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Ultrasound contrast agents (UCAs) are designed to be used below 10 MHz, but interest is growing
in studying the response of agents to high-frequency ultrasound. In this study, the subharmonic
response of polymer-shelled UCAs with a mean diameter of 1.1 wum excited with 40-MHz
tone-bursts of 1-20 cycles was analyzed. UCAs were diluted in water and streamed through a flow
phantom that permitted single-bubble backscatter events to be acquired at peak-negative pressures
from 0.75 to 5.0 MPa. At each exposure condition, 1000 single-bubble-backscatter events were
digitized. Subharmonic content at 20 MHz was screened using a conventional and a
singular-value-decomposition (SVD) method. The conventional method evaluated each event
spectrum individually while the SVD method treated the 1000-event data set at one time. A
subharmonic score (SHS) indicative of how much subharmonic content a 1000-event data set
contained was computed for both methods. Empirical-simulation results indicated that SHSs
obtained from the two methods were linearly related. Also, experimental data with both methods
indicated that subharmonic likelihood increased with pulse duration and peaked near 2 MPa. The
SVD method also yielded quantitative information about subharmonic events not available with the

conventional method. © 2009 Acoustical Society of America. [DOI: 10.1121/1.3117384]

PACS number(s): 43.80.Vj, 43.80.Qf, 43.25.Yw, 43.60.Cg [FD]

I. INTRODUCTION

Conventional ultrasound contrast agents (UCAs) are de-
signed for clinical use at frequencies below 10 MHz. Typical
UCAs usually have a mean diameter of 2—4 um where a
larger bubble typically has a lower resonance frequency.I
Only recently, UCAs specifically designed for high-
frequency ultrasound (HFU) (>20 MHz) have started to be-
come available. For example, VisualSonics (Toronto ON,
Canada) now has three types of commercially-available
UCAs called MicroMarker™, and studies are being con-
ducted to investigate angiogenesis in animal models of
cancers.”® Nevertheless, many existing and experimental
UCAs originally designed for conventional frequencies are
currently under investigation for use with HFU. Interest is
growing in this field because high-frequency UCAs can be
valuable for clinical and pre-clinical studies where HFU is
routinely used. For example, high-frequency UCAs could al-
low evaluating microcirculation for ophthalmic disease
diagnosis.4 UCAs could also be used in small-animal imag-
ing applications to evaluate the normal and abnormal cardio-
vascular development of genetically-engineered mouse
embryos.5

The earliest HFU studies of UCAs were conducted using
broad-band excitations,**” but the results typically showed
backscatter centered at the transducer center frequency and
no significant harmonic content was detected. The lack of
harmonic content makes clinical use of UCAs with HFU
limited because conventional non-linear imaging methods
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cannot be used to separate UCA echoes from tissue echoes.
More recently, Goertz et al.®® reported generation of har-
monic and subharmonic backscatter components for Defin-
ity® (Bristol-Myers Squibb, New York, NY) when excited
with narrow-band HFU signals. Specifically, Definity® was
excited with a tone-burst consisting of 4—10 cycles at either
20 or 30 MHz. The observation of harmonics was unex-
pected because few UCAs in the submicron size range are
expected to exist in a given dose, and, from the theory of free
bubbles, the expectation is that relatively high pressures
would be required to excite a bubble nonlinearly with HFU.
In subsequent studies, Goertz et al.'®" also observed har-
monic backscatter from Optison™ (GE Healthcare, Chalfont
St. Giles, UK) and a Bracco agent (Princeton, NJ), although
at a much weaker pressure level than observed with Defin-
ity®. Theoretical work by Allen et al."? suggested that shell
waves may contribute to high-frequency backscatter compo-
nents in lipid-shelled UCAs. The apparent unexpected strong
harmonic backscatter produced by Definity® and the lack of
similar observations for other agents point to the need to
better understand UCA response to HFU excitation. In par-
ticular, the physical origin of the subharmonic emissions is
still unclear and, more importantly, the optimal excitation
conditions to generate them are therefore difficult to deter-
mine.

More recently, subharmonic responses of Definity®
were used for intravascular ultrasound (IVUS) imaging."
The results of this study indicated that because subharmonic
signals can originate only from UCAs, subharmonic contrast
IVUS has potential as a new method for vasa vasorum im-
aging. The same property was also exploited in a pulse-wave
Doppler study using UCAs and HFU" to suppress tissue
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echo signals by appropriate band-pass filtering in the subhar-
monic band of the UCA response. Such filtering was shown
to allow higher frame rates and better sensitivity to mi-
crovascular flow.

In a previous study,15 we reported experimental and the-
oretical results for three types of polymer-shelled UCAs
[POINT Biomedical (POINT Biomedical is no longer in op-
eration), San Carlos, CA] with mean diameters of 0.56, 1.1,
and 3.4 ,um.m’17 UCAs were excited with tone-bursts from
1 to 20 cycles using a 40-MHz, spherically-focused trans-
ducer. Results showed that subharmonic responses could be
observed for the three types of UCAs.

In the present study, we investigate new methods and
report new results for the polymer-shelled UCAs having a
mean diameter of 1.1 um. The UCAs were excited with
tone-bursts from 1 to 20 cycles using the same 40-MHz,
spherically-focused transducer, and peak-rarefactional pres-
sure was varied from 0.7 to 5 MPa. A new experimental sys-
tem was developed to allow acquiring backscatter signals
from a single UCA under controlled conditions. Single-
bubble-backscatter signals were examined for subharmonic
content with two different methods. The first, or conven-
tional, method consisted of screening the spectrum of the
backscattered signals for energy near 20 MHz, and the sec-
ond, or singular-value-decomposition (SVD), method used
advanced statistical methods.

