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Objective: The response of ultrasound contrast agents is sensitive to ambient pressure, especially via their scattered
subharmonic signal, which makes them a promising candidate for non-invasive pressure measurements in vivo.
This work aimed to understand the sensitivity to ambient pressure of subharmonic oscillations from single
microbubbles.

Methods: The subharmonic oscillation amplitude of single microbubbles in response to varying ambient pressure
was studied both experimentally and numerically. In experiment, approximately 2200 single microbubbles from
a monodisperse population were measured at a driving frequency close to twice their resonance frequency.
Results: The results of the numerical simulations and experiments show that a pressure change leads to a small size
change in the bubble that then changes the lipid packing density, and with that the stiffness of the bubble shell.
Conclusion: The dependency of subharmonic oscillation amplitude to changes in ambient pressure can be
explained by a shift in the resonance frequency of the bubble as a function of ambient pressure. The subharmonic
response increases with ambient pressure when the resonance frequency shifts toward half the driving frequency
and decreases when the resonance frequency shifts away from half the driving frequency. These findings help to

understand non-invasive pressure sensing through subharmonic ultrasound imaging.

Introduction

From the early days of ultrasound contrast agents, it has been
known that the acoustic behavior of microbubbles depends on the
ambient pressure, i.e., the semi-static surrounding pressure a bubble
is experiencing. Therefore, microbubbles can, in principle, be used to
measure changes in ambient pressure, e.g., for the non-invasive mea-
surement of blood pressure. Blood pressure measurement using con-
trast-enhanced ultrasound was first suggested by Tickner [1], where
the resonance frequency of a bubble was directly related to its size at
the corresponding ambient pressure. A different idea was proposed
by Bouakaz et al. [2], who aimed to fracture bubbles with a rigid
coating and subsequently envisioned using the dissolution rate of the
released free gas bubble to measure the ambient pressure. Another
idea, which did not specifically require bubble destruction, was pro-
posed by Shi et al. [3], who reasoned that the subharmonic scattering
amplitude, i.e., at a harmonic below the driving frequency, could be
used to estimate ambient pressure.

Recently, subharmonic sensitivity to ambient pressure has garnered
more attention through the Subharmonic Aided Pressure Estimation

(SHAPE) technique [4—6], which is also the subject of a clinical trial
(NCT05470205). Studies employing SHAPE have identified an occur-
rence, growth and saturation stage for subharmonic scattering as a func-
tion of ambient pressure and used the linear growth stage to semi-
qualitatively measure blood pressure. However, the mechanisms under-
lying SHAPE are not fully understood. There is little consensus on the
dependency of the subharmonic signal to ambient pressure, ie., the
change (and direction of change) in subharmonic scattered signal as a
function of ambient pressure, even for well-controlled in vitro studies
using the same contrast agents [7]. Subharmonic scattering can decrease
or increase with ambient pressure increases, and this sensitivity is found
to also depend on acoustic pressure amplitude, frequency, as well as on
the initial ambient pressure [5,8].

Free gas bubbles start oscillating at subharmonic frequencies when
they are driven at sufficiently large vibrational amplitudes [9] irrespec-
tive of the driving frequency [10,11]. These higher oscillation-amplitude
subharmonics are often employed as an indicator for the onset of inertial
cavitation [12]. A numerical investigation by Katiyar et al. [13] into the
ambient pressure sensitivity of free gas bubble subharmonics (and sim-
ple encapsulated microbubbles) under high driving pressures identified
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a resonance effect explaining the subharmonic response to ambient pres-
sure. A critical ratio of approximately 1.6 between driving frequency
and microbubble resonance frequency at ambient pressure was found,
for which the subharmonics reached a maximum. Below this ratio (1.4
—1.6), subharmonic amplitude generally increased with additional
ambient pressure due to the corresponding rise in natural frequency.
Conversely, for ratios above 2.1, subharmonics were found to decrease
[13]. However, their model (based on the BUBBLESIM simulation code
[14]) did not account for shell buckling and rupture, leaving the ambient
pressure sensitivity of subharmonics at low acoustic pressure for lipid-
coated agents, such as SonoVue, unexplained [15].

Lipid-coated microbubbles experience a sudden change in shell elastic-
ity upon buckling, resulting in a much lower vibrational amplitude thresh-
old for subharmonic generation [9,16]. The abrupt change in shell
elasticity introduces a stronger and more complex relationship between res-
onance frequency and ambient pressure [17,18]. The generation of subhar-
monics at lower vibrational amplitudes is of interest due to the reduced
risk of acoustic deflation [19], offering greater potential for repeatable sub-
harmonic versus ambient pressure behavior. Studies employing low acous-
tic-amplitude subharmonics often report increasing subharmonics with
rising hydrostatic pressure, which is attributed to microbubbles that are
close to buckling (ie., those with low initial surface tension) [20,21]. How-
ever, other studies have shown that subharmonic scattering at a fixed
acoustic pressure amplitude can increase or decrease by adjusting the ultra-
sound driving frequency [22], suggesting resonance frequency dependence
similar to that observed for high oscillation amplitude-driven subharmonics
[13]. Typical in vitro subharmonic pressure sensitivity studies employ pulse-
echo to measure (bulk) subharmonic scattering of an ensemble of micro-
bubble sizes, which provides limited information on single bubble dynam-
ics. Faez et al. [15] managed to measure subharmonic scattering while
applying a dynamic ambient pressure. This study showed that in a batch of
polydisperse microbubbles, subharmonic scattering can indeed change
with ambient pressure, and the preferential dependency of the subhar-
monic response on ambient pressure changes with driving frequency. How-
ever, deducing the exact mechanism responsible for this shift was difficult
as bubble sizes were not known.

