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ABSTRACT

Acoustic droplet vaporization (ADV) plays an important role in focused ultrasound theranostics. Better under-
standing of the relationship between the ultrasound parameters and the ADV nucleation could provide an on-
demand regulation and enhancement of ADV for improved treatment outcome. In this work, ADV nucleation
was performed in a dual-frequency focused ultrasound configuration that consisted of a continuous low-
frequency ultrasound and a short high-frequency pulse. The combination was modelled to investigate the ef-
fects of the driving frequency and acoustic power on the nucleation rate, efficiency, onset time, and dimensions
of the nucleation region. The results showed that the inclusion of short pulsed high-frequency ultrasound
significantly increased the nucleation rate with less energy, reduced the nucleation onset time, and changed the
length-width ratio of the nucleation region, indicating the dual-frequency ultrasound mode yields an efficient
enhancement of the ADV nucleation, compared to a single-frequency ultrasound mode. Furthermore, the acoustic
and temperature fields varied independently with the dual-frequency ultrasound parameters. This facilitated the
spatial and temporal control over the ADV nucleation, and opens the door to the possibility to realize on-demand
regulation of the ADV occurrence in ultrasound theranostics. In addition, the improved energy efficacy that is
obtained with the dual-frequency configuration lowered the requirements on hardware system, increasing its

flexibility and could facilitate its implementation in practical applications.

1. Introduction

As a powerful protocol for the treatment of cancer and other diseases,
high intensity focused ultrasound (HIFU) therapy mainly makes use of
thermal effects that are induced by focused ultrasound. In these appli-
cations, the deep target tissue needs to reach a high temperature above
65 °C within seconds, resulting in the thermal ablation and coagulative
necrosis [1]. Despite being widely employed in for the treatment of
tumors including prostate [2], liver [3], breast [4], brain (transcranial)
[5] and uterine leiomyomas [6], HIFU still has some inherent limitations
including insufficient treatment efficiency, serious side effects, long
treatment duration and high equipment requirement due to high energy
input [7].

In the clinic, most of the ultrasound therapies approved by Food and
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Drug Administration (FDA) use thermal modes of HIFU only [8]. Ul-
trasound induced cavitation in living tissue is considered unpredictable,
due to the unpredictable behavior of bubble nucleation under applied
acoustic fields. This constitutes a major drawback in the clinical use of
HIFU. However, cavitation is hard to be avoided during HIFU treatment.
Thus, the perspective of cavitation in biomedical ultrasound has been
shifted in recent years, from inhibiting or monitoring the cavitation to
taking advantage of its bioeffects in tissue disintegration [9] or thermal
effects enhancement [10,11].

Introducing cavitation nuclei can help to reduce the energy threshold
for cavitation and enhance the therapeutic outcome significantly [12].
In recent years, the acoustically sensitive perfluorocarbon (PFC) nano-
droplets as small as a few hundreds of nanometers have attractively
emerged as an alternative to conventional microbubbles in the enhanced
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HIFU treatment and ultrasound imaging due to their longer circulation
lifetime and smaller size for significant enhanced permeability and
retention (EPR) effects in vivo relative to microbubbles [13]. PFC
nanodroplets could vaporize into microbubbles via ultrasound activa-
tion, by phase-shifting from the liquid state to the gas state. This is a
physical process termed acoustic droplet vaporization (ADV) [14]. The
ADV bubbles have been proved effective in enhancing the acoustic
thermal conversion efficiency [15], enhancing inertial cavitation ac-
tivity [16] and the mechanical bioeffects [17], reducing the acoustic
threshold of effective therapy [18], accelerating the ultrasonic heating,
shortening the treatment time [19], expanding the injury area and
reducing the possibility of complications. Moreover, the excellent ul-
trasound imaging characteristics of ADV bubble also give PFC nano-
droplets a great potential for ultrasound theranostics [20].

