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Abstract— Multiple scatter responses were observed in a
phantom channel containing nanobubble contrast agent follow-
ing a single sonication, with agent replacement between trials
changing the responses’ relative positioning and intensities. Ex-
perimentally, the combined spectrum of several responses can
show split peaks instead of a single peak at the sonication’s car-
rier frequency. This is the result of the real and imaginary com-
ponents of the complex-valued frequency spectra of individual
scatter responses combining in a constructive or destructive
manner. In some trials, changes towards a stable state were ob-
served in agent longevity with a time constant of 2.5 milliseconds
during multiple sonications. This paper applies two measures to
determine whether this longevity variability is real or an algo-
rithmic artefact due to minor position shifts of several scatter
responses modifying the way their real and imaginary spectral
components interfere. The first power measure determines the
spectrum from all phantom data undistorted by reflections
from the channel boundaries. The second measure determines
the short-term Fourier transform of the hydrophone signal with
an analysis window the length of the sonication moved across
the full agent response, potentially capturing changes in individ-
ual scatter responses. Combining the results from the two met-
rics suggests that the changes in agent longevity metrics follow-
ing multiple sonications are being impacted by the shape
changes in the multi-peak spectra during a given trial.

Keywords— Agent longevity, Nanobubble contrast agent,
Sonication responses, Spectral analysis artefacts.

1. INTRODUCTION

Preferential detection of the non-linear bubble response of
a contrast agent and the cancellation of the background tissue
signal forms the basis behind the ultrasound contrast imaging
[1].There is research interest in whether a change in the ex-
citing sonication envelope’s shape or length can better opti-
mize the tissue-agent contrast when applying one of the
phase inversion (PI) [2, 3], amplitude modulation (AM) [4,
5] or combined phase inversion — amplitude modulation
(PIAM) [1, 6, 7] imaging schemes.

The time signals in Fig. I show three representative re-
sponses from each of the multiple trials at 500 kPa, one com-
ponent of a nanobubble agent phantom study at pressures be-
tween 100 - 1000 kPa regenerated from data supplied
courtesy of the authors of [8]. Imagine that each of the three
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Fig. 1. The strength and positions of thci components of three example re-
sponses to a single sonication differ between trials at 500 kPa. Scatter re-
sponse lengths in the nanobubble contrast agent are both longer and shorter
than the excitation pulse length, 400 ns, shown schematically bounded by
the black lines labelled NARROWCHANNEL [8]. The BROADCHANNEL
(bounded by red lines) indicates all data not distorted by the phantom’s wall
reflections. The arrows indicate where a scatter response early in the chan-
nel is overlapping the strong front wall reflections and changing its appear-
ance through destructive interference.
trials in Fig. I had been involved a different imaging scheme.
Together the trials would then form an initial comparison
study evaluating the relative differences in the spectral power
present in the scatter responses as a measure of agent-tissue
contrast. Following the experimental protocols described in
[1, 8], the agent in the flow-through phantom was replaced
between trials. This avoids introducing systematic errors as-
sociated with changes in the agent’s longevity induced by the
1000 or 100 sonications repeated at 1 kHz respectively used
in [1] and [8].

Fig. 1 clearly shows that the necessary replacement of the
agent causes global differences between trials. The arrows
indicates where scatter responses occurring early in the chan-
nel are destructively interfering with, and changing the shape
of, the strong front wall reflections from the initial channel
boundary. The BROAD CHANNEL (bounded by red lines)
covers all agent responses undistorted by wall reflections.
The phantom channel is wide enough to allow the appearance
of multiple scatter responses both longer and shorter than the
single applied 400 ns sonication whose length matches that
of the NARROWCHANNEL (bounded by black lines).

We have observed a change in agent longevity when mul-
tiple sonications are applied. In this paper we evaluate
whether this change is real or an algorithmic artefact that
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could introduce inaccuracies when comparing imaging
schemes. Such an artefact could arise following minor posi-
tion shifts between the multiple responses modifying how the
real and imaginary components of their individual complex
spectra constructively or destructively interfere when form-
ing their combined spectrum generated from the
NARROWCHANNEL and BROADCHANNEL time signals.