Here, we used a narrow size distribution of microbubbles that pro-
vided a starting point to model and understand the subharmonic oscilla-
tion behavior in response to pressure change. We utilized the acoustic
camera approach of Renaud et al. [23], which then allowed acoustic
characterization of freely oscillating, single microbubbles. We focused
primarily on subharmonics at low-oscillation amplitudes, as these can
be experimentally verified using the acoustic camera, but for complete-
ness sake, subharmonics at higher oscillation amplitudes were treated
separately numerically in Appendix C. In this study, we use the acoustic
camera in conjunction with numerical simulations to unravel the mecha-
nisms underlying the ambient pressure sensitivity of subharmonic
microbubble vibrations.

Theory

The dynamics of a lipid-coated microbubble to an acoustic pulse are
commonly modeled with the Marmottant model [17], which is based on
a Rayleigh Plesset-type equation and accounts for the viscoelastic prop-
erties of a lipid-shelled microbubble, including buckling and rupture

mechanics (eqn [1]):
. 3.0\ 26(Ro)\ (Ro ™
p(RR+2R>_<P0+ 0 )(R)
_4/4LR
R

1
2 (R 1)
_Pamb_Pa(l)_; Ro

4k,R
-

)

Here, R is the instantaneous bubble radius with its time derivatives
denoted by overdots, and the initial radius is Ro. P, is the acoustic driv-
ing pressure and P,,;, the ambient pressure. y; is the viscosity of the
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liquid surrounding the microbubble and the liquid density is p. « is the
polytropic exponent of the gas in the core.

The lipid shell protects the bubble against dissolution by lowering
the initial surface tension ¢(Ro). Additionally, the viscoelastic shell adds
a shell viscosity ks and a surface elasticity y, where y is defined as the
derivative of the size-dependent surface tension o(R) with respect to the
microbubble surface area, A: y = Ad‘;—ﬁf). To account for the buckling and
rupture mechanics of the shell, 6(R) is a piecewise function of R given
by eqn (2):

0 if R<R,
R2
o(R) = X(ﬁ - 1> if Ry <R<R, )
b
o if R, <R,

with o, the surface tension of water. Eqn (2) shows that the surface elas-
ticity is only non-zero in the elastic regime bounded by the buckling
radius R, and rupture radius R,. This elastic regime is limited to a few
percent of the initial radius, depending on y.

As a result of the buckling and rupture mechanics, the effective sur-
face elasticity experienced by the system depends on the microbubble
oscillation amplitude [24] as well as on minor size changes such as those
imposed by static pressure changes [25,26]; ie., it depends on driving
and ambient pressure, respectively. As microbubble oscillation ampli-
tudes used in imaging typically extend beyond the elastic regime, it is
useful to consider an effective stiffness, y.g which is the y averaged over
(part of) the microbubble response (eqn [3]) [18]:

1 /t: dG(R)

= A
Xe/f h—1n h dA

dr, (3)
where t; and t, are arbitrary time points. A change in y. results in a
change in the effective resonance frequency f . of the system. fy o5 fol-
lows from a linearization of eqn (1) [27]:

1
ﬁ),eff N 27‘[R0

1 4)(ejf '
- Pam -1
\/ » <3K b+ (GBk—1) Ry

Eqn (4) shows an explicit (Pgyp) and implicit (R, 6(Ro) and yeq)
dependency on Pgp, with y.¢ potentially outweighing the other terms
by two orders of magnitude [18].

The amplitude dependency of f; .¢ has found widespread use in ultra-
sound imaging, for example through amplitude modulation [28]. While
the P, dependency of fq . and its effect on fundamental scattering has
previously been investigated [18], here we investigated the P, depen-
dency of fo . and its effect on the subharmonic response, starting with
numerical simulations.

20(Ro) )

7+
Ro

Numerical methods

Simulated microbubble responses were generated by solving eqn
(10), as described in [29]. The medium and shell parameters used in the
simulations are listed in Table 1. The base Pgmp o was set to 104 kPa to
match the hydrostatic pressure experienced by the microbubbles in the
experimental setup and liquid viscosity was doubled to account for ther-
mal damping [30]. Non-physical transitions of surface elasticity at the
buckling and rupture points were avoided by using the smoothing
boundary function, as described in [31], with a smoothing value of
5000 N/m.

