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Ultrasound contrast agents (UCAs) are used clinically to aid detection and diagnosis of abnormal

blood flow or perfusion. Characterization of UCAs can aid in the optimization of ultrasound param-

eters for enhanced image contrast. In this study echogenic liposomes (ELIPs) were characterized

acoustically by measuring the frequency-dependent attenuation and backscatter coefficients at fre-

quencies between 3 and 30 MHz using a broadband pulse-echo technique. The experimental meth-

ods were initially validated by comparing the attenuation and backscatter coefficients measured

from 50-lm and 100-lm polystyrene microspheres with theoretical values. The size distribution of

the ELIPs was measured and found to be polydisperse, ranging in size from 40 nm to 6 lm in diam-

eter, with the highest number observed at 65 nm. The ELIP attenuation coefficients ranged from

3.7 6 1.0 to 8.0 6 3.3 dB/cm between 3 and 25 MHz. The backscatter coefficients were

0.011 6 0.006 (cm str)�1 between 6 and 9 MHz and 0.023 6 0.006 (cm str)�1 between 13 and 30

MHz. The measured scattering-to-attenuation ratio ranged from 8% to 22% between 6 and 25

MHz. Thus ELIPs can provide enhanced contrast over a broad range of frequencies and the scatter-

ing properties are suitable for various ultrasound imaging applications including diagnostic and

intravascular ultrasound. VC 2011 Acoustical Society of America. [DOI: 10.1121/1.3626124]

PACS number(s): 43.80.Gx, 43.80.Vj [CCC] Pages: 3472–3481

I. INTRODUCTION

Traditional means to identify and treat arterial disease are

hampered by an inability to localize atheroma extent and

composition.1 Since first examined by Bangham et al.,2 lipo-

somes have been developed for a wide range of technical and

medical applications. Echogenic liposomes (ELIPs), which

are phospholipid bilayer vesicles enclosing gas and fluid, are

being developed as targeted echo contrast agents to permit

evaluation of vasoactive and pathologic endothelium.3,4 Echo-

genic liposomal dispersions are prepared by dispersing lipids

in water, adding mannitol, and freeze-drying, or lyophilizing,

and finally rehydrating.5–7 The echogenicity of these prepara-

tions is due to the presence of gas, which is entrapped and sta-

bilized by the lipid during the rehydration process.8

ELIPs can be targeted to certain tissues by attaching spe-

cific ligands and antibodies to the surface of liposomes.9,10

For example, ELIPs coupled to anti-VCAM-1 antibodies

highlight pathologic endothelium at early stages of athero-

sclerosis development.4 Similarly, the linkage of a liposome

with inactivated tissue plasminogen activator can identify and

highlight thrombus or plaque rupture.11 Lanza et al. have also

demonstrated that a multistep biotinylated, lipid-coated,
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perfluorocarbon nanoemulsion could be successfully targeted