1. METHOD

A. Data

The nanobubble study details were captured for soni-
cations of length 10 cycles (400 ns) with a 25 MHz carrier
frequency shaped by a Tukey envelope with a flat central re-
sponse and a roll off to zero intensity over the first and last
10% of the envelope. There was a 1.5 mm diameter agent
channel placed in an 11.5 mm wide agar block with soni-
cations excited and responses captured by a confocal trans-
mitter / hydrophone. Trial 1 was performed as part of one
study where pressures were increased up to 1000 kPa. Trial
2 was performed as pressures decreased down to 100 kPa
with Trial 3 performed during a random pressure selection
between 100 and 1000 kPa. Nanobubble agent preparation
details are available in [8].

B. Proposed metrics

Following [1] and [8], we determined the area-under-the-
curve power spectral metric, AUCpower, of the phantom
channel time signatures

f=FupPER

AUCpower = Z A%(f)AF 1)

f=FLowER

This was evaluated from the frequency power response,
A?%(f), of the excited agent integrated in a bandwidth around

the first harmonic. The frequency resolution, AF =M / N,
is determined by the A/D sampling rate, M, and the number
of points, N, transformed using the discrete Fourier trans-
form, DFT. We followed [8] in windowing and then zero
padding the time data before transforming into the frequency
domain. These steps respectively reduce the impact of edge
distortions, which reduces the spectral amplitude ringing ar-
tefacts upon applying the DFT [9], and increase the display
resolution via Fourier interpolation [10] to improve the accu-
racy of determining AUCpower.

Two metrics were applied. The first calculated the power
spectrum generated by transforming the data from the
BROADCHANNEL, 1316 ms corresponding to 658 data
points. In [8] the agent response signatures were evaluated
from a centrally placed time-period, identical in length to the
sonication pulse shown schematically as the 400 ns
NARROWCHANNEL (200 sample points). Given the uneven
scatter positions, we replaced this approach by moving an
equivalent length data analysis window across the channel in
40 ns steps. This allows the potential capture of both individ-
ual and sections of multiple responses as components of the
hydrophone signal’s short-term Fourier transform (STFT).

1. RESuLTs

A. Spectral responses

Figs. 2A, 2B and 2C respectively show the changes occur-
ring in the spectral response from the nanobubble contrast
agent for 30 excitations of every 3" sonication from Trials I,
2 and 3 at 500 kPa. Trial 1’s spectrum shows a single peak
just below the 25 MHz excitation frequency. Trials 2 and 3
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Fig, 2) At 500 kPa, BROADCHANNEL agent responses on A) Trial 1 shows a major spectral peak slightly below the sonication carrier frequency of
25 MHz (solid red line). In contrast B) Trial 2 responses start with an initial major spectral peak just above 25 MHz which, as sonications continue,
changes significantly into a double peak with no spectral component at 25 MHz. C) Trial 3 never shows a significant spectral component at the 25
MHz sonication carrier frequency. The peak offsets and splitting are occurring as the real and imaginary components of the spectra from the multiple
responses in the phantom channel constructively or destructively interfere to change the spectral shape.
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Fig. 3. Two scatter responses Ai) and Bi) (green line), positioned at different locations in the channel have similar absolute (black line) and imaginary (blue
line) components of their complex-valued spectra, Aii) and Bii). However, their opposite signed real components (red /ine) destructively interfere in the
combined spectrum Cii) to near zero when both responses are in the channel Ci). This leaves behind a multiple peaked spectrum, the absolute value of the

constructively interfering imaginary spectral components.

show spectra with twin peaks split by 3 MHz on either side
of the sonication frequency.

Fig. 3 schematically shows why the spectra in Fig. 2 may
not have a spectral peak at the 25 MHz carrier frequency of
the single applied sonication. Consider two scatter responses
positioned at different locations in the channel (Figs. 34i and
3Bi). Their respective complex spectra have near identical
absolute (black) and imaginary (blue) components but oppo-
site signed real (red) components, Figs. 34ii and 3Bii. When
both responses are present in the channel (Fig. 3Ci) their real
spectral components destructively interfere to a near zero
value (Fig. 3Cii). The absolute value of their constructively
interfering imaginary components leaves a double peak ei-
ther side of the 25 MHz sonication frequency. The changes
in the relative intensities of the double peaks in Figs. 2B and
2C are associated with minor alterations in the relative posi-
tions of the multiple responses within the channel which
modifies their levels of constructive or destructive interfer-
ence.