An ambient pressure, P, was applied by a sinusoidal pressure
pulse around the base P,,,,, with five cycles at 20 kHz (total duration 250
us) with a pressure amplitude of 20 mm Hg (~2.7 kPa), similar to that of
a cardiac cycle. The period of the pressure pulse allowed for single
microbubbles to be characterized over a few ambient pressure cycles.
The acoustic driving pulse was set to a pressure amplitude of 100 kPa,
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Table 1
Physical properties used in numerical simulations

Property Symbol  Value Unit
Stiffness X 0.65 N/m
Shell viscosity Ks le-9 kg/s
Density p 1000 kg/m?
Ambient pressure Pamb,o 104 kPa
Polytropic index K 1.07 [-]
Speed of sound C 1483 m/s
Liquid viscosity u 2x1le-3 Pa/s

without tapering, and lasted the entire 250 us duration of the dynamic
P amb-

To study the effects of microbubble size and initial surface tension,
o(Ry), on microbubble dynamics, subharmonic oscillation amplitude
responses were simulated for radii Ry from 1.6 to 2.3 m, which corre-
sponded with the span of microbubble sizes used in the experiments, in
16 steps, and 6(Ry) in 32 increments of 1 mN/m starting from 0 mN/m.
The driving frequency fr was set to either 4.0, 4.5 or 5.5 MHz (1000,
1125 or 1375 cycles, respectively) while keeping a constant acoustic
pressure amplitude of 100 kPa. These fr were selected as this was below
(4.0 MHz), approximately (4.5 MHz) and above (5.5 MHz) twice the res-
onance frequency f; of the 2.0 ym microbubble of interest.

The subharmonic strain component subH was isolated from the simu-
lated R-t curves, as described in Appendix A.

Numeric results

Figure 1 shows the result of the numerical simulations for a micro-
bubble with a resting radius of 2.07 um in response to a driving fre-
quency of 4.5 MHz (approximately twice its resonance frequency).
Figure la plots subH versus time for two initial surface tension values
(2 mN/m, close to buckling, in blue; 19 mN/m, in the elastic regime, in
orange) and the dotted line indicates the ambient pressure cycle.
Figure 1b then displays subH as a function of the ambient pressure. It
shows a nearly linear trend of the subharmonic response with P, with
a positive and negative slope for the two initial surface tensions. The
subharmonic strain amplitude (subH(P,,;)) was fitted with respect to
P, using a first-order polynomial function to quantify the subharmonic
behavior (eqn [5]):

SubH(Pumb) = S.\'uhH'Pamh + AgubH -

®)
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Here Sqpx is the slope of subH with respect to Py, which we will
term the subharmonic sensitivity to ambient pressure, and the constant
term agsypy is the subH at Pgmpo = 104 kPa. To quantify the linearity and
drift of Sy, a coefficient of determination (R?) was extracted from the
fit. subH was extracted from these two microbubble responses and plot-
ted as a function of time in Figure la and as a function of Pg,; in
Figure 1b over the duration of one P, cycle (50 s).

Note that for the nearly buckled microbubble (¢(Ry) = 2 mN/m), the
response (blue) decreases with Pg,; (black dashed line shows fit),
whereas for the elastic microbubble (6(Ry) = 19 mN/m), its response
(orange) increases with ambient pressure. As we are interested in the
relationship between f . and subharmonic behavior, from the micro-
bubble responses simulated using eqn (1), fo .+ was extracted by solving
eqns (3) and (4) on a two-cycle basis (t; = t; + 2/f7), thereby capturing
the changes on the subharmonic timescale. The resulting fo .+ was
divided by half the driving frequency f;/2, i.e., representative of the sub-
harmonic frequency, and plotted in Figure 1c.

Figure 1c shows that the elastic microbubble has a higher f; . and
therefore a higher y. than the buckled microbubble because it effec-
tively spends more time in the elastic regime. Figure 1c also shows that
fo,ef and thus y.g, decreases with increasing Py, for both microbubbles
as they are pushed further into the (tensionless) buckled regime. Here
the crucial difference between the two examples is that fy .4 thereby
moves away from f7/2 (fo . > f1/2; decreasing subH) for the buckled
microbubble, and that it moves toward fr/2 for the elastic microbubble
(increasing subH).

Expanding the results to the full parameter study, Sspm Gsupr and R?
are presented as false-color maps in Figure 2. The first column in Figure 2
(a, d, g) shows the Sy values color-coded red for positive values and
blue for negative values. The middle column in Figure 2 (b, e, h) shows
the aguy values and the right column in Figure 2 (c, f, i) shows the R>
values. Increasing fr results in a left shift of the characteristics in the
color maps.

To further investigate the f, . dependency of the subharmonic
behavior, the contour of fy . = fr/2 was extracted by solving eqns (3)
and (4) over the entire 250 ps duration. The result is plotted with a black
dashed line in all the figures. The fo . = fr/2 line corresponds well in
location with the peak agupy, ie., the strongest (baseline) subharmonic
response, found there. Interestingly, the fo . = fr/2 line also delineates
the regimes where negative or positive sensitivity is expected.