Dual- or multiple-frequency ultrasound is also effective to reduce the
cavitation threshold or increase cavitation effects compared with stan-
dard single-frequency ultrasound. Dual-frequency excitation was uti-
lized for cavitation-enhanced thermal ablation [21], thrombolysis
[22-24], and sonodynamic therapy [25], and was able to reduce the
inertial cavitation threshold and improve therapeutic efficiency signif-
icantly. Numerical studies suggested the potential mechanisms for
enhanced bubble cavitation by dual-frequency excitation, which include
the unique nonlinear features of superharmonic focusing [26], bubble
oscillations [27], the enhancement of the bubble expansion ratio and
collapse strength [28], the reduction of inertial cavitation threshold
[29], the increase mass transfer through the bubble interface [30] and
the alteration of the bubble spherical stability [31]. However, these
studies focused on the use of microbubbles rather than PFC
nanodroplets.

In our previous studies, dual-frequency HIFU has been introduced
with PFC nanodroplets and nanoparticles to increase the efficiency of
focused ultrasound therapy in experiments. The combined dual-
frequency focused ultrasound pulse consisted of a long pulse at a cen-
ter frequency of 1.1 MHz and a short pulse at a frequency of 5 MHz. This
was shown to reduce the ADV threshold, manipulate the ADV volume
and increase the cavitation efficacy [32]. The dual-frequency HIFU was
also shown to effectively activate the phase transition of per-
fluoropentane (PFP) nanoparticles into microbubbles, while signifi-
cantly reducing the HIFU threshold for thermal ablation lesion in
phantoms, enhancing the antitumor efficacy, and realizing ultrasound
monitoring imaging in vitro and in vivo [33]. It indicated a short pulsed
high-frequency ultrasound was the main source for ADV, and the long
pulsed low-frequency ultrasound increased cavitation-induced bio-
effects. Therefore, a dual-frequency ultrasound configuration could act
as a potential strategy for higher efficiency at a reduced acoustic power.
However, current experimental studies only investigate effects of the
acoustic power on ADV process under a specific pair of ultrasound fre-
quencies (i.e. 1.1 MHz and 5 MHz), which could not give a compre-
hensive understanding of the relationship between the ultrasound
parameters and the ADV effects. In particular, how to control the ther-
mal or cavitation effect through regulating the driving frequency and
acoustic power of the dual-frequency HIFU is not clear yet.

During ADV, the internal gas nucleation is the initial stage of the
formation of the initial vapor bubble nucleus. This determines the sub-
sequent ADV bubble distribution, dynamics and the HIFU treatment
efficacy enhancement [34]. To regulate the cavitation effects of PFC
nanodroplets on-demand in ultrasound excitation, the internal gas
nucleation of ADV (i.e., ADV nucleation) is a crucial process. If the ADV
nucleation, which is closely determined by the acoustic pressure and
temperature, could be precisely controlled, it would play an important
role in an on-demand therapy, aimed at optimized therapeutic outcome
while operating at a relatively safe energy range. Compared to single-
frequency ultrasound insonation, where the acoustic pressure and the
temperature change synchronously with the alternation of ultrasonic
parameters, the dual-frequency ultrasound excitation could achieve
precise control of ADV nucleation by regulating the temperature and
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acoustic fields independently.

Numerical simulations of ADV nucleation in the dual-frequency
focused ultrasound could predict the effect of different ultrasound pa-
rameters and yield an optimal parameter choice for the regulation of
ADV nucleation in the on-demand theranostic applications, e.g. the
enhanced HIFU thermal ablation, histotripsy or boiling histotripsy,
sonoporation therapy or blood-brain-barrier opening. As a commonly
used theory of nucleation, the classical nucleation theory (CNT) has
been previously used to study cavitation in biological fluids and tissues
[10] as well as nucleation of a bubble in nano- and micro-sized [35] PFP
emulsions. It was also proved to be suitable for simulating HIFU cavi-
tation by reasonably and effectively correcting the surface tension of
liquid [36]. Here, CNT strongly depend on macroscopic information like
temperature and pressure which could be accessible from the acoustic
and thermal simulations of the dual-frequency approach.