to thrombi in vivo while maintaining ultrasound contrast.12

These authors have additionally demonstrated that this ultra-

sound agent can infiltrate arterial walls and localize tissue fac-

tor expression.13 Unger et al. created targeted microbubbles

containing perfluorobutane that were approximately 2 lm and

were able to bind to thrombus in vitro.14,15

Ultrasound contrast agents (UCAs) are effective for diag-

nostic purposes when they provide greater contrast than the

surrounding tissues. The UCA size and shell properties and

the ultrasound insonation parameters affect the amount of

contrast produced.16,17 Acoustic characterization of UCA

properties entails measuring the frequency-dependent attenua-

tion and backscatter coefficients.18,19 The frequency-depend-

ent scattering-to-attenuation ratio (STAR), a normalized

continuous value between 0 and 1 for omnidirectional scatter-

ers, can be determined from these measurements. Attenuation

of ultrasound due to absorption by UCAs, which decreases

the STAR value, can cause shadowing artifacts and reduce

contrast distal to blood vessels. Thus a STAR value of 100%,

where attenuation is due entirely to scattering and no energy

is absorbed, is ideal for imaging.20,21

Ultrasound contrast agents differ primarily in size, shell

material, and gas content. Most commercially available con-

trast agents have a mean diameter between 1 and 5 lm and

consist of microbubbles encapsulated with an albumin, poly-

mer, or lipid shell. Many ultrasound contrast agents contain

inert heavy gases, such as sulfur hexafluoride or perfluorocar-

bons, which have low solubility in water and thus increase the

lifetime of the microbubbles in circulation.16,22 ELIPs can

contain air or a bioactive gas such as nitric oxide or xenon and

have a mean diameter of less than 1 lm.23–25 Compared with

commercially available UCAs, the difference in ELIP size,

shell composition, and gas content may impact the frequency-

dependent attenuation and backscatter coefficients. Conse-

quently, the insonation parameters for imaging ELIPs in diag-

nostic ultrasound applications may be significantly different.

The objective of this study was to characterize ELIPs

acoustically by measuring the frequency-dependent attenua-

tion and backscatter coefficients using a broadband

approach. The experimental methods used for characterizing

ELIPs were first validated by measuring the attenuation and

backscatter coefficients of polystyrene microspheres and

comparing the results to theoretical values.26,27 In addition,

the size distribution of ELIPs was measured in order to pro-

vide an estimate of the encapsulated bubble size distribution.

This study will reveal the ultrasound frequencies between 3

and 30 MHz over which ELIPs scatter efficiently. The

attenuation and backscatter results will aid in choosing opti-

mal frequencies for ELIP imaging.

II. MATERIALS AND METHODS

A. Preparation of echogenic liposomes

Standard preparations of liposomes were received in

individual vials (6 mg lipid/vial, lyophilized) from the Uni-

versity of Texas Health Science Center in Houston and for-

mulated as previously described.8 Stock suspensions were

made by adding 0.6 ml of air-saturated, 0.2-lm filtered

deionized water at room temperature (20–24 �C) to each vial

of lyophilized lipid, yielding ELIPs with a lipid concentra-

tion of 10 mg/ml. To maximize the entrapment of air within

the liposomes, the 0.2-lm filtered, deionized water was

stored in a air-pressurized chamber at 200 kPa above atmos-

pheric pressure for up to four hours to obtain a dissolved ox-

ygen concentration of 9.5 6 0.25 mg/L. A dissolved oxygen

meter was used for all dissolved oxygen concentration meas-

urements (DO 100 Series, Oakton, Vernon Hills, IL). The

stock suspension was diluted in a bovine serum albumin

(BSA) solution (0.5% albumin wt./vol. in phosphate-buf-

fered saline) to a final lipid concentration of 0.05 mg/ml,

which has been used previously for in vivo experiments.28

The albumin solution was observed to reduce aggregation

and coalescence of ELIP during the experiment.

B. Size distribution measurements

The size distribution of ELIPs in 0.5% BSA was meas-

ured using two instruments: a Multisizer 3 fitted with a

20-lm aperture tube (Beckman-Coulter, Miami, FL) and a

Zetasizer Nano ZS (Malvern, Worcestershire, UK). The

Multisizer 3 measures changes in electrical impedance to

count particles with equivalent spherical diameters between

2% and 40% of the intake aperture. The Zetasizer employs

dynamic light scattering to determine the size distribution of

particles and was used to measure the size distribution of

ELIP below 0.46 lm in diameter. Due to the size resolution

limitations of the Multisizer 3, the two distributions were

concatenated at 450 nm to determine the entire ELIP size

distribution. Both techniques have been used previously to

size liposomes and ultrasound contrast agents.19,29–36

Transmission electron micrograph (TEM) images of

ELIPs were acquired for comparison. ELIPs were reconsti-

tuted in water at a concentration of 1 mg/ml and negatively

stained using 1% uranyl acetate on 300 mesh formvar carbon

grids (EMS, Hatfield, PA). Negative-stained ELIP samples

were imaged at 60 kV with a Gatan Bioscan 792 CCD cam-

era (Pleasanton, CA) on a JEOL 1200 transmission electron

microscope (Tokyo, Japan).