From Figure 2, it could also be observed that negative sensitivity gen-
erally corresponded with lower o(Ro) values, where the y.s was
(already) lower. Second, we observed in the left column that the red
region was narrower than the blue region, indicating that negative

A ‘ ‘ B C
—G(RO) =2 mN/m ,_G(Ro) =19 mN/m | ----phase of Pamb
- -fit Eq. 5 2} > e
M“““X% O S
1.1 N ,ﬁ%"k‘i’i‘w
o A
u—}_ ! ’2‘}*
L~ \‘tm
o1 ;
5
0.9 ./
Eud
8
30 40 50 60 70 -20 0 20 30 40 50 60 70
Time [us] Poiis Time [us]

Figure 1. Subharmonic strain amplitude subH (a) as a function of time and (b) as a function of P, which was used to fit eqn (5). (c) Extracted fy o from solving eqns
(3, 4) on a two-cycle timescale. This shows that the nearly buckled microbubble’s response decreased in subH with increasing P, whereas the elastic microbubble’s
response increased. It also shows a higher resonance frequency for the elastic bubble and a decrease with increasing P, for both microbubbles.
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Figure 2. (a, d, g) Simulated subharmonic sensitivity to ambient pressure Sy, (b, €, h) baseline subharmonic strain magnitude ay and (c, f, i) R? values of the fit to
eqn (5) as a function of Ry and o(Ry). The top row was simulated with a fr of 4.0 MHz, middle row with 4.5 MHz and bottom row with 5.5 MHz.

sensitivity was more likely to occur. Experiments designed to confirm
the driving frequency dependence of the subharmonic ambient pressure
sensitive response are described in the next section.

Experimental methods

Microbubbles were formed by flow focusing using perfluorobutane
(C4F10) as the gas and an aqueous lipid mixture consisting of DSPC:
DPPE-PEG5000:Pluronic F68 in a 81:9:10 molar ratio within a microflui-
dic chip [32]. The resulting microbubbles were collected in a gas-tight
medical vial prefilled with C4F;, and stored for 1 d. Size was measured
using a Coulter Counter (Multisizer 3, Beckman Coulter, Mijdrecht, The
Netherlands) on the same day of acoustic measurement (Fig. 3a).

A mean radius R, of 1.93 um and standard deviation ¢ of 0.16 pm
(coefficient of variation o/u, = 0.083) were extracted by fitting a Gauss-
ian distribution, shown by the dashed red line. Shell stiffness, y, of
0.65 N/m and shell viscosity, k,, of 1 X 10 kg/s were derived from a
bulk acoustic attenuation experiment, as described in [33], and mea-
sured at an acoustic pressure of 10 kPa.

Acoustic camera for characterizing subharmonic sensitivity to ambient
pressure variations

To measure the pressure sensitivity of single microbubbles, a water
tank was constructed that included three transducers and an underwater
speaker, shown schematically in Figure 3b.

High-frequency transducers (HF1 and HF2; V324-SU, 182 Olympus
Industrial, Essex, UK) were placed perpendicular to each other and
orthogonal to the low-frequency transducer (LF; PA275, Precision
Acoustics, Dorchester, UK). The foci of the three transducers were
aligned using a 0.075 mm needle hydrophone (Precision Acoustics).
Figure 3b, inset, shows the transmission pulses. The HF probing signal
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transmitted by HF1 (25 MHz, 325 us, 500 kPa) extended before and after
the LF signal (starting at t = 0) by 37.5 us to obtain a reference HF-scat-
tered signal from the non-vibrating bubble. Transmitted LF signals and
ambient pressure modulation were the same as described in the numeri-
cal methods (LF, 100 kPa, fr 4.0, 4.5 or 5.5 MHz; speaker, 2.66 kPa
[20 mm Hg], 20 kHz around the hydrostatic pressure of 104 kPa). The
scattered microbubble signal (Fig. 3c) was then received by HF2, pre-
amplified (AU-151910289, Miteq, Hauppauge, NY, USA) and sent to an
analog-to-digital converter (PC/ADC; M4x.4420-x4, Spectrum Instru-
mentation, Limerick, Ireland). To avoid pre-insonifying microbubbles a
trigger was implemented, as described by Nawijn et al [34].

The three LF driving signals (fr of 4.0, 4.5 and 5.5 MHz) were trans-
mitted in separate experiments and measurements were repeated four
times per fr (12 in total). The transmitted speaker pressure was cali-
brated using a TC4038 hydrophone (Teledyne RESON, Slangerup, Den-
mark), and the LF and HF pressures were calibrated using a 0.2 mm
needle hydrophone (Precision Acoustics) in a separate setup.

Before each measurement, 2 uL microbubble suspension from the
collection vial was diluted in 1.8 L (300 microbubbles/mL) phosphate-
buffered saline solution and added to the acoustic camera setup, and the
suspension was continuously stirred during the 20-min acquisition using
a magnetic stirrer. A stylized microbubble signal is shown in Figure 3c,
where the microbubble signals were demodulated with respect to the
HF probing signal to obtain the radial strain &(r) signal as described in
[23]. Two measured examples of &(¢) are shown in Figure 4 (a, b). The
fundamental strain amplitude (¢) and subharmonic strain response
subH were isolated from &(¢) and then fit to the Pg,;, as described in
Appendix B.

