.61 0.69 0.53 0.46 0.69 0.53

Axial (mm) ACos 9.16 6.28 5.23 11.52 3.66 3.14 10.99 4.71 3.93

ANormCos 6.02 5.50 4.45 8.38 3.14 2.09 7.59 3.66 2.88

FIG. 5. (Color online) ELIP were insonified with a pulse duration of 1.33

ls for MIs of 0.1, 0.4, and 0.8. Power spectra at the location of the pixel

with the maximum amplitude in the PCI (A). PCIs were formed for each MI

from the subharmonic band [(B), (D), (F), respectively] and inharmonic

band [(C), (E), (G), respectively]. Each image was normalized by the maxi-

mum energy in the PCI formed from data obtained while insonifying with

an MI of 0.8.
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Figure 8(A) is an example of a single frame of received

radio-frequency data. Figures 8(B), 8(C), and 8(D) are the

same data but beamformed to the location of maximum

energy in the PCI (azimuth �0.5 mm; range 22 mm), proxi-

mal and on-axis with the location of maximum energy in

the PCI (azimuth �0.5 mm; range 10 mm), and proximal

and off-axis with the location of maximum energy in the

PCI (azimuth �4 mm; range 15 mm), respectively.

C. Simulation: Pulse duration and envelope

The experimental results indicated that passive imaging

does not depend strongly on insonation pulse duration or

envelope. However, it was not possible to look at these two

parameters independently with the experimental setup.

Therefore investigating them independently was done with

simulations. The simulations were performed at 6 MHz, for

comparison to the experimental results. Simulations were

carried out for 18 different pulse durations ranging from

0.33 ls (two cycles) to 138 ls (equivalent to CW insona-

tion). Figures 9(A) and 9(B) show two example PCIs using

rectangularly windowed sinusoids with a duration of 50 and

828 cycles (8.33 and 138 ls), respectively. The shorter dura-

tion is the same as the experimental duration in Fig. 6(B).

The longer duration corresponded to a CW insonation. No

differences were observed in the PCIs until 30 dB below the

peak amplitude of the image. Figure 9(C) is formed from a 6

MHz sinusoid with a Gaussian envelope with an equivalent

duration of 8.33 ls. The emission was located at a depth of

24 mm and an azimuthal location of 0 mm. This was approx-

imately the same location as the experimental data, except

the experimental data had emissions from the proximal and

distal walls of the tube. The bandwidth used to form each

image was the �3 dB bandwidth of the respective 6 MHz

emission waveform. Each PCI was formed using ACos.

FIG. 6. (Color online) Passive cavitation images from spectral Doppler

ultrasound scattered off a flow tube with degassed water at an MI of 0.3.

The insonation ultrasound was (A) a 0.33 ls Gaussian-windowed pulse and

(B) a 8.33 ls rectangularly windowed pulse. Note that each image was

formed from the fundamental band (5.85–6.15 MHz) and normalized to its

own maximum and plotted on a dB scale.
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FIG. 7. (Color online) Comparison of line profiles for PCIs with different

pulse durations (azimuth and range) and the Doppler insonation beam pat-

tern as measured by a hydrophone (azimuth only). The (A) azimuth and (B)

range passive image line profiles are from a depth of 24 mm and azimuthal

position of 0 mm, respectively for degassed water in the tube. The insona-

tion duration change is shown in the legend. The pulse envelope was a

Gaussian-window for durations of 3.33 ls and less and a rectangular-

window for longer durations. The MI was 0.3. The line profiles were formed

from the fundamental band (5.85–6.15 MHz).

FIG. 9. (Color online) Passive cavitation images formed from the �3 dB

frequency band from simulated emissions consisting of a 6 MHz sinusoid

windowed with (A) a rectangular window with duration 183 ls, (B) a rec-

tangular window with duration 8.33 ls, and (C) a Gaussian window with an

equivalent duration of 8.33 ls.
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FIG. 8. (A) Sample frame of received experimental radio-frequency data

for ELIP insonified at an MI of 0.6 and pulse duration of 0.5 ls. (B) Data

beamformed to the location with the maximum energy in the PCI (azimuth

of �0.5 mm; depth of 22 mm). (C) Data beamformed for a pixel at a depth

of 10 mm but on the axis of cavitation activity. (D) Data beamformed to a

location away from the maximum energy in the PCI (azimuth of �3 mm;

depth of 15 mm).
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Differences in the images formed with different pulse enve-

lopes do not appear until 20 dB below the peak. Thus Fig. 9

demonstrates that the PCI point spread function does not

substantially change as a function of pulse duration or

envelope.

Like the experimental results, the simulated PCI resolu-

tion has very little dependence on the emission duration or

envelope. Since there is no dependence on pulse duration,

one can use a continuous-wave (single-frequency) model to

estimate the image resolution as a function of frequency, as

would be necessary to estimate the resolution for beamform-

ing the fundamental band, a harmonic band, the subharmonic

band, or an inharmonic band. Salgaonkar et al.30 theoreti-

cally evaluated passive image resolution in terms of the

�6 dB azimuthal point-spread-function width, which was

inversely proportional to frequency.

Figure 10 shows that the peak magnitude in the PCI at

the source location varies linearly with the energy in the

source waveform. This relationship will remain the case for

apodizations that only depend on the spatial coordinates,

such as ACos, and broadband, omnidirectional elements in the

passive receiving array. This result can be predicted from Eq.

(1). At the cavitation source location, the phase-shifts applied

in Eq. (1) will adjust SnðxÞ so that each waveform will sum

entirely constructively. As a result, Bðx;~xÞ will be a scaled

version of the cavitation emission, even if the cavitation

emission process is a threshold, nonlinear, or chaotic process.