The rationale for SVD is that under the same experimen-
tal conditions (i.e., UCA, peak-rarefactional pressure, excita-
tion duration, etc.) single-bubble events can be interpreted as
the realizations of a random process (i.e., bubble oscillations
under the same exposure conditions). Therefore, this study
proposes implementing SVD to analyze and classify the sub-
harmonic response of UCAs in a statistically optimal
fashion.'®° We investigated whether SVD could serve as a
valuable tool for understanding bubble dynamics because of
its ability to decompose bubble events into an optimal ortho-
normal base of eigenvectors. The decomposition of UCA
echoes onto this SVD-derived base is statistically optimal in
the sense that the greatest variance by any projection of the
data comes to lie on the first eigenvector, the second greatest
variance on the second eigenvector, and so on. The rationale
will be to examine the first few eigenvectors for their spectral
content and we anticipate that the first eigenvector will cor-
respond to the linear, or normal, response of the bubble. The
remaining eigenvectors will be analyzed for the presence of
strong spectral content at 20 MHz. We expect SVD process-
ing to be very robust because it will be applied to data sets
composed of 1000 events (i.e., realizations). In particular,
unwanted data (e.g., adjacent bubbles, moving bubble, exci-
tation failures, etc.) can be easily discarded because these
events, unlike the valid events, will have very low energy in
the first (and most significant) eigenvector.

The aim of this study was to validate the SVD method as
a tool to detect and characterize subharmonic emissions from
HFU excitation of UCAs. While the proposed SVD method
could be applied at any frequency and for the detection of
higher-order harmonics, we are interested in HFU because of
the fine-scale image resolution that HFU provides and in
subharmonics because tissue generates significant levels of
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FIG. 1. Flow phantom schematic. The input port had a 200-um ID and the
output port had a 3-mm ID. A tubing pump controlled the flow in and out of
the phantom. The input channel was cut at an angle to facilitate alignment of
the transducer focal zone with the opening.

high-order harmonics which makes it difficult to distinguish
between UCA and tissue harmonics. Subharmonics are not
generated in tissue and, therefore, any subharmonic emis-
sions are related to the nonlinear oscillations of UCAs.

Il. MATERIAL AND METHODS
A. Contrast agents

The UCAs used in this study were nitrogen-filled,
polycaprolactone-shelled agents with a mean diameter of
1.1 wm (POINT Biomedical, model No. 1466). These agents
were termed P2 in the previous study.15 The UCAs were
received in a dry form, and a small amount of agent was
reconstituted in water for each experiment. Therefore, the
gas content of the agents diffused into air over time because
the agents were not stored with a nitrogen head after the vial
was opened. Experiments were performed by mixing a small
amount of agent into 100 ml of deionized, filtered water. The
mass of the agents utilized for each experiment was not
quantified, but was chosen to provide a consistent rate of
single-agent-backscatter events. The water had been briefly
degassed by gently stirring 1 1 under vacuum for 1 min. The
1-1 solution was then returned to atmospheric pressure for at
least 12 h. The purpose was not to achieve partial saturation,
but to ensure normal 100% gas saturation without the
buildup of bubbles on surfaces that typically occurs when
water is poured into a container. During experiments, the
water was stirred with a magnetic stirring bar to ensure mix-
ing and to reduce the likelihood of the agents sorting them-
selves by size over time due to buoyancy effects.

B. Flow system

Contrast agents were passed through a flow system and
injected into the focal zone of the transducer. The intent of
the system was to excite the contrast agents under uncon-
strained conditions in open fluid. The flow system consisted
of a dual-channel tubing pump (REGLO Digital MS-2/8,
Ismatec, Glattbrugg, Switzerland) and a flow phantom
(Fig. 1). The flow phantom measured 55X 77 X 38 mm?® and
had an input and output channel separated by 5 mm. The
tubing pump was used with 2.06-mm inner diameter (ID)
tubing (CP-95608-42, Cole-Parmer, Vernon Hills, IL) in a
push-pull configuration, and the flow volume was set to the
minimum value of 0.328 ml/min. One line of the pump drew
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the diluted mixture of contrast agent from a 100-mL reser-
voir and injected agents into the flow phantom through a
3-cm-long, 200-um ID channel (Masterflex Tygon EW-
95609-10, Cole-Parmer). The input channel was cut at an
angle to provide a specular surface that could be aligned with
the transducer focal zone. The flow velocity within the
200-um channel was 174 mm/s (assuming plug flow), but
the actual flow velocity after injection into the bulk fluid
would be lower. A second line of the pump drew liquid out of
the phantom into a waste reservoir.

C. Exposure conditions

The contrast agents were exposed to 40-MHz tone-
bursts of 1, 3, 5-10, 15, and 20 cycles. Experiments were
conducted with a 40-MHz transducer (PI 50-2 Panametrics,
Waltham, MA) having a focal length of 12 mm and an aper-
ture of 6 mm. The depth-of-field (~1 mm) and lateral beam-
width (~70 um) were measured by scanning a
12-um-diameter tungsten wire using a pulser/receiver (Pana-
metrics 5900, Olympus NDT, Waltham, MA). The transducer
was excited by the output of a power amplifier (1040L ENI,
Rochester, NY) driven by an arbitrary-waveform generator
(Tabor 1281, Tel Hanan, Israel). The transducer was used for
pulse and receive measurements by employing a custom
transmit/receive transmit having an inline crossed-diode pair
(IN4148, Fairchild Semiconductor Corp., South Portland,
ME) between the power amplifier and transducer, and a
crossed-diode pair to ground between the receive amplifier
and transducer.”’ The receive echo was digitized at 500 MHz
with an 8-bit peripheral component interconnect (PCI)-based
digitizer (DP110, Acgiris, Monroe, NY) after undergoing
46 dB of amplification (AU-1313, Miteq, Hauppauge, NY).
The transducer was calibrated for the various exposure set-
tings using a 40-um hydrophone (HPMO04/1, Precision
Acoustics Ltd., Dorset, UK). The transducer was mounted to
a motorized positioning system in order to align the trans-
ducer with the 200-um flow channel accurately. After align-
ment, the transducer was displaced downstream by 1 mm.

While the -6-dB depth-of-field of the transducer
(1 mm) was much larger than the 200-um injection channel,
the —6-dB lateral beamwidth of the transducer (70 wm) was
smaller than the injection channel. Thus, the axial location of
the agent may not necessarily coincide with the peak pres-
sure of the sound field. However, this uncertainty exists for
any experiment that uses tightly focused transducers or ex-
periments that wait for a random UCA to pass through the
transducer focal zone. We have reduced this uncertainty by
carefully injecting UCAs into the transducer focal zone and
increasing the acquisition rate of single-agent backscatter
events. We also acquired large sets of data for each exposure
condition in order to assist in identifying statistical trends.