Approximately 1200 signals were measured for each fr, from which
approximately 700—800 signals with a steady HF signal (HF amplitude
drift <50% during measurement) were selected, as described in [35].
Consecutively, four inclusion criteria (IC) were applied:
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Figure 4. (a, b) Two measured radial strain (¢) signals of individual microbub-
bles driven at 4.5 MHz. (c, d) The isolated subharmonic strain amplitude subH(t)
plotted together with the dynamic ambient pressure, and (e, f) the subharmonic
strain amplitude plotted as a function of the dynamic ambient pressure subH
(Pamp). Note that for the microbubble in the right column, the subharmonic
response increased with ambient pressure, while it decreased for the one in the
left column. The corresponding Spy and agpy extracted from a first-order poly-
nomial fit (purple line in e, f).
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Figure 3. (a) Microbubble size distribution as measured by a Coulter
counter, with a Gaussian fit. (b) Acoustic camera setup used for measuring
single microbubbles subject to a dynamic ambient pressure induced by the
speaker. HF1 transmitted a high-frequency pulse that scattered from a sin-
gle microbubble and was received by HF2. (c) Bubble vibrations were
induced by the low-frequency transducer. A stylized microbubble signal as
measured by HF2. ADC, analog-to-digital converter; AWG, arbitrary wave-
form generator; HF1, high-frequency transducer 1; HF2, high-frequency
transducer 2; LF, low frequency.

IC1: Responsive, (¢) >0.5 %

IC2: Subharmonic signals, agpy >0.5 %

IC3: Sensitive to ambient pressure, Sy >0.005%/mm Hg
IC4: Stable sensitive signals, R? >0.2

Experimental results

The numbers of microbubbles included for the different fr are listed
in Table 2. The largest percentage of subharmonic microbubbles were
encountered at 4.5 MHz (17.3%), followed by 5.5 MHz (13.9%), and the
least at 4.0 MHz (2.4%). This occurrence was lower than the 40%
observed for SonoVue microbubbles [36], which could be caused by dif-
ferences in experimental conditions as the microbubbles were un-
bounded in our study and a single frequency was used. The occurrence
was also lower than what could be expected from Figure 2, indicating a
larger spread in initial surface tension values, or that differences in shell

Table 2

Number (%) of microbubbles measured for each driving fre-
quency in the first row, and selected after each inclusion crite-
rion (IC1—4).

fr [MHz]
IC 4 4.5 5.5
Signals 718 (100 %) 699 (100 %) 811 (100 %)
Responsive 564 (78.6 %) 553 (79.1 %) 509 (62.8 %)
Subharmonic 17 (2.4 %) 121 (17.3 %) 113 (13.9 %)
Sensitive 16 (2.2 %) 111 (15.9 %) 99 (12.2 %)
Stable 13 (1.8 %) 92 (13.2 %) 86 (10.6 %)

IC, inclusion criteria.
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elasticity [29] and smooth-to-buckled transition [31] also played a role.
The fraction of stable sensitive signals (IC4) out of the subharmonic sig-
nals (IC2) was not dependent on driving frequency (76.1%—76.5%). The
fundamental vibrational amplitude of these stable sensitive signals (IC4)
was relatively low, ie., 4.2 + 1.7, 3.0 + 0.8 and 2.6 + 0.6%. Thus, even
though a high acoustic driving pressure was used, the destructive effects
were minimal as the microbubbles were driven off-resonance. The stable
sensitive signals were grouped by the sign of the S sensitivity (nega-
tive or positive with an increase in P,,;), with their averaged responses
shown in Figure 5. The left column displays subH as a function of time
for negative sensitivity, the middle column that for positive sensitivity,
while the right column shows subH as a function of P, for both groups.
Standard deviations are indicated by the shaded regions. Figure 5a
shows that no negative S, responses were encountered (n = 0), while
Figure 5b shows that 12 positive Sg,, responses were encountered at a
driving frequency fr of 4.0 MHz. Positive Sy, responses were two times
more likely at 4.5 MHz (61 vs. 32) but negative S, were three times
more likely at 5.5 MHz (63 vs. 19). The negative S,y responses in
Figure 5 (d, g) had a lower Sy, ie., a weaker slope of subH with P,
but a higher ay,,i; compared with the positive S;,;;; responses. Interest-
ingly, a stronger sensitivity to ambient pressure for the positive response
was also observed in earlier studies on polydisperse microbubbles
[20,37].

The subH(t) decreased over time for the positive S responses, as
seen in Figure 5 (b, e, h), but remained stable for the negative Sz (t)
responses, seen in Figure 5 (d, g). The S,y amplitude remained constant
over time for negative and positive sensitivity.

Comparing subH as a function of the P, cyclic variations in Figure 5
(f, i) shows that the positive-sensitivity (orange) signals formed loops as

S 0

<
subH
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a function of ambient pressure, whereas the negative (blue) signals line-
arly increased/decreased as a function of ambient pressure (not showing
such hysteresis). This indicates that the positive signals exhibited a lag
(or phase shift) between the applied pressure and the resulting subH
response, which was not seen for the negative signals. In combination
with decreasing positive sensitivity over time (Fig. 5b, 5e, 5h), this could
indicate that the positive-sensitivity signals experienced a higher degree
of irreversible changes compared with the negative-sensitivity signals.
This is reflected in a better regression R*> with pressure for negative
SsubH~

The Sgpy and subH for individual microbubble responses are dis-
played as a 2-D histogram in Figure 6. Figure 6 (d—f) clearly shows the
shift from positive to negative Sy for increasing fr, as expected. At
4.0 MHz (Fig. 6a), all responses had an ag,;; below 4% with a relatively
strong Sqpr- At 4.5 MHz (Fig. 6b), relatively strong ag,,;; were measured
both with negative and positive Sg;p, but negative Sgpy were more
likely to have a strong subH. At 5.5 MHz (Fig. 6¢) the behavior was
mostly similar, with the majority being negative Sy, responses with
comparable agpp and Sy values.