Therefore a linear relationship will exist between the cavita-

tion source energy and the energy in the PCI at the cavitation

source. If the transducer elements exhibit significant directiv-

ity or frequency sensitivity or a more complex apodization is

used, then the linear relationship may break down.

IV. DISCUSSION

Through both experiment and simulation, this study has

demonstrated that a passive imaging algorithm can be used to

map cavitation activity on an image with resolution that is

essentially independent of the duration and envelope of the

insonation pulse or cavitation emission. The image amplitude

will depend on the duration and envelope. The independence

of image resolution can be understood by observing some

sample beamformed data. At the source [Fig. 8(B)], the

waveforms on each channel are temporally aligned. In com-

parison, at a location well away from the PCI maximum

[Fig. 8(D)], each waveform is shifted in time relative to its

neighbor by more than a quarter cycle and less than three-

quarters cycle (at which point a grating lobe would begin to

appear). As a result there is primarily destructive interference

when the waveforms are summed. When beamforming to a

location that is proximal or distal to the cavitation emission

location [Fig. 8(C)], a subset of channels (channels 25–37)

sum constructively, while the remainder do not. Thus

elements with a relatively small time-of-flight difference

between them for a given pixel location will contribute to the

PCI amplitude.

Stated another way, coherent interference between

delayed and summed waveforms is governed by the wave-

length and wavefront curvature, which together determine

the frequency-dependent diffraction pattern of the array. The

resolution of passive cavitation images thus depends primar-

ily on the center frequency and the array aperture. When the

emission duration is decreased, passive cavitation images

effectively integrate the image energy Iðx;~xÞ over a wider

band surrounding the center frequency. The image resolution

is thus primarily independent of the cavitation emission du-

ration and envelope.

This result implies that when designing a passive cavita-

tion imaging experiment using a relative phase-difference

delay algorithm,30,32,34 the array design should be the pri-

mary factor in determining if adequate image resolution will

be obtained. When performing simulations on the array

design, a continuous-wave, single-frequency model,30 which

is typically more efficient than pulsed-wave models, can be

used without substantial loss of information. If multiple

types of cavitation are expected, one may consider modeling

a single frequency from each frequency band of interest to

ensure adequate resolution for all types of cavitation. This is

particularly relevant for low-frequency emissions, which

will result in a lower resolution.30 The low-frequency limita-

tion should also be considered when selecting bands for

analysis. When possible, beamforming higher harmonics and

ultraharmonics will provide improved resolution. Table I

appears to contradict this statement because the 6 MHz band

PCI resolutions are larger than the 3 MHz subharmonic band

and 4 MHz inharmonic band PCI resolutions. The reason for

this is that the reported beam widths are a convolution of the

imaging algorithm point spread function and the spatial dis-

tribution of the emission sources (i.e., cavitating microbub-

bles). Because stable and inertial cavitation are threshold

phenomena, their spatial distribution is likely smaller than

the spatial distribution of microbubbles that exhibit scatter

of the fundamental frequency, leading to the smaller appa-

rent resolution.

Orientation of the passive array with respect to the inso-

nation beam pattern is also important to consider. This work

confirms the low axial resolution, relative to the azimuthal re-

solution, observed by Gyöngy et al.32 and Salgaonkar et al.30
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FIG. 10. The magnitude of the simulated PCI image formed from the �3

dB band about 6 MHz at the emission location plotted against the total

energy in the cavitation waveform.
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Like the work by Salgaonkar et al., our passive array was

placed orthogonal to the direction of insonation, which maxi-

mized the resolution. This is often a difficult geometry to

achieve in vivo and a co-axial arrangement, similar to Gyöngy

et al. will be needed in many cases. Apodization of the radio-

frequency data before beamforming using an energy normal-

ization procedure was explored as one means of improving

the axial resolution. However, this technique introduced an

“X-type” image artifact. The artifact may be acceptable in

cases of focused ultrasound insonation, but is likely unaccept-

able for bulk ultrasound insonations. Therefore, the continued

development of algorithms that improve the axial resolution

could be of importance in clinical applications.

The passive cavitation imaging of ultrasound contrast

agents in a flow phantom, demonstrated here, shows that the

utility of passive imaging extends beyond high-intensity

focused ultrasound (HIFU) applications, which have been the

focus of prior passive cavitation imaging papers.30–32 Echo-

genic liposomes were used solely as cavitation nuclei in this

work. However, others have demonstrated that ELIP can be

used for localized ultrasound-mediated drug release43 and

delivery.51 Passive cavitation imaging could be used in these

contexts to obtain spatially resolved feedback during a treat-

ment. Optimization of ultrasound insonation pulses based on

cavitation emissions has been proposed as an important step

in achieving desired bioeffects.10,52 This may be used for

both scanned focused insonations or unfocused bulk ultra-

sound insonations. As described earlier for passive imaging,

it is important to remain cognizant of the algorithm’s inability

to differentiate between different mechanisms that produce

the same frequency content, such as harmonics produced

from nonlinear propagation or cavitation emissions.

V. CONCLUSIONS

In summary, it has been shown via experiment and sim-

ulation that passive images are essentially independent of

the source duration and envelope. The passive image point

spread function, however, depends on the frequency band of

interest and aperture geometry. The passive cavitation data

was shown to localize the cavitation in the azimuth and axial

directions properly based on the location of maximum cavi-

tation activity in the PCI. The azimuthal resolution was suffi-

cient to differentiate the mainlobe and sidelobes of the

insonation beam. The axial resolution was insufficient to

resolve tube walls 2.7 mm apart. An alternative apodization

technique based on normalization was used to improve the

axial resolution; however, it resulted in additional image

artifacts. The energy in the passive image scales linearly

with the energy in the source.
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