In this work, a modified CNT was used to simulate the ADV nucle-
ation of PFP nanodroplets activated by a confocal dual-frequency HIFU.
The pressure and temperature fields were modelled by the linear
Helmholtz and Pennes’ Bioheat Transfer equations, respectively. A
parametric study was conducted to show the patterns of ADV nucleation
rate, efficiency, onset time, and dimensions of the nucleation region
under different dual-frequency focused ultrasound conditions. Finally,
the effects of the driving frequency and acoustic power on ADV nucle-
ation were analyzed and discussed to give a primary instruction for on-
demand regulation of ADV in the dual-frequency focused ultrasound for
theranostics.

2. Theory and methods
2.1. Dual-frequency focused ultrasound model

Fig. 1 illustrates the dual-frequency focused ultrasound system used
for the PFP nanodroplets ADV nucleation simulation. The ultrasound
transducer consisted of two confocal spherical annular elements, which
had a similar geometry as used in previous experimental studies [32,33].
The inner ring had a radius r; (25 mm) and was stimulated at a high
frequency, while the outer ring had a radius rp (47 mm) and was stim-
ulated at a lower frequency. The radius ry of the central hole and the
focal length Rgy of the transducer were 11 mm and 60 mm, respectively.

To study the ADV nucleation, the PFP nanodroplets were assumed to
be evenly distributed in a tissue phantom with a volume fraction of 10~%.
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Fig. 1. Schematic diagram of dual-frequency focused ultrasound model. (a) The
dual-frequency transducer (dark-gray outer ring for the low-frequency ultra-
sound and light-gray inner ring for the high-frequency ultrasound) and the
tissue phantom (orange solid square) filled with PFP nanodroplets. The Rgy is
the focal distance of the transducer. (b) The shape of the dual-frequency
transducer in the axial view. The ry, r;, and rp represent the radius of the
central hole, inner ring, and outer ring, respectively.
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The phantom was a cylinder with a radius of 50 mm and a length of 60
mm, and located at the focal point and coaxial with the transducer. In
addition, both the transducer and the phantom were immersed in water.
It should be pointed out that the tissue-mimicking phantom used in the
simulation was chosen based on its simple geometry and acoustic
propagation, which can be easily reproduced experimentally. In this
model, the phantom did not refer to a specific type of human tissue, but
was set as a uniform medium with average values of physical properties
for human soft tissue, e.g. density p = 1044 kg/m3 and speed sound ¢ =
1568 m/s [37].

The acoustic field generated by the dual-frequency ultrasound was
solved using the linear Helmholtz equation in two dimensional
axisymmetric cylindrical coordinates [38]:

TR BRI CA EA
or| p\or oz | p\0z ¢ p
where r and z are radial and axial coordinates, p is the pressure output
from the focused transducer, and o = 2zf is the angular frequency, in
which f is the driving frequency of the ultrasound. Based on the
assumption that the transducer vibration and particle vibration on the
transducer surface were continuous and consistent, the acoustic pressure
p on the transducer surface had a linear relationship with the transducer
vibration d, i.e. p = wpc ed. For simplification, the acoustic wave
propagation was assumed to be linear and nonlinear effect was neglec-
ted. Because linear acoustic is valid when p<pc? [39], and the maximal
pressure (22.5 MPa) in all simulation conditions was much smaller than
the product pc? = 2567 MPa, the assumption of linear wave propagation
in this study was reasonable.

For heat generation induced by the dual-frequency focused ultra-
sound, the temperature T in the tissue phantom was calculated by the
Pennes’ Bioheat Transfer equation:

or
[)C”E =Ve (kVT)+Q, 2

where Q is the heat source due to the absorbed ultrasound energy
determined by Q = 2al, in which I is the acoustic intensity obtained
from the acoustic field, i.e. I = ZL:C. In this simulation, the initial tem-
perature of the PFP nanodroplets in the phantom was 298.15 K (i.e.
25 °C), while the specific heat C,, thermal conductivity k, and acoustic
absorption coefficient @« were 3710 J/(kg-K), 0.59 W/(m-K), and 8.55
Np/m/MHz, respectively [38].