Fig. 4 shows how the spectral shape changed when the
NARROWCHANNEL STFT analysis window was moved
across the phantom channel for the 5 Trial 3 sonication. The
single peak (light blue line) occurred when the STFT window
initially fully enclosed one part of the scatter response. The
double peaks indicate where the analysis window captured
parts of two responses. Initially the stronger peak is above 25
MHz (magenta dashed-dotted line) later the stronger peak is
below 25 MHz (light blue dash-dotted line). Double peaks
coalescing into a single offset peak produced the strong dark
blue peak near 23 MHz like that seen in Fig. 24, a shift of
approximately 10% from the carrier frequency.

There are intensity changes in the spectra at 12.5 MHz
(dashed red line). Tt is difficult to determine whether these
should be interpreted as (i) a subharmonic component present
whenever a strong first harmonic is present, (ii) the DFT dis-
tortion known as spectral leakage [9] associated with the
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Fig. 4. As the position of the NGARROWCHANNEL STFT analysis win-
dow moves across sonication 5 in Trial 3, the spectral peak is initially
centered at the 25 MHz carrier frequency light blue lines, splits into
two major peaks, dot-dashed lines, before becoming a single strong 23
MHz peak, dark blue line, offset by approximately 10% from the
sonication excitation frequency.

broad-band side-lobes of the transform of the Tukey enve-
lope of the sonication whose strength will change in propor-
tion to the intensity of the strong single peak or less intense
dual peaks near 25 MHz or (iii) a combination of both inter-
pretations.

B. Comparison of metrics with multiple responses present

Fig. 54 compares the changes in agent longevity across the
three trials following 30 sonications repeated every millisec-
ond measured using the A UCpowsr spectral power metric de-
termined across the BROADCHANNEL region. Despite their
different spectral shapes in Fig. 2, Trials 2 (magenta) and 3
(gold) show similar responses — a rapid change in agent re-
sponse with a time constant of around 2.5 milliseconds to-
wards a steady state longevity. In contrast, Trail 1 shows no
significant change to multiple sonications, which matches the
unchanging spectral characteristics seen in Fig. 24.
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Fig. 5. A) The BROADCHANNEL results for Trial 2 (magenta) and
Trial 3 (gold) show a significant change in agent longevity to multiple
sonications over 30 milliseconds, but not in Trial 1 (blue). B) Trial 1
shows no changes but C) Trial 2 and D) Trial 3 show either an initial
or no longevity change depending on the position of the
NARROWCHANNEL STFT window position within the channel.

Figs. 5B, 5C and 5D respectively show AUCpower metrics
for Trials 1, 2 and 3 as the NARROWCHANNEL analysis win-
dow was moved across the phantom channel from the end of
the front wall reflection to the start of the rear wall reflection.
The NARROWCHANNEL results for Trial 1 show a similar
no change result to the Trial | BROADCHANNEL metric. For
some positions of the moving NARROWCHANNEL STFT
window of Trials 2 and 3, there is a similar change to the
agent’s BROADCHANNEL responses to sequential soni-
cations. However, the flat responses seen with many of the
other STFT window positions responses suggests that the
complete set of results reflect a combination of true changes
in the longevity plus an additional effect that changes with
the relative position of multiple scatter components which
produces a spectrum with split peaks rather than a single peak
at the excitation frequency.

1v. CONCLUSIONS
Multiple scatter responses were frequently observed in a

phantom channel containing a nanobubble contrast agent fol-
lowing a single sonication. We demonstrate how the real and

imaginary components of the complex-valued frequency
spectra of individual scatter responses can sum together in a
constructive or destructive manner. This can cause the ex-
pected single peak at the sonication’s carrier frequency to
split into multiple peaks depending on the relative positions
of the responses in the phantom channel. We compared two
spectral power measures; one using all undistorted data in the
phantom channel, the other generating spectra from a STFT
window the length of the sonication pulse moved across the
phantom data. Both measures show that the nanobubble
agent longevity can drop with a 2.5 millisecond time constant
to a steady state following multiple sonications. However,
many positions of the STFT show no longevity changes. We
conclude that the spectral power metric can be impacted by
both changes in the actual agent response and changes in the
relative positions of the multiple scatter responses during a
study which can change the shape of the spectrum from a sin-
gle peak at the sonication frequency to lower intensity multi-
ple peaks.
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