Finally, we noticed that the improved regression of subH with P,
for negative responses in Figure 5 was confirmed in simulations in
Figure 2 (c, f, g). This is noteworthy, considering that the destructive
effects were not simulated. It should also be noted that a linear relation-
ship between subH and P, is not essential for the intended purpose of
non-invasive blood pressure sensing, but a monotonic and stable micro-
bubble response is required. Realizing that the effective elasticity y.s
and with that fo ¢ drives subharmonic sensitivity can help imaging
strategies for subharmonic blood pressure estimation. Although the
results here do not directly allow a comparison between the range of

—-Bof P

$=39.74,a=1.8,R°=0.65

S=-24.34,a=4.21,R?*=0.62

$=33.18,a=2.9,R°=0.57

W | /

$=-16.23,a=2.3,R%>=0.6

$=26.87,a=1.82,R%=0.44

50 100 150 200 50 100 150 200 -20 0 20
Time [us] Time [us] P mp [MMHg]

Figure 5. (a, d, g) Averaged subH responses grouped for all negative-sensitivity Sqz (left column) and grouped for (b, e, h) all positive S,y (middle column) microbub-
ble responses in response to (a—c) 4.0 MHz, (d—f) 4.5 MHz and (g—i) 5.5 MHz. Shaded regions indicate standard deviations. (a) Is empty as no positive (n = 0) nega-
tive sensitive signals were obtained at 4.0 MHz. (c, f, i) subH plotted as a function of applied ambient pressure (right column).
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A f.=4.0 MHz

B f.=4.5 MHz

C f.=5.5 MHz
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Figure 6. 2-D histograms of subharmonic amplitude ag,y and
subharmonic pressure sensitivity S,y obtained from measure-
ments with a (a) 4.0 MHz, (b) 4.5 MHz and (c) 5.5 MHz excita-
tion frequency. (d—f) Corresponding histograms of Sgp.

1

0 miltll || e 1 SRR .—m—l -
-0.05 0 0.05 -0.05 0 0.05 -0.05 0 0.05
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o, Gty o Figure 7. Ambient pressure sensing via subharmonics. The
Lower f; LA Higher f; driving frequency, fr, is close to twice the bubble resonance
| 7| \)‘/ \\\ | frequency, fo. In response to an increased ambient pressure
High \ / / \ \\ High Pump (black arrows), the bubble compresses and the lipid shell
Y VR I moves closer to a buckled state, resulting in a resonance fre-
/ / \ \ quency that decreases from the elastic f . to the buckled fy .
T T / / \ \ T This results in an increased subharmonic amplitude subH

S 5 / / \ \ i<} :
3 3 / / \ \ 3 (orange arrow/left graph) if the resonance f, moves toward fr/2
/ / \ \ and in a decreased subH (blue arrow/right graph) if f, moves

\ f 2.
% Low // / e\ Low g@ away from fr/
: Y \ \
L P >
Pamb fT,1/2 fT,2/2 Pamb
available contrast agents, insight into the mechanism can help to under- Conclusion

stand, predict and optimize the sensitivity of microbubble responses to
ambient pressure. In future work it would be interesting to simulate the
subharmonic ensemble response for varying microbubble size distribu-
tion and shell parameters to understand the benefits of monodisperse
microbubbles for non-invasive pressure sensing.

Ambient pressure sensitivity of low oscillation-amplitude subharmonics

In summary, the mechanism that drives the ambient pressure
sensitivity of subharmonic oscillations is summarized in Figure 7.
This mechanism comprises non-linear shell stiffness that decreases
when a higher ambient pressure is experienced as the microbubble
compresses and the lipid shell is pushed further into the tensionless
buckled regime. As a result, the effective surface elasticity decreases
and the resonance frequency changes, in turn affecting the subhar-
monic response. The subharmonic oscillation amplitude was at its
maximum when the effective resonance frequency coincided with
half the driving frequency, i.e., at the subharmonic frequency. Posi-
tive sensitivity (orange arrow in Fig. 7) occurred when the reso-
nance frequency moved toward the subharmonic frequency and
negative sensitivity (blue arrow in Fig. 7) occurred when the effec-
tive resonance frequency moved away from the subharmonic fre-
quency. Note that this mechanism also holds for free gas bubbles
driven at a higher acoustic amplitude, where a similar subharmonic
pressure-sensitivity relationship was earlier found by Katiyar et al.
[13], which is further discussed in Appendix C.

This study explains the ambient pressure sensitivity of subharmonic
vibrations in lipid-coated microbubbles. The subharmonic sensitivity to
ambient pressure can be understood by a decrease in resonance fre-
quency when an ambient pressure increase brings the shell closer to a
buckled state. Depending on the choice of the driving frequency fr, the
subharmonic amplitude increases when the ambient pressure moves the
bubble more into resonance at half the driving frequency fr/2, and the
subharmonic amplitude decreases when the resonance shifts further
away from fr/2.