D. Data acquisition

The data-acquisition system was controlled using a cus-
tom software package (LabVIEW, National Instruments, Aus-
tin, TX) and was configured to screen consecutively acquired
M-mode data sets for valid backscatter events. Once the
transducer was aligned with the 200-um input channel and
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FIG. 2. (Color online) M-mode image of a valid event. The image contains
20 A-lines acquired with a PRF of 4 kHz. In this example, the excitation
toneburst was a 20-cycle pulse with a peak-rarefactional pressure of
2.1 MPa. A-lines 8—14 contain echoes from the same agent. The valid event
is symbolized by the dashed line. The solid lines symbolize the 400-rf points
centered at the focus of the transducer.

moved downstream, M-mode data sets of 20 lines with 1000
points/line were acquired at a pulse-repetition frequency
(PRF) of 4 kHz and a sampling rate of 500 MHz. The center
of the data window was placed at the focal length of the
transducer. Figure 2 displays a typical 20-line M-mode data
set containing a valid event. With this data-acquisition ap-
proach, each UCA was exposed to about six to eight pulses
(eight pulses in case of Fig. 7). Multiple exposures per agent
guaranteed capturing a backscatter event as the UCA moved
through a local maximum pressure whereas a single back-
scatter event per agent could represent any of the eight lines
in Fig. 7. However, even with multiple exposures per agent,
we had no guarantee that the agent had passed directly
through the peak pressure at the geometric focus.

The M-mode data were initially scanned in real time to
determine whether (1) the maximum value of the M-mode
signal was above a noise threshold, (2) the maximum value
was below saturation, and (3) the M-mode line with the
maximum value was not the first or last M-mode line. In the
example of Fig. 2, these conditions are all true and the
M-mode with the maximum value (dashed line) was the 11th
M-mode line. If conditions (1)-(3) were true, then the line
with the maximum value was correlated with an ideal exci-
tation waveform (i.e., number of 40-MHz cycles convolved
with the transducer impulse response). If a single correlation
peak occurred and that peak was within =200 points (solid
lines in Fig. 2) of the data window center (i.e., the geometric
focus), then the processed M-mode line was logged, along
with a time stamp, as a valid single-agent backscatter event.
This screening process was repeated until 1000 valid back-
scatter events were acquired for an individual data run. A
typical data run would yield valid events for roughly
10-20% of all M-mode acquisitions.

Experiments were performed by selecting a set of drive
voltages and excitations; then all aspects of data collection
and processing were automated. In order to optimize the
voltage range of the digitizer as the drive voltages were in-
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cremented during experiments, the peak values of all
M-modes above the noise threshold were logged along with
a running tally of the total number of acquired M-mode sets.
These parameters were used to determine whether the volt-
age range of the digitizer should be altered. If <0.5% of all
acquired M-modes led to a valid backscatter event, then the
voltage scale of the digitizer was reduced. If >5% of the
cases with a peak above the noise threshold were saturated,
then the voltage range was increased. If >95% of the cases
with a peak above the noise threshold used only 7 of the
available 8 bits, then the voltage range was decreased. Each
time a voltage range was changed by the software, the data
collection was re-initiated starting at a zero count. In addi-
tion, as the voltage range changed, the noise threshold was
appropriately scaled to maintain a constant voltage threshold
rather than a constant binary threshold.

E. Conventional and SVD subharmonic detection

In this study, two methods were investigated for detect-
ing subharmonic events. The first method, the conventional
method, decides whether each event (of a 1000-event data
set) was a valid subharmonic event independent of the other
events. The second method, the SVD method, does not indi-
vidually select subharmonic events but processes the 1000-
event data set at one time. Both subharmonic detection meth-
ods are described below.

1. Conventional method

Data sets were post-processed to screen for subharmonic
components in the backscatter. In the conventional subhar-
monic detection method, the data lines were correlated with
an ideal excitation waveform (S) in order to window only the
backscatter component of the data. The correlation scores
were recorded, and events having a correlation that was be-
low the average correlation minus one standard deviation
were discarded as outliers. This screening procedure usually
led to the discard of about 10% of the events. The windowed
backscatter event was then passed through a Hamming win-
dow, zero padded to 2048 points, and a power spectrum was
calculated. Finally, three qualitative comparisons were em-
ployed to determine whether the spectrum contained a sub-
harmonic component (Fig. 3).

(1) The 40-MHz sub-band of the backscatter event and S
were normalized to =1, and the mean-square error
(MSE) between the two curves was calculated. If the
MSE was <0.1, then the fit was declared good. This
check provided a simple means to determine if the dura-
tion of the backscatter event was less than the ideal ex-
citation waveform. A shorter-duration signal would have
resulted in a wider bandwidth and an increase in the
MSE. A shorter-duration backscatter signal could have
resulted from the destruction of the agent during the
acoustic excitation or from an agent that moved out of
the sound field during the exposure.

(2) The 20-MHz sub-band of the backscatter event was fit-
ted to a second-order polynomial after normalizing the
sub-band to *£1. If the MSE was <0.1, then the fit was
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FIG. 3. (Color online) Criteria to determine if a subharmonic was present.
(1) 40-MHz sub-band was a good fit to sub-band of S, (2) 20-MHz sub-band
was a good fit to a second-order polynomial, and (3) 20-MHz backscatter
value was >25 dB of S peak after the 40-MHz components were normal-
ized. The example shows a 10-cycle reference spectrum (solid) compared to
a valid backscatter event (dashed).

declared good. This check ensured that the 20-MHz band
had structure consistent with a subharmonic signal.

(3) The difference in decibels between the 20-MHz peaks of
S and the backscatter power spectrum was calculated
after normalizing the 40-MHz components of the two
signals to the same value. If the difference between the
20-MHz components was >25 dB, then the backscatter
spectrum was declared to contain a subharmonic compo-
nent. This check ensured that a significant 20-MHz com-
ponent existed in the backscatter signal.

The screening method that we employed led to some
false-positives and false-negatives, but it provided a consis-
tent and uniform approach to screening acquired data. Visual
inspection of some test cases showed that this approach was
fairly robust at identifying subharmonic events.

2. SVD method

The SVD detection approach is fundamentally different
from the conventional method for two reasons. First, each
1000-event data set is processed at one time (i.e., events are
not screened individually). Second, the SVD approach does
not produce a yes/no answer for subharmonic presence for
each individual event whereas the conventional method does.