C. Transducer characterization

Calibration and mapping of the acoustic field was con-

ducted in a 36 in.� 24 in.� 20 in. acrylic tank filled with 0.2-

lm filtered, deionized water with a dissolved oxygen concen-

tration of 3.0 6 0.5 mg/L. All pressure measurements were

made with a 0.2-mm PVDF needle hydrophone (Precision

Acoustics, Ltd., Dorchester, UK). A motorized three-axis or-

thogonal translation system (Velmex NF90 Series, Velmex,

Inc., Bloomfield, NY) was used to step the hydrophone

throughout the acoustic field. The calibration system was

automated and controlled using MATLAB software (Mathworks,

Natick, MA). The hydrophone signal was acquired using a

digital oscilloscope (WaveRunner-2 LT572, LeCroy, Chestnut

Ridge, NY) and transferred to a PC for analysis using MATLAB.

D. Experimental setup

A diagram of the experimental setup is provided in Fig. 1.

Broadband attenuation and backscatter measurements were
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conducted in a 17 in.� 9 in.� 9 in. acrylic tank filled with 0.2-

lm filtered, deionized water at room temperature (22 6 1 �C)

with a dissolved oxygen concentration of 3.0 6 0.5 mg/L. A

custom-built sample chamber was constructed from a 0.6-cm

thick circular PVC disk with an outer diameter of 7.5 cm. A cir-

cular 4.5-cm hole was bored into the center of the disk and three

ports were drilled into the side of the disk, each separated by

approximately 120�, for filling and draining the sample cham-

ber. The front and back of the sample chamber were covered

with latex (Durex, Norcross, GA) with a thickness of less than

0.2 mm. The acoustic impedance of latex is similar to water,

resulting in a reflection coefficient less than 0.2. A precision-

ground, stainless steel plate (1 in. 6 0.002 in. thick, type 316,

McMaster-Carr ETC) was placed directly behind the sample

chamber as an acoustic reflector for attenuation measurements.

The sample chamber was centered at the focus of the trans-

ducer, or the Rayleigh distance (position of peak pressure am-

plitude) for unfocused transducers.

An ultrasound pulser-receiver (UTA-3, Aerotech Labo-

ratories, Pittsburgh, PA) was used to generate the excitation

pulse and amplify the received ultrasound signal. The input

voltage to the transducer was controlled with an in-line 50-

Ohm attenuator (SA-50, Texscan, Indianapolis, IN). A cus-

tom-built transmit/receive switch was used to separate the

transmitted signals from the received signals. The received

signals were amplified and time-gated with the UTA-3, digi-

tized (8 bits, 100 MHz sampling rate) using an oscilloscope

(WaveRunner-2 LT572, LeCroy, Chestnut Ridge, NY), and

transferred to a PC for analysis with MATLAB. For each

attenuation and backscatter measurement 1000 waveforms

were acquired, the power spectrum was computed for each

waveform, and the 1000 power spectra were averaged. Ref-

erence measurements (i.e., reflections from the stainless steel

plate) were also acquired before adding the polystyrene

spheres or ELIPs to the solution.

Five single-element transducers were used for this study

in order to characterize ELIPs across a range of frequencies

from 3 to 30 MHz: two unfocused transducers for attenua-

tion measurements and three focused transducers for back-

scatter measurements (Olympus-NDT, Waltham, MA).