To numerically and experimentally investigate this mechanism,
the ambient pressure sensitivity was simulated and measured on sin-
gle microbubbles while vibrating in response to low acoustic ampli-
tude at different driving frequencies, fr. An fr of 4.0 MHz
exclusively resulted in increasing subharmonics with ambient pres-
sure, while a higher fr increasingly shifted the bias toward decreas-
ing subharmonics with ambient pressure, as expected. We confirmed
(in Appendix C) that this also holds for the high acoustic amplitude
subharmonics of free gas bubbles, where a similar relationship was
identified by Katiyar et al. [13].

The results show that both positive sensitivity to ambient pressure (fr
< 2+fo of) as well as negative sensitivity (fr > 2-fo,eff) can be utilized to
estimate the ambient pressure, as microbubble vibrations are non-
destructive regardless of direction. The subharmonic responses that
increased with ambient pressure showed a stronger response to ambient
pressure changes but a weaker response to subharmonic amplitude. The
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highest driving frequency fr of 5.5 MHz resulted in the most robust
ambient pressure sensitivity and therefore the most predictable output.
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Appendix A. Numerical signal processing

The simulated microbubble responses were normalized to the initial
radius following ¢ = (R — Ro)/Ro [23]. From this strain ¢ response, the
subharmonic strain component &/,(t) was isolated by a second-order
zero-phase band pass filter, centered at half the excitation frequency (f/
2; 100 kHz bandwidth). From &;,(¢), the subharmonic strain component
subH (t) was isolated using the analytic modulus and a 1.2 ps time
smoothing window. Thus, in short:

filter envelope

e(t) = &p(t) — subH(t), subH(Pynp).

Appendix B. Experimental signal processing

A stylized microbubble signal is shown in Figure 3c and an example
measured signal is shown in Figure B.8. The measured microbubble sig-
nals (A and B) were demodulated with respect to the HF probing signal
by calculating the analytic modulus. From this analytic modulus, the
mean level was determined using the signal before and after the LF signal
was transmitted (marked ref in A) as a measure for the reference-scattered
HF intensity. This reference HF intensity was then subtracted from the
analytic modulus and the result divided by the mean HF level, as
described in [23], to obtain the radial strain signal &(r), as shown in (C
and D). Two measured examples of &(r) are shown in Figure 4 (a, b). The
fundamental strain amplitude (¢) was extracted from the frequency
domain. The subharmonic strain component &;,() and the subharmonic
strain component subH(t), as shown in (E), were isolated in the same way
as the numerical responses.
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T
10/ Ref. Bubble vibration

Raw signal

Time [us]

Figure B.8 (a )Measured HF signal with sections used for reference indi-
cated with black squares and the amplitude-modulated bubble vibration
shown in orange and indicated by purple square. (b) Magnification of
HF signal from 80 to 88 us. (c) Demodulated strain ¢ signal from 80 to
88 ps. (d) Demodulated strain e signal over the full duration. (e) & signal
bandpass filtered around the subharmonic frequency f = 2.25 MHz in
blue, and subH obtained from the envelope of the BP-filtered & signal
shown in orange.

The subharmonic response, subH, plotted as a function of time
(Fig. 4c, 4d), was plotted together with the dynamic ambient pressure
and as a function of said P, (Fig. 4e, 4f), which shows a looping pat-
tern because of the four P, cycles. The response of subH(Pg,;) was
seen to decrease or increase as a function of Pg,,. The subH(Pg,;) of
each measured microbubble signal was fitted with respect to P, using
eqn (5), also displayed by the straight purple lines in Figure 4 (e, f). To
capture the steady state subharmonic behavior, the number of ambient
pressure cycles used to fit eqn (5) correspond to four cycles starting
from the first positive peak.

Appendix C. Ambient pressure sensitivity of higher oscillation-
amplitude subharmonics

Subharmonic microbubble oscillations have also been encountered
at acoustic amplitudes higher than those investigated here. These sub-
harmonic oscillations are not related to the shell buckling mechanism
but to intrinsic non-linearities in the dynamics of the gas core. Of partic-
ular interest is the onset of subharmonics in the ‘growth regime’ [5,38]
before the inertial cavitation regime [12], as the subharmonics here
show robust sensitivity to ambient pressure [5,7,39].

When subjected to high acoustic pressures, the contribution of the
shell becomes negligible [17] and the dynamics approach that of an un-
coated gas bubble. The relationship between subharmonics ambient
pressure sensitivity and the initial microbubble resonance frequency for
free gas bubbles has been investigated numerically before by Katiyar et
al. [13]. They associated the initial microbubble resonance with the
change in subharmonic amplitude under the influence of static pressure
and found a positive subharmonic sensitivity for initial resonance fre-
quencies between 1.4 and 1.6 times the driving frequency as well as neg-
ative sensitivity when the initial resonance frequency exceeded
2.1 times the driving frequency. The resonance frequency fo,q of a free
gas bubble depends on the ambient pressure explicitly (see eqn [4]) and
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implicitly by its effective radius [40], and thus increases with a static
pressure increase as it compresses the gas core. Additionally, the reso-
nance frequency of free gas bubbles decrease with the amplitude of
oscillation as the rarefaction phase becomes increasingly favored over
the compression phase [11,30,40].

Here we studied the relationship between the ambient pressure sen-
sitivity of the higher acoustic amplitude subharmonics of un-coated
microbubbles with its effective resonance frequency. As the radius at
high acoustic amplitudes easily spans a factor of 10, which cannot be
experimentally measured with an acoustic camera, we investigated these
dynamics numerically.