The outliers of the 1000-event data set were discarded
using the same approach as in the conventional method;
then, a preprocessing step was conducted to synchronize the
remaining events precisely so that their start time was at the
same radio-frequency (rf) point. Synchronization was done
by equaling the phases of the Fourier transforms of all events
at 40 MHz. The synchronization step was necessary because
otherwise the SVD processing would consider the lack of
synchronization as a property of the agent response, which
would be misleading for physical interpretation. Following
the synchronization, the events were divided by their respec-
tive peak-envelope magnitudes. Then, a matrix, M, was con-
structed by filling each column with the rf data of each syn-
chronized, normalized, and gated event. (The events were
gated by correlation with S just as in the conventional
method.) The resulting matrix M had a size m X n, where n
was the number of rf points of each gated event and m
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(<1000) was the number of remaining events after discard-
ing outliers. The SVD of M was then computed:

M=USV, (1)

where U was of size m X m, 2 was of size m X n, and V was
of size n X n. The 1 symbol refers to the matrix-transposition
operation. The matrix 3, was diagonal and its non-zero ele-
ments are termed “singular values;” the singular values are
real and positive. While it is not directly implied by the SVD
definition of Eq. (1), singular values are assumed to be or-
dered by decreasing order in % (i.e., the top-left element of 2,
is the largest). The matrix V contains the eigenvectors, and U
can be considered to contain the coordinates of the events in
the new basis defined by the eigenvectors divided by their
corresponding singular values. Note that the eigenvectors
corresponding to the largest singular values contain the most
information about the complete data set in a minimum-
variance sense.

Based on these observations, we interested ourselves in
two eigenvectors: the “normal-response” and “subharmonic-
response.” The normal-response eigenvector, V|, can be
physically interpreted as the normal-response of the agent
and it contained the most information about the complete
data set. The subharmonic-response eigenvector is hypoth-
esized to contain the most information about the subhar-
monic events in the data set. To find this eigenvector, the
spectrum of each eigenvector was computed and the first
eigenvector (i.e., corresponding to the largest singular value)
whose spectrum peaked between 19.5 and 20.5 MHz was
selected as the most significant eigenvector to describe the
subharmonic response of the UCAs within this specific data
set. This eigenvector (V;) was termed the “subharmonic-
response eigenvector,” and its index was denoted by [ (I
>1).

3. Subharmonic scores

From each data set of 1000 events and for both subhar-
monic detection methods, a subharmonic score (SHS), in-
dicative of “how much” subharmonic occurrences were
present, was computed. SHS, the SHS computed using the
conventional method, was defined to be the percentage (be-
tween 0 and 100) of events detected as valid subharmonic
events. SHSqyp, the SHS computed using the SVD method,
was defined as the peak amplitude of the spectrum of the
subharmonic-response eigenvector multiplied by the mean of
the absolute value of the scaling coefficient of each event on
the subharmonic-response eigenvector. Visually,

SHSgyp = 3(,)max|[FT{V}|*|U/, 2)

where 2(1,[) is the /th diagonal element of 3, FT is the
Fourier transform operator, the overbar represents the en-
semble mean, and V; and U, are the /th columns of matrices
V and U, respectively. V, is the subharmonic response of the
data set and U, is the coefficient of each event on the sub-
harmonic response. Therefore, from Eq. (2), SHSgyp repre-
sents the mean “energy” of the entire data set in the specific
subharmonic band defined only by the subharmonic re-
sponse. During preprocessing, the events are normalized to
unit amplitude and because V; is part of the orthonormal
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basis deduced by SVD, all the terms in Eq. (2) are unitless
making SHSgyp, unitless. (SHS is also unitless because it is
defined as a percentage.)

F. Empirical simulations

Ideally, the rationale behind the computations of SHS.
and SHSgqyp is to give physical understanding to the more
intricate SVD processing. In particular, the following empiri-
cal simulations should help with the physical interpretation
of the subharmonic- and normal-response eigenvectors. The
conventional method is easier to understand because each
event is classified independent of the others, and the selec-
tion criteria all have physical meaning, whereas in the SVD
method, the entire data set is processed at once and Egs. (1)
and (2) are more difficult to physically interpret. Therefore,
we designed simulations to investigate whether SHS. and
SHSqyp could be linearly related, i.e., the expression
SHCgyp=aSHS+b valid for some constants a and b.

For these simulations, and for each exposure condition
(i.e., time-duration and peak-rarefactional pressure), we built
two libraries of events. One library contained only subhar-
monic events detected by the conventional method and the
other contained no subharmonic events. Then, for each value
of SHS, we built a 1000-event data set by randomly select-
ing events of both libraries to reach the prescribed value for
SHSc. Then, the SVD method was conducted on the simu-
lated 1000-event data set and SHSgyp was computed. For
each prescribed value of SHS, 20 data sets with 1000 events
were simulated to compute mean and standard deviations of
SHSgyp. Afterward, SHSgy values were obtained for SHS
values ranging from 1 to 25 with 0.5 increments, and a least-
squares straight-line fit was computed.

G. Time-durations and subharmonic delay

Several quantities were estimated based on the normal-
response and subharmonic-response eigenvectors. These
quantities were hypothesized to be related to the physical
nature of subharmonic emissions occurring when UCAs are
under HFU insonification. The rationale here was to exploit
the results of the SVD processing and to understand how a
single UCA behaves in a HFU field.

The first two quantities are the time-duration of the nor-
mal (7yg) and subharmonic (7gy) responses. They were esti-
mated using the following equations:

a

MRE 3
MR BNR (40 MHz) ®)

(%

S — 4
B (20 MHz) “)

TSH =
where BYR, (40 MHz) and B, (20 MHz) are the —6-dB
bandwidths of the Fourier transform of the normal-response
(i.e., column vector V;) and subharmonic-response (i.e., col-
umn vector V)) eigenvectors centered at 40 and 20 MHz,
respectively. The constant a was equal to 1.976 and was
found by multiplying the actual known duration of a
Hanning-weighted tone-burst by its —6-dB bandwidth.

J. Mamou and J. A. Ketterling: Subharmonic response of contrast agents



-10 4

-20 =

-30 =

Amp (dB)

-40 <

50 T[T —T—T—T—]
0 10 20 30 40 50 60 70 80 90 100

f (MHz)

FIG. 4. Glass-plate pulse/echo spectrum. The 20-MHz sensitivity is 12 dB
below the peak sensitivity at 40 MHz.