Unfocused transducers provided better bandwidth for attenu-

ation measurements but poor signal-to-noise for backscatter

measurements compared with focused transducers. The char-

acteristics of each transducer are listed in Table I. The input

pulse to each transducer was a negative voltage spike less

than 20 ns in duration with a pulse repetition frequency of

350 Hz, thus a broadband method could be used to measure

the attenuation or backscatter coefficients simultaneously

over a range of frequencies. The usable bandwidth of each

transducer was determined by the frequency range where

the signal-to-noise ratio was greater than 6 dB, where the

noise level was measured without scatterers present. The

peak-to-peak pressure for all measurements was 33 kPa,

which was the lowest pressure that could be used to obtain a

signal-to-noise ratio greater than 6 dB for all transducers

while avoiding acoustically driven diffusion and rapid

framentation.37–39 Examples of the transmitted signal from

the focused 15-MHz transducer and received signal from

ELIP backscatter are shown in Fig. 2.

E. Data analysis

In order to determine the frequency-dependent attenua-

tion coefficient, 1000 echoes returning from the stainless

steel plate were acquired with and without polystyrene

spheres or ELIPs in the sample holder and power spectra

were computed for each acquired pulse. The attenuation

coefficient in decibels per unit length, adB(f), was calculated

as a function of frequency, f, using the following equation:

adBðf Þ ¼
10 log10

jSrðf Þjh i
jSsðf Þjh i

� �
x

; (1)

where h|Ss(f)|i and h|Sr(f)|i are the average power spectrum

with and without scatterers, respectively, and x is the acous-

tic path length within the sample.40 To determine the fre-

quency-dependent backscatter coefficient, 1000 signals were

acquired over a 3.33-ls time-gated region within the sample

chamber and the power spectra were computed for each

FIG. 1. A schematic of the experimental setup. Single-element transducers

were driven with a pulser-receiver and the received echoes were displayed

on an oscilloscope and acquired using MATLAB. A custom-built sample

holder was constructed by boring a 4.5-cm hole into the center of a 0.6-cm

thick circular PVC disk. Three ports were drilled into the side of the disk for

filling and draining the sample chamber using a peristaltic pump. The front

and back of the sample holder were covered with latex sheets.

TABLE I. Transducer characteristics for attenuation and backscatter measurements.

Transducer model number Center frequency (MHz) Aperture diameter (mm) Focal distance (cm) �3 dB beamwidth (mm)

Panametrics V313 (unfocused) 15.0 6 9.0a 2.0

Panametrics V356 (unfocused) 30.0 6 6.0a 3.0

Panametrics V320 (focused) 7.5 13 4.7 1.0

Harisonic I31504P (focused) 15.0 6 3.6 1.0

Harisonic HI-988 (focused) 30.0 6 1.9 0.2

aRayleigh distance for unfocused transducers.
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time-gated signal. The backscatter coefficient, g(f), was com-

puted using the following equation:

gðf Þ ¼
jVsðf Þj2
D E
jVrðf Þj2
D E Xðf Þ

Asðf Þ
; (2)

where h|Vs(f)|
2i is the average power spectrum magnitude of

the time-gated backscattered signal, which was normalized

by the average reference backscattered power spectrum mag-

nitude, h|Vr(f)|
2i, obtained in a separate measurement where

the stainless steel reflector plate was placed at the same dis-

tance as the center of the sample chamber.41 As(f) and X(f)
are attenuation compensation and diffraction correction

factors, respectively, for broadband measurements. The

attenuation compensation factor, As(f), developed by

Sigelmann and Reid18 is given in the following form by

Marsh et al.:41

Asðf Þ ¼ e �4aAðf Þx0ð Þ � e �2aAðf Þlð Þ � e
2aAðf Þlð Þ � e �2aAðf Þlð Þ

4aAðf Þl
; (3)

where aA(f) is the measured amplitude attenuation coefficient

(converted to units of Np/cm), x0 is the distance between the

front surface of the sample and the front of the time-gated

region within the sample, and l is the physical length of the

time-gated region within the sample.41 The transducer dif-

fraction correction factor, X(f), for a spherically focused

transducer is given by Chen et al.:42

Xðf Þ ¼ r2
0

lpa2E1
� e �2=

ffiffiffiffiffiffi
pGp

pð Þ; (4)