Appendix C.1. Methods

The response of an un-coated microbubble to a 4 MHz acoustic pulse
with a duration of 25 us (75 cycles) was simulated by solving eqn (1)
with xk;, = 0 and o(R) oy. The static pressure was set to linearly
increase in time from 101.3 to 111.3 kPa over the 25 us duration of the
microbubble oscillation. The other parameters were set to the values
listed in Table 1. This simulation was performed for microbubble radii
of 0.75—4 um over 100 steps, and for acoustic amplitudes from 100 to
500 kPa over 80 steps.

From the simulated radius-time curves, the strain was derived and
filtered around the subharmonic frequency of 2 MHz using a 300 kHz
bandwidth following the same approach as described in Appendix A.
The subharmonic strain amplitude subH was then fitted to the applied
ambient pressure using eqn (5) to obtain as,g and Sypg- The effective
resonance frequency fo,.s was obtained from the time-averaged radius
over the full duration R;;eq, by eqn (C.1):

20,

1 1
0eff =751/~ | 3xPamp + (B — 1 .
f()‘ﬁ" 27R nean \/,D ( : ( )Rmean>

To identify the inertial cavitation regime, we followed the common
definition of R, = 2Rg [41].

(C1)

Appendix C.2. Results

The subharmonic sensitivity Sy and mean subharmonic amplitude
aspp Of the simulated free gas bubble responses are shown in Figure C.9
from radii ranging 0.75—3 um. The subharmonic regime shown in
Figure C.9b started at an acoustic amplitude of 150 kPa for microbubbles
with an Ry of 1.8 yum. When the acoustic amplitude increased, the range
of bubble radii that showed subharmonics increased. The microbubbles
with radii above 2.5 ym showed no subharmonics. The microbubble size
that corresponded with the strongest subharmonic amplitude is well
approximated by the dashed black line that denotes when the effective
resonance frequency fo . equals fr/2. This fo o showed a decreasing size
for increasing pressure amplitude due to the favored rarefaction of the
oscillation [30].

The sensitivity shown in Figure C.9a shows both negative and posi-
tive sensitivity, which were strongest in magnitude at the edges of the
subharmonic regime. Negative sensitivity was observed when fo o > fr/
2 and positive sensitivity when f; . was below fr/2. The negative sensi-
tivity generally had a higher magnitude, which increased to -0.7%/mm
Hg, whereas the strongest positive sensitivity was 0.5%/mm Hg. Fur-
thermore, the range of microbubble sizes exhibiting negative sensitivity
for a given driving frequency was much larger, above 300 kPa. This
qualitatively matches with the observed trend that at higher acoustic
amplitudes, negative subharmonic sensitivity to ambient pressure is
observed regardless of the type of contrast agent used [5,7]. Note that
the relationship between the subharmonic sensitivity and the effective
resonance frequency here was mirrored compared with the sensitivity
for low amplitude-driven shelled microbubbles, as shown in Figure 2.
This is because additional static pressure generally increases the reso-
nance frequency of free gas bubbles as the gas core is compressed [13],
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while additional static pressure generally decreases the resonance fre-
quency of shelled microbubbles as the lipid shell becomes increasingly
buckled.

0, 0,
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Figure C.9 Simulated subharmonic sensitivity to (a) ambient pressure
Ssupr and (b) baseline subharmonic strain magnitude ay,y of a free gas
bubble as a function of resting radius R, and acoustic amplitude Pa. The
inertial cavitation regime Ry.x = 2R is indicated by the gray dotted
line and the dashed black line marks when the effective resonance fre-
quency fo o¢ equals half the driving frequency.

The inertial cavitation threshold R,,ox = 2R, is shown by the dotted
gray line in Figure C.9, which shows that at 200 kPa, microbubbles with
a 0.9 um radius exceeded the inertial cavitation threshold, and that this
threshold was exceeded for larger microbubbles at higher acoustic pres-
sures. In that case, the smaller microbubbles generated much stronger
subharmonic scattering than larger microbubbles, which further skewed
subharmonic sensitivity to ambient pressure toward negative sensitivity
[11,30]. However, this assumed that the lipid shell was already
destroyed. If this sensitivity behavior was simulated for microbubbles
with a coating, the acoustic amplitude threshold for subharmonic gener-
ation increased considerably (a factor of two or more) due to an addi-
tional damping effect of the shell and the buckling mechanism [40].
These simulations are therefore not meant as a direct comparison with
previous subharmonic sensitivity results, but to highlight that the effec-
tive resonance frequency approach can also predict subharmonic sensi-
tivity at higher acoustic amplitudes.

Appendix C.3. Conclusion

The subharmonic sensitivity of free gas bubbles driven at high
acoustic amplitudes was investigated numerically. Subharmonic
exhibited maximum readings when the driving frequency was set to
twice the effective resonance frequency. The effective resonance fre-
quency of a free gas bubble increased as the size decreased under a
static pressure increase, but decreased with increasing oscillation
amplitude. Negative sensitivity corresponded with stronger micro-
bubble oscillations and higher sensitivity magnitudes, which could
explain why mostly negative sensitivity was observed at high acoustic
amplitude-driven subharmonics.
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