(Based on this estimation method, « is independent of fre-
quency.) We used Egs. (3) and (4) to estimate time-durations
instead of a more straightforward time-domain-based method
because the noise level in the subharmonic-response eigen-
vector always was much greater than the level in the normal-
response eigenvector.

The next quantity estimated was the subharmonic delay,
dgy. The subharmonic delay was meant to quantify whether a
delay existed between the initiation of the subharmonic re-
sponse and the normal response. It was estimated as the dif-
ference between the time stamps at which the envelope of
filtered versions of the subharmonic- and the normal-
response eigenvector envelopes reached 75% of their maxi-
mal value the first time. The filters were pass-band with iden-
tical design except for the pass-band center frequencies of 40
and 20 MHz for the normal and subharmonic responses, re-
spectively. The use of linear filters was necessary because of
the significant noise in the subharmonic-response eigenvec-
tor.

The final quantity estimated was the time-duration dif-
ference, A=ryg— Tgy. It was computed to determine whether
the subharmonic response was shorter or longer than the nor-
mal response. Also, A could be compared to dgy to indicate
whether the time-duration difference could be associated
with a delay in subharmonic response.

lll. RESULTS

A. Transducer characterization

The transmit/receive frequency response of the trans-
ducer for an impulse excitation (Panametrics 5900, Olympus,
Waltham, MA) is shown in Fig. 4. Echo-signal data were
acquired from the surface of a quartz plate positioned normal
to and in the focal plane of the transducer. The peak sensi-
tivity of the transducer was at 40 MHz and the 20-MHz sen-
sitivity was 12 dB lower. The peak negative pressures at the
transducer geometric focus versus drive voltage for a series
of tone-bursts are shown in Fig. 5. The pressure showed an
initial linear increase with drive signal, but it tended to pla-
teau at high drive voltages. As the number of cycles in-
creased from 1 to 5 cycles, the peak pressure increased
slightly for a fixed drive signal. For tone-bursts beyond
5 cycles, the peak pressure remained constant for a fixed
drive signal.
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B. lllustrative results

In this section, the results obtained using the conven-
tional and SVD methods on an illustrative 1000-event data
set are presented. In this illustrative data set, UCAs were
excited with 15-cycle tone-bursts with a peak-rarefactional
pressure of 2.1 MPa. The conventional subharmonic detec-
tion method yielded SHS,-=4.23 (i.e., 4.23%, or 37 out of
874 events; 126 events were discarded as outliers). Figure
6(a) displays the spectra of ten randomly-selected subhar-
monic events detected by the conventional method. For com-
parison, Fig. 6(b) displays the spectra of ten non-
subharmonic events. Comparing these two figures, the
spectra of Fig. 6(a) clearly have significant spectral energy
near 20 MHz while the spectra of Fig. 6(b) clearly do not.
Furthermore, Fig. 6(a) also gives a hint of ultra-harmonic
energy near 60 MHz.

The same data set then was processed using the SVD
method, which yielded SHSqyp=5.95. The subharmonic-
response eigenvector was Vj (i.e., [=6). Figure 6(c) displays
the spectra of the ten events with the largest coefficients on
Ve in absolute value. These events correspond to the ten
greatest elements of |Ug|. Therefore, based on our interpreta-
tion of the SVD-method results, these ten events are the
“most subharmonic.” For comparison, Fig. 6(d) displays the
spectra of the ten events with the smallest coefficients on V;
therefore, these events can be interpreted as being the “least
subharmonic” and correspond to the ten smallest elements of
|Ug|. The spectra shown in Figs. 6(c) and 6(d) share similari-
ties with those shown in Figs. 6(a) and 6(b), but some dif-
ferences also are apparent. The ultra-harmonic energy at
60 MHz, which was arguably hinted at in Fig. 6(a), is clearly
visible in Fig. 6(c). Also, a second-harmonic frequency com-
ponent at 80 MHz is visible. Figure 6(d) shows essentially
the same spectral content as Fig. 6(b); the difference is in the
level of the noise plateau. A simple estimation concluded that
the average signal-to-noise ratio (SNR) of the spectra of Fig.
6(d) was about 9 dB greater than the average SNR of the
spectra of Fig. 6(b). Overall, these small differences start to
illustrate the strength of the SVD method over the conven-
tional method. With the SVD method, we were able to sepa-
rate the “most” and “least” subharmonic events easily. The
conventional method did not provide any means of doing
that accurately.

Figures 6(e) and 6(f) display the normalized time wave-
forms of the most- and least-subharmonic events of the data
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events based on the SVD method.

set based on the results provided by the SVD method. The
subharmonic content of the waveform in Fig. 6(e) is visible
after 0.25 us where the peak positive amplitudes periodi-
cally alternate between about 0.7 and 0.9. The waveform in
Fig. 6(f) does not show the variation in peak amplitudes.
Figure 7 provides a deeper insight into the SVD method
and also further illustrates its strength over the conventional
method. Figures 7(a) and 7(b) display the spectra of the
subharmonic-response eigenvector (i.e., V) and of the
normal-response eigenvector (i.e., V,), respectively. These
figures illustrate how 7gy and 7yg were estimated from Eqgs.
(3) and (4). In this case, the estimation results yielded a
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slightly longer time-duration for the normal response, spe-
cifically, iyg=0.476 us and 7¢;;=0.456 ws (and A=20.1 ns).
These spectra demonstrated that the normal-response fre-
quency content was strongly concentrated near 40 MHz. The
normal-response spectrum also displayed a weak second-
harmonic component centered at 80 MHz with a relative am-
plitude of —32 dB. The spectrum of V4 was more structured
with a strong component near 20 MHz, but with energy in
the harmonics of 20 MHz (i.e., 40, 60, and 80 MHz with
relative amplitudes of -5, —8, and —7 dB, respectively). This
type of spectrum is typical of a finite-duration signal that is
nearly periodic with a period of 50 ns (i.e., 1/20 MHz). In
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addition, the spectra revealed that the SNRs of V| and Vg
were very different. The normal-response SNR was at least
40 dB, whereas a crude SNR estimate for the subharmonic
response would be 28 dB based on the spectra between 90
and 100 MHz.