where r0 is the focal distance, l is the physical length of the

time-gated region, a is the transducer aperture radius, E1 is

the ratio between the effective and geometrical beam cross-

sections of the transducer (a constant value of 0.46), and Gp is

the pressure gain factor defined as ka2/2r0.
42 The frequency-de-

pendent scattering-to-attenuation ratio, STAR(f), is defined as

STARðf Þ ¼ 10

log 10ð Þ �
4p � gðf Þ
adBðf Þ

; (5)

where adB(f) and g(f) are the attenuation and backscatter

coefficients defined using Eqs. (1) and (2).20,43

F. Experimental and theoretical attenuation and
backscatter of elastic microspheres

The frequency-dependent attenuation and backscatter

coefficients of 50-lm and 100-lm polystyrene microspheres

(4K-50lm and 4K100, Duke Scientific, Palo Alto, CA) were

measured to validate the accuracy of the experimental tech-

niques and diffraction corrections applied to all measure-

ments. The microspheres were diluted in Isoton II solution

(Beckman Coulter, Miami, FL), and the suspension was cir-

culated at a flow rate of 20 ml/min using a peristaltic pump

(Masterflex, Cole-Parmer, Chicago, IL) to prevent the micro-

spheres from settling to the bottom of the sample chamber.

The size distributions were taken to be Gaussian distribu-

tions using the standard deviations provided by the manufac-

turer (1.0% and 1.5% for the 50-lm and 100-lm spheres,

respectively). The number densities of microspheres in each

suspension were measured using a Coulter Counter Z1

(Beckman Coulter, Miami, FL). For theoretical computa-

tions the size distribution was subdivided into 21 equally

spaced bins ranging from diameters of 48.5–51.5 lm and

95–105 lm for the 50-lm and 100-lm spheres, respectively.

The results were compared to theoretical values for the

attenuation and backscatter coefficients of solid elastic

spheres.26,27,44,45 The theoretical attenuation coefficient was

computed based on the work of Faran26 and Hall et al.:27

adBðf Þ ¼
X

m

nðamÞ
2p
k2

Xqmax

q¼0

ð2qþ 1Þ Aq;m

�� ��2 !
; (6)

where m indexes bins corresponding to microspheres of

radius am, n(am) is the number density of microspheres of

radius am, and k is the wavenumber outside the scatterer cor-

responding to frequency, f. Aq,m is the amplitude of scattered

partial waves defined by Hay and Schaafsma,45 q indexes

FIG. 2. (A) Time-domain signal transmitted by the focused Harisonic 15-

MHz transducer and acquired using a 0.2-mm PVDF needle hydrophone.

(B) An example of the time-domain backscatter signals received with a

focused Harisonic 15-MHz transducer at a peak pressure of 33 kPa. The ech-

oes from the latex membranes at the front and back of the sample chamber

are shown and scattering from ELIP is evident inside the sample chamber.

The dashed lines highlight the time-gated portion (shaded) of the signal

used to compute the power spectra.
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over the spherical Bessel function order used in computing

Aq,m, and qmax is the highest order spherical Bessel function

used, which was set to 15 because higher orders were found

to be negligible at all frequencies.

The theoretical backscatter coefficient, g(f), is defined as

gðf Þ ¼
X

m

nðamÞ
drm

dX

����
X¼180�

; (7)

where n(am) is the number density defined in Eq. (6) and

drm=dXjX¼180� is the differential backscatter cross section

for a microsphere of radius am.27 The differential backscatter

cross section is defined as

drm

dX

����
X¼180�

¼ ðr2
scatÞ

Iscatðr; h ¼ 180�Þ
Iinc

; (8)

where rscat is the distance from the scatterer to the observa-

tion point, Iscat is the intensity measured at the observation

point, which is assumed to be far from the scatterer location

and 180� from the direction of insonation, and Iinc is the

insonation intensity.46 Far from the scatterer (krscat� 1) the

scattered intensity can be written as

Iscat ¼ am
Iinc

2rscatð Þ2
f1j j2; (9)