Figures 7(c) and 7(d) display the time signals of V4 and
V|, respectively. Vi appears noisy but arguably periodic. For
example, the last four negative peaks (first one at 0.28 us)
and the last five positive peaks (first one at 0.25 us) were
evenly spaced by 50 ns from each other. The positive peaks
have almost-equal amplitudes near 0.55 whereas the
negative-peak amplitudes increased from -0.52 to —-1.0
(which explains the spectral components at 40, 60, and
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80 MHz). Figure 7(c) also illustrates why 7g;; was estimated
in the spectral domain and not in the time domain. Figure
7(d) shows a noiseless signal, very similar to what would be
expected in a linear regime from a glass-plate reflection
when the transducer is excited by a 15-cycle tone-burst. The
modest non-linear content of this waveform is visible in the
slightly asymmetric first cycles of the waveform.

Finally, Figs. 7(e) and 7(f) display the histograms of
2.(6,6)Ug and 2(1,1)U,, respectively. The distribution of
2(6,6)Uq was very narrow and centered around 0. The ac-
tual mean value was virtually O (i.e., ==3.5X 107%) and the
standard deviation was 1.18. Furthermore, 88% of the ele-
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fits to the results.

ments were between —1.18 and 1.18. This distribution indi-
cates that most of the bubble events had a small subharmonic
content. An interesting observation was that events can con-
tain either a positive or negative subharmonic component;
this property is physically interesting and is discussed further
in Sec. Il E. The distribution of X(1,1)U; was fundamen-
tally different; its mean value was —1.80 X 103 and its stan-
dard deviation was 150 and all the values had the same sign.
Therefore, each event had a strong component on V; which
was expected because it was the first eigenvector returned by
the SVD processing. Also, eigenvectors have unit norm;
therefore, a coefficient of —1.80X 10° on V| is effectively
340 times greater than a coefficient of —5.3 [i.e., the smallest
values of %(6,6)Uq] in V. This difference corresponded to
the subharmonic component being about 25 dB below the
fundamental component for the most subharmonic events of
the data set. This value was consistent with the spectra in
Fig. 6(c).

Another element of information given by the SVD
method is dgy. For this specific example, dgy=48 ns, sug-
gesting that the subharmonic response initiated itself about
48 ns after the normal response. Interestingly, 48 ns was
about 1 cycle at 20 MHz or 2 cycles at 40 MHz. Also, re-
sults led to A=20.1 ns, suggesting that the subharmonic re-
sponse outlasted the normal response by about 27.9 ns (i.e.,
about 1 cycle at 40 MHz).

C. Empirical-simulation results

In this section, the relationship between SHS. and
SHSgvyp is investigated. The conventional method is fairly
intuitive to understand and SHS. is physically interpretable
as the probability of a subharmonic event under certain ex-
citation conditions. Therefore, using empirical simulations,
we investigated whether SHSqyp and SHS- can be related in
a straightforward fashion.

Figure 8(a) displays the results of the empirical simula-
tions for prescribed SHS - values ranging from 1 to 25 by 0.5
increments. For each duration, the data-point is the mean of
20 simulations and error bars represent standard deviations.
Solid lines symbolize the optimal least-squares fit by a
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straight line to the data, and Table I provides optimal fit
parameters. For all three pulse durations, SHSqy increased
with SHS.. This is a strong indication that SHSgyp, is a re-
liable means of quantifying subharmonic likelihood and con-
tent within a 1000-event data set. Furthermore, the MSEs
quoted in Table I indicate that straight-line fits were able to
track data accurately for the three different pulse durations.

The results obtained for 15- and 20-cycle excitations
were fairly similar: the values for SHSqyp greatly overlap,
and the optimal least-squares-fit parameters were nearly
identical (Table I). These results suggest that for 15- and
20-cycle excitations, SHSqyp could be reliably inverted to
estimate SHS with the same formula. Figure 8(b) displays
the empirical-simulation results and optimal straight-line fit
when simulation results for 15 and 20 cycles were combined.
Again, Fig. 8(b) and the last row of Table I suggest that
SHSgyp can be modeled accurately as an affine function of
SHS . Nevertheless, the MSE value for the 15- and 20-cycle
combined cases was about 30% greater than the MSE value
for each pulse-duration alone.

The 10-cycle results were different than the 15- and
20-cycle results. SHSqyp only increased from about 7 to 13
when SHS was varied from 1 to 25. This slight increase of
6 is about double the average standard deviation. Also, the
slope of the optimal least-squares fit was only 0.250 and
much smaller than that of the 15- and 20-cycle pulse dura-
tions (Table I). These results might suggest that only modest
subharmonic activity exists for 10-cycle excitations.

Overall, the empirical-simulation results allowed us to
conclude that SHSqyp was a valid quantifier of subharmonic

TABLE 1. Straight-line least-squares-fit parameters for empirical simula-
tions. (The numbers in Table I are unitless.)

Duration
cycles Slope Intercept Mean-squared error
10 0.250 6.96 1.67
15 0.767 7.87 2.14
20 0.817 5.73 2.13
15 and 20 0.792 6.80 2.72
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dgy.

activity because its trend was the same as that of SHS.
Furthermore, straight-line fits provided very good fit to the
data for the three pulse durations. However, the results also
indicated that a different formula should be used for a
10-cycle excitation than for 15- and 20-cycle excitations to
predict SHS - based on values obtained from SHSqyp.

D. Pressure threshold

The next step of the study was to determine the optimal
exposure conditions to obtain subharmonic events and
whether both methods provide essentially the same answer.

J. Acoust. Soc. Am., Vol. 125, No. 6, June 2009

Knowledge of these conditions will be critical for in vivo
studies because UCA echoes could be separated from tissue
echoes easily by using a band-pass filter centered in the sub-
harmonic band.

Figures 9(a) and 9(b) display SHS. and SHSgyp as a
function of peak-rarefactional pressure for 10-, 15-, and
20-cycle tone-bursts. Each exposure condition experiment
was repeated 11 times (except 9 times for 3.9 and 5 MPa);
data-points represent means and error bars symbolize stan-
dard deviations. Figure 9(a) indicates that SHS increased
with pulse duration independent of the peak-rarefactional
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pressure. Further, for all pulse durations, the trend of the
curves was the same: SHS was low at low (<1.5 MPa) and
high (>3 MPa) pressures and reached its maximum near
2 MPa. Overall, SHS remained small, with a peak value of
17 for 20-cycle tone-bursts with 1.9 MPa. In particular,
10-cycle tone-bursts produced no mean value of SHS,
greater than 3.5 whereas 15- and 20-cycle tone-bursts pro-
duced no mean value of SHS smaller than 5. Also, 8- and
9-cycle results (not shown) always led to SHS. values
smaller than 1.5. All these results tend to indicate that a
10-cycle pulse duration was the “turn-on” point for signifi-
cant subharmonic generation which is consistent with the
empirical-simulation results (Fig. 8). Finally, Fig. 9(a) illus-
trates the inherent randomness of the results because of the
large standard deviations. The data were collected from the
same vial of contrast agents on four different days over
4 months and results showed the same trends every day. (We
did not report the results obtained between 0.7 and 1.2 MPa
peak-rarefactional pressure because no subharmonic activity
was seen for any exposure conditions.)

The results presented in Fig. 9(b) were very similar to
those of Fig. 9(a). SHSgyp increased with pulse duration at
all pressures, peaked near 2 MPa for all pulse durations, and
large standard deviations were observed. Overall, Figs. 9(a)
and 9(b) add to the argument that the SVD method provides
reliable results because SVD results show the same trends as
the conventional method.

Figures 9(c) and 9(d) display estimates of 7y and 7y as
a function of pressure and pulse duration, respectively. Esti-
mates of 7yg showed no variation as a function of pressure,
but naturally increased with pulse duration and the standard
deviation of the estimates remained small (<8 ns). The situ-
ation was slightly different for the estimates of 7gy. With the
exception of the unreliable estimates at 1.1 MPa (i.e., large
standard deviations) and of the estimates at 2.1 MPa where
SHSqyp reached its maximum, estimates of 7gy indicated a
small trend of increase with peak-rarefactional pressure.
Standard deviations were larger than that of 7yg. Finally,
comparing Figs. 9(c) and 9(d) indicates that overall 7wy
> Tgy, 1.., the normal response lasts longer than the subhar-
monic response.

To quantify this observation more carefully, Fig. 9(e)
displays estimates of A=myg—7gy as a function of pressure
and pulse duration. Estimates of A were overall positive (be-
cause Tyg > Tsy) and showed a decreasing trend with increas-
ing peak-rarefactional pressure (because estimates of 7gy
showed an increasing trend). However, estimates of A pro-
vided new information: estimates of A did not vary signifi-
cantly with pulse duration and numerical values decreased
from about 45 ns at 1.8 MPa to about 20 ns at 5 MPa (esti-
mates at 1.1 MPa appear to be unreliable). Physically, this
decreasing trend indicated that as pressure increases, the
subharmonic-response time-duration becomes closer to the
normal-response time-duration (independent of the pulse du-
ration of the excitation).

Finally, Fig. 9(f) displays estimates of dgy. These esti-
mates showed a decreasing trend with increasing peak-
rarefactional pressure. In addition, there was arguably no de-
pendence on pulse duration. Physically, this behavior means
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FIG. 10. (Color online) Illustration of positive and negative subharmonic
events. (a) Time waveform of the most-positive (dash) and most-negative
(solid) subharmonic events of a 1000-event data set obtained with 20-cycle
excitation and a peak-rarefactional pressure of 2.1 MPa. (b) Magnified ver-
sion of (a). (c) Spectra of the most-positive (dash) and most-negative (solid)
subharmonic events.

that as peak-rarefactional pressure increases, the subhar-
monic response initiates itself quicker after the normal re-
sponse initiates itself (independent of the pulse duration of
the excitation).

E. Positive and negative subharmonic responses

Figures 7(e) and 7(f) indicate that for the presented ex-
ample, the coefficients of the decomposition on the normal-
response eigenvector always have the same sign while those
on the subharmonic-response eigenvector could be positive
or negative. Figure 10 displays two recorded events of a data
set obtained with a 20-cycle excitation at 2.1-MPa peak-
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rarefactional pressure. The waveforms were normalized for
easier comparison. The dashed curve corresponds to the
“most-positive” (i.e., largest positive coefficient on the sub-
harmonic response) and the solid curve to the “most-
negative” (i.e., largest negative coefficient on the subhar-
monic response) subharmonic events of the data set. Figure
10(a) indicates that the two events had similar waveforms
and were well synchronized with positive peaks, negative
peaks, and zero-crossings occurring at nearly the same time
points. Furthermore, the amplitudes of the positive peaks
were periodic for both waveforms, indicating, as in Fig. 6(e),
a strong subharmonic content. Nevertheless, a striking differ-
ence was apparent in the positive-peak amplitudes of the two
waveforms: they seemed to alternate with the dashed curve
peaking when the solid curve was at its lowest, as can be
better observed in Fig. 10(b). Figure 10(b) clearly indicates
that the peak amplitudes were achieved alternatively by the
most-positive and most-negative subharmonic events. Al-
though differences between the two events could be observed
in the time domain, only small differences were apparent in
the frequency domain [Fig. 10(c)]. The spectra of both
events had strong components at 40 and 20 MHz and some
energy at 60 and 80 MHz. The only difference was the pres-
ence of a small component at 50 MHz for the most-negative
subharmonic event, but not for the most-positive subhar-
monic event.

Figure 10 again emphasizes the strength of the SVD
method over the conventional method. Based on the
conventional-method criteria of Sec. II E 1, both waveforms
would be detected by the conventional method as valid sub-
harmonic events. However, only the SVD method gives us
the information necessary to track positive and negative sub-
harmonic events.

IV. DISCUSSION AND CONCLUSION

This study investigated a SVD method of analyzing
large data sets of single-bubble-backscatter events in order to
draw physical insights about bubbles in HFU fields and to
provide an approach to detecting and quantifying subhar-
monic events. The SVD method was compared to a conven-
tional method that utilized individual-event spectra. The con-
ventional method was easier to interpret from a physical
standpoint and was used as a baseline reference to evaluate
the effectiveness of the SVD method. The experimental
[Figs. 9(a) and 9(b)] and empirical-simulation [Figs. 8(a) and
8(b)] results confirmed that the SVD method had perfor-
mance similar to the conventional method. The SVD method
also provided information about the bubble oscillation prop-
erties that were not available with the conventional method.
For example, the SVD method showed that the subharmonic
response of the bubble initiated itself after, and had a shorter
time-duration, than the normal response.