where am and rscat are defined in Eqs. (7) and (8), respec-

tively, and f1 is the backscatter form factor given by Hay

and Mercer:47

f1 ¼ �
2

kam

Xqmax

q¼0

ð2qþ 1Þð�1ÞqiAq;m; (10)

where Aq,m is defined in Eq. (6). Combining Eqs. (7)–(10),

the backscatter coefficient, g(f), can be computed from the

expression:

gðf Þ¼
X

m

nðamÞ �
�i

k

Xqmax

q¼0

ð2qþ1Þð�1ÞqAq;m

�����
�����
2

0
@

1
A (11)

with the variables defined in Eq. (6). The densities inside

and outside the scatterer were set to 1.055 and 1.000 g/mL,

respectively, and the compressional velocities inside and

outside the scatterer were 2380 and 1490 m/s, respectively,

obtained from the literature.27 A shear velocity of 1120 m/s

(Poisson ratio of 0.3578) provided the best agreement with

the experimental results and is within the range of previously

published values.45,48,49 Attenuative losses within each poly-

styrene scatterer were ignored.

G. Theoretical attenuation and backscatter
coefficients of encapsulated bubbles

A computational model was implemented in MATLAB

to determine the theoretical attenuation and backscatter

coefficients of ELIP for comparison to the experimental

measurements. The theory is based on Church’s model for

encapsulated bubble dynamics, which gives the scattering

cross section, rs, and damping terms as a function of the

bubble size, shell, gas and surrounding liquid parameters.50

Using the scattering cross section from Church’s model, the

theoretical attenuation coefficient can be determined, as

given by Goertz et al.:51

atðf Þ ¼
10

logð10Þ
X

r

nðrÞrsðr; f Þ
dtotðr; f Þ
dradðr; f Þ

; (12)

where n(r) is the number density of bubbles of radius r,51

and rs, dtot, and drad are the scattering cross section, total

damping, and acoustic radiation damping terms, respec-

tively, computed using Church’s model. The theoretical

backscatter coefficient, gt(f), is given by Marsh et al.:41

gtðf Þ ¼

X
r

nðrÞrsðr; f Þ

4p
; (13)

where n(r) and rs are defined in Eq. (12).41 The size distribu-

tion was divided into 2400 bins with each bin spaced 1.4 nm

apart. The number density of the ELIPs was on the order of

106 in each bin below a diameter of 70 nm and on the order

of 103 in each bin under 1.12 lm. The unknown variables in

the theoretical model were the size distribution of ELIP bub-

bles, the shell shear modulus, and the shell shear viscosity.

The ELIP size distribution was measured experimentally and

the unknown shell parameters were estimated by fitting the

theory to the measured attenuation and backscatter coeffi-

cients. A least-squares minimization fit was used to deter-

mine the shell parameter values and the ratio of encapsulated

gas volume relative to the liposome volume, which was

assumed to be constant for all ELIPs regardless of size.

ELIPs were assumed to be spherical and encapsulate a single

spherical gas bubble surrounded by a monolayer shell of

thickness 1.5 nm.52

III. RESULTS

A. ELIP size distribution

The size distribution of ELIP vesicles is shown in

Fig. 3, plotted by number density and percent by volume,

assuming ELIPs are spherical in shape. ELIPs have a poly-

disperse distribution and range from 40 nm to 6 lm in diam-

eter. The largest number density was observed at a diameter

of 65 nm. At a concentration of 0.05 mg/ml, the total number

density was 6.37� 108 liposomes/ml.

B. Attenuation and backscatter coefficients of elastic
microspheres

The frequency-dependent attenuation and backscatter

coefficients of polystyrene microspheres are shown in Figs.

4 and 5, respectively. The theoretical coefficients are also

plotted for comparison. The correlation coefficient between

experiment and theory was 0.98 for the attenuation coeffi-

cients and 0.87 for the backscatter coefficients, thus there

was very good agreement between the experimental and the-

oretical values for each elastic spheres measurement.
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C. Attenuation and backscatter coefficients of ELIPs

The frequency-dependent attenuation and backscatter

coefficients of ELIPs are shown in Figs. 6 and 7, respectively.

Theoretical values from the computational model are also

plotted for comparison. In addition, the experimental and the-

oretical scattering-to-attenuation ratios are shown in Fig. 8.

The best fit between theoretical and experimental values was

achieved by assuming a shell thickness of 1.5 nm,52 a shell

shear modulus of 125 MPa, a shell shear viscosity of 0.3 Pa s,

and that the gas bubble occupies 18% of the ELIP volume.

Using these parameters the peak attenuation and backscatter

coefficients occurred at 13 MHz but decreased by only 3 dB

between 7 and 30 MHz. Also, these parameters resulted in

STAR values ranging from 14 to 17% between 5 and 25

MHz, compared with measured STAR values of 8%–22%.

IV. DISCUSSION

The frequency-dependent attenuation and backscatter

coefficients of echogenic liposomes have been determined

and elucidate that ELIPs can be used across a broad range of

frequencies for imaging. The broadband pulse-echo experi-

mental technique was validated by measuring the coeffi-

cients for polystyrene microspheres and comparing them to

theoretical values.27,41 In our study there was very good

agreement between the experimental and theoretical values

below 20 MHz, and the measurement uncertainties were

comparable to previously published studies.27,45,53 The

divergence of the theory from experimental values above 20

MHz is likely due to attenuative losses within each polysty-

rene microsphere, which were ignored in the theoretical

treatment.26,27 These results confirm the validity of the

broadband pulse-echo experimental techniques used to mea-

sure attenuation and backscatter in this study.

The frequency-dependent attenuation and backscatter

coefficients of ELIPs have not been measured previously

using a broadband approach. However, other ultrasound con-

trast agents have been characterized acoustically using this

approach. The resonance frequencies of Albunex, Definity,

Levovist, Sonazoid, and polymer-encapsulated air bubbles

were observed at frequencies between 2 and 10 MHz, as

FIG. 3. The size distribution of ELIP vesicles (A) by number and (B) by

volume (assuming spherical vesicles), determined by concatenating results

from a Malvern Zetasizer Nano ZS and a Coulter Multisizer 3. The inset

plot in (A) highlights the peak at 65 nm. FIG. 4. The frequency-dependent attenuation coefficient of polystyrene

microspheres compared with theory using three single-element broadband

transducers at a peak output pressure of 33 kPa. (A) A 15-MHz unfocused

transducer with 100-lm polystyrene microspheres (number density of

3040 6 805 microspheres/ml) and (B) a 30-MHz unfocused transducer with

100-lm polystyrene microspheres (number density of 2636 6 236 micro-

spheres/ml). Representative error bars shown on some of the experimental

data represent mean 6 standard deviation of the measured attenuation coeffi-

cients for three measurements. Error bars on the theoretical values represent

the uncertainty of the theory due to the standard deviation of the micro-

sphere number density measurements.
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predicted for most encapsulated bubbles larger than 1 lm in

diameter.20,51,54–56 However, the results of this study indi-

cate the ELIP scatter efficiently across a broad range of fre-

quencies due to the polydisperse size distribution.

Many ultrasound contrast agents, including Definity,

Sonazoid, and Sonovue, have relatively monodisperse bub-

ble populations above 1 lm in diameter.51,55,57 However, the

size distribution of ELIPs is much more polydisperse, rang-

ing from 40 nm to 6 lm in diameter. As a result of the poly-

disperse bubble population, the STAR, attenuation and

backscatter coefficients do not change significantly (less

than 3 dB) between 7 and 25 MHz. This suggests that ELIP

may be used for applications across a broad range of fre-

quencies, including intravascular ultrasound (20 MHz or

higher) and also diagnostic imaging.