The SVD method also provided means of finding the
events with the most- and least-subharmonic contents. The
conventional subharmonic detection method only provided a
yes/no qualitative evaluation and therefore did not provide a
means to quantify how much an event was subharmonic. The
SVD approach was fundamentally quantitative because it
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yielded the coefficient of each event on the subharmonic-
response eigenvector. For physicists studying bubble oscilla-
tions in a HFU field, quantifying the subharmonic events is
invaluable. Therefore, the results of this study indicated that
the SVD method is a valid and useful tool to study and
quantify single-bubble oscillations.

The focus of this study was on the development and the
validation of the SVD method. Physical interpretation of the
results, to date, is limited and is under current investigation.
In particular, we are designing simulations using previous
models.”” The simulations will be conducted to generate
1000-event data sets by varying simulation parameters fol-
lowing experimentally-derived distributions of experimental
parameters such as UCA size, incident pressure, and other
UCA properties. Size distributions can be obtained from
measurements, and pressure distributions can be obtained by
estimating the distance of the UCA from the focus of the
transducer. In particular, we hope to determine optimal exci-
tation conditions for generating strong subharmonic events
and then evaluating these conditions experimentally using
the SVD method. If the simulations were able to match the
experimental results, then exposure conditions could be fur-
ther optimized for subharmonic generation. Also, finding
only positive subharmonic events based on the SVD process-
ing of the simulations could indicate that the bubble oscilla-
tions were not spherical and, thus, a model that assumed
spherical oscillation would not be appropriate.

The shell of the UCAs used in this study was stiffer than
that of lipid-shelled agents (e.g., Definity®) for which sub-
harmonic events have been reported for much lower pres-
sures and larger bandwidths (i.e., shorter excitation
durations).*’ Stiffer-shell UCAs typically require higher
pressures and longer time-duration exposures to break. The
observations of subharmonics at higher pressures and expo-
sure durations that we observed for polymer-shelled agents
are consistent with the hypothesis that the polymer-shelled
agents need to break before generating subharmonics. It is
not clear whether the SVD approach would work as well for
lipid-shelled UCAs when they are excited with broadband
emissions (e.g., time-durations shorter than 10 cycles). Theo-
retically, the SVD approach will be able to accurately sepa-
rate the normal and subharmonic responses of the UCAs as
long as they correspond to different singular values.

One of our interests is to evaluate the SVD method
when the UCAs are insonified at pressures high enough to
lead to inertial cavitation and the resulting broadband back-
scatter emissions. The conventional method or a band-pass
filtering method would be unable to differentiate the subhar-
monic signal from the part of the broadband emission in the
subharmonic band. However, we anticipate that the SVD
method could potentially outperform the conventional
method because the nature of the subharmonic signal in the
time and frequency domains is fundamentally different from
the broadband noise. Therefore, the broadband emission and
noise should correspond to different singular values and
eigenvectors of the SVD and be easily separable. Even in
this more challenging situation, the normal-response and
subharmonic-response eigenvectors would be correctly sepa-
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rated. Furthermore, the SVD is statistically more robust be-
cause it uses the complete 1000-event data set to derive the
eigenvectors used for characterization.

Similarly, we are investigating how a band-pass filtering
approach would perform compared to the SVD method to
estimate 7ngr, 7si, dsy, and A. For this task, we also antici-
pate the SVD method to perform better because it should be
able to differentiate actual subharmonic emissions from
noise and other contributors to the subharmonic band. A
band-pass filter approach would use the entire energy in the
subharmonic band to estimate time-durations and time delays
which would result in errors. Also, the SVD method should
be more robust because the SVD eigenvectors used for the
estimation of 7\g, 7oy, dsy, and A are deduced from the
1000-event data set automatically. Many parameters would
need to be carefully adjusted to design a satisfactory band-
pass filter, and each set of parameters would lead to different
and somewhat arbitrary estimates of 7wgr, Tsy, dsy, and A.

The next stages of this study will focus on better moni-
toring of valid events. We propose to accomplish this by
combining acoustical and optical methods. The acoustical
method will utilize a passive-cavitation detector (PCD) very
similar to that of a previous study22 except that the passive
transducer will have a center frequency approximately half
that of the exciting transducer. The PCD will provide better
selectivity to valid events by guaranteeing in real time that
both transducers receive valid signals. Furthermore, better
sensitivity in subharmonic detection should be achieved be-
cause the receiving transducer will be more sensitive in the
subharmonic band. The optical method will use a high-
magnification digital camera triggered at the same PRF as
the exciting transducer. The focal plane of the camera will be
aligned with the focal region of the transducer. The camera
will provide a real-time means of estimating the size of
UCAs. Therefore, we anticipate that we will be able to link
bubble size and subharmonic content and to answer impor-
tant questions about which sizes are most likely to produce
strong subharmonic events.

One of the potential clinical applications of UCAs at
high frequencies is imaging of circulation in small veins and
arteries (i.e., microcirculation imaging) for ophthalmologic
and small-animal applications. SVD studies could determine
optimal conditions to excite a non-linear response from
UCAs. Then, SVD-based detection methods could permit a
more-powerful approach to localizing UCAs and imaging
flow when UCAs are nonlinearly excited. Microcirculation
typically involves slow-moving, low-volume blood flow and
is difficult to detect with current Doppler and HFU instru-
mentation.

In the eye, conventional ultrasonic instrumentation op-
erating at or below 10 MHz is able to visualize and measure
flow in the major orbital vessels supplying the eye,Bf25 but
such systems are unable to detect microcirculatory flow in
the anterior or posterior segments of the eye. UCA-SVD im-
aging could prove to be a valuable fine-resolution means to
detect this microcirculation using HFU. In developmental bi-
ology, the study of vascular development is critical for nor-
mal embryonic maturation and currently is the focus of nu-
merous research efforts using a variety of genetically-
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engineered mouse models. Genetic mechanisms that have
gone awry are involved in a number of vascular pathologies,
including tumor angiogenesis, so that understanding embry-
onic vascular development has a broad range of important
clinical implications. Direct in vivo visualization of the de-
veloping embryonic vascular system is an attractive option
for analyzing the complex three-dimensional patterns of ves-
sel growth and patterning in normal mouse embryos and in
mice with mutations in genes that affect vascular develop-
ment. We anticipate that UCAs combined with SVD-based
detection methods would be extremely valuable for studying
vascular-system development in mouse embryos, potentially
in three dimensions.
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