The measured scattering-to-attenuation ratio varied

from 8% to 22%, which is within the range of other UCAs

studied previously, including Levovist (2%–12%) and Albu-

nex (5%–60%).20,43 The shear elastic moduli of Definity,

Albunex, and Sonazoid have been found to be 190, 89, and

52 MPa, respectively, while the shell shear viscosities were

FIG. 5. The frequency-dependent backscatter coefficient of polystyrene

microspheres compared with theory using three single-element broadband

transducers at a peak output pressure of 33 kPa. (A) A 7.5-MHz focused

transducer with 100-lm polystyrene microspheres (number density of

4840 6 457 microspheres/ml), (B) a 15-MHz focused transducer with 100-

lm polystyrene microspheres (number density of 3948 6 556 microspheres/

ml), and (C) a 30-MHz focused transducer with 50-lm polystyrene micro-

spheres (number density of 16 600 6 815 microspheres/ml). Representative

error bars shown on some of the experimental data represent

mean 6 standard deviation of the measured backscatter coefficients for three

measurements. Error bars on the theoretical values represent the uncertainty

of the theory due to the standard deviation of five microsphere number den-

sity measurements.

FIG. 6. The measured frequency-dependent attenuation coefficient of ELIP

and theory, based on a fit to the data, using two single-element broadband

transducers at a peak output pressure of 33 kPa. Error bars represent the

standard deviation of the measured attenuation coefficients for five ELIP

samples.

FIG. 7. The measured frequency-dependent backscatter coefficient of ELIP

and theory, based on a fit to the measured data, using three single-element

broadband transducers at a peak output pressure of 33 kPa. Error bars repre-

sent the standard deviation of the measured backscatter coefficients for five

ELIP samples.
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found to be 0.07, 1.77, and 0.99 Pa s, respectively.50,51,54,55

Thus, the shear elastic modulus and shell shear viscosity of

ELIP determined in this study, 125 MPa and 0.30 Pa s,

respectively, are within the range of other contrast agents.

A limitation of the computational model used in this

study was the inability to directly measure the bubble sizes

within ELIP. Instead, the bubble sizes were indirectly

assumed to be 18% of the liposome volume (which was

measured directly). This value resulted in the best fit

between experimental results and theory, and is within the

range of 10%–33% that has previously been reported.23,58 A

transmission electron micrograph (TEM) image of ELIPs is

shown in Fig. 9. ELIPs with a bilayer shell can be identified

and individual bubbles encapsulated by a monolayer shell

are visible. Although some broad assumptions were made,

the results of this study suggest that the computational model

is useful for estimating the shell properties of ELIPs by using

the attenuation and backscatter coefficients measured

experimentally.

Several ultrasound contrast agents, including Definity,

Sonazoid, Optison, and Sonovue, have been used to nucleate

cavitation.59–62 Cavitation has been associated with

enhanced thrombolysis, sonoporation, drug release, and drug

delivery across the blood-brain barrier.63–66 ELIPs have also

been investigated as a cavitation nucleation agent in addition

to their role as a diagnostic ultrasound contrast agents.67,68

Although nonlinear bubble oscillations were not examined

in this study, the results indicate that ELIPs may be able to

nucleate cavitation across a broad range of frequencies due

to their broad size distribution. Thus drug-loaded ELIPs may

be effective in various therapeutic applications, including

ultrasound-enhanced thrombolysis and ultrasound-mediated

drug delivery.69–72

V. CONCLUSIONS

The frequency-dependent attenuation and backscatter

coefficients of ELIPs have been measured. The results of

this study suggest that ELIPs can be used for applications

across a broad range of frequencies including intravascular

and diagnostic ultrasound imaging. These results will aid in

choosing appropriate acoustic parameters for future ELIP

imaging applications.
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