2.2. ADV nucleation model for a PFP nanodroplet

A modified classical nucleation theory, as proposed in previous
studies [40,41], was used to simulate the ADV nucleation process of a
PFP nanodroplet in the dual-frequency ultrasound. At a specific pressure
p1 and temperature Tj, the critical radius r* and work W for nucleation
was calculated by

261‘(Tl-,pl)

7 (Ti,pr) = o—pr 3

_ 16703(T), p;)

= . 4
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W (T, p1)

where o, is the size-dependent surface tension by considering the effect
of the nucleus curvature based on a scaling function [41,42], i.e.
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1.2
where 6, (T;) = 0.0425 (l - %) is the temperature-dependent surface

tension of flat interface [43], and & is a normalized degree of liquid
metastability determined by the local pressure p; in the PFP nanodroplet,
the vapor pressure p, in the nucleus, and spinodal pressure pg,, of the
metastable phase, which are given by

Pi = P+ Plap + Pa @

_psar(Tl) - pl)

8
ST ®

po(T,pr) = p.mr(Tz)'pr(

where pe, Pigp> Pa> and py; are the ambient pressure (1 atm), Laplace
pressure, applied acoustic pressure, and saturation vapor pressure,
respectively. The modifications given by Egs. (5) and (6) take into ac-
count the deviation of the surface tension for the nano-sized critical
nucleus o, from the bulk value 6, yielding a vanishing work of nucle-
ation at the spinodal points [41,42]. In the simulation, the acoustic
pressure p, was the solution of the dual-frequency acoustic field from Eq.
(1), while the Laplace pressure piq, = 204/Rq Was related to the surface
tension at the PFP nanodroplet surface 64 = 56 mN/m and its size Ry =
100 nm of the PFP nanodroplet. For more details of the nucleation
model, please refer to [40,41].

2.3. Simulation conditions and data analysis

A parametric study was conducted to investigate the effects of dual-
frequency ultrasound on the ADV nucleation. During the simulation, a
continuous low-frequency ultrasound and a pulsed high-frequency ul-
trasound with 1 % duty cycle were applied to generate the dual-
frequency acoustic field and thermal field. For the low-frequency ul-
trasound, three different driving frequencies (LF = 0.5, 1.0, and 1.5
MHz) [44] and eleven different acoustic powers (LW from 0 to 50 W
with a step of 5 W) were selected as used in normal single-frequency
focused ultrasound. For the high-frequency ultrasound, a wide range
of driving frequencies (HF = 2, 3, 4, and 5 MHz) and acoustic powers
(HW from 0 to 10 W with a step of 1 W) were studied to evaluate its
contributions to the ADV nucleation in the dual-frequency focused ul-
trasound [45]. In this model, the acoustic power W was implemented

1 2w
27af \/ pcS’

which f is the driving frequency and S is the area of the transducer
surface. The vibration amplitudes applied in the simulation under
different acoustic power were shown in the Fig. S1 in the supplementary
information. For each condition, the pulse-repetition frequency and
irradiation time of the focused ultrasound were 100 Hz and 5 s.

In this study, a total of 1270 conditions were simulated to analyze the
varying patterns in their rate, onset time, and spatial profiles of the ADV
nucleation under different combinations of the dual-frequency focused
ultrasound parameters. As in previous studies [10,41], the nucleation
rate was defined as the number of critical nuclei formed per unit time
and volume, given in a logarithmic form by

30,(T1,p1)p? vexp< _ W*(T17P1)> >’ ©)

m3 kB T]

using the vibration amplitude of the transducer d, i.e. d = in

18J(T1, 1) = lf)glo(

where p; is the PFP liquid density, m is the mass of single molecule, and
kg is the Boltzmann constant. Accordingly, a nucleation efficiency E;
was quantified as the ratio of the nucleation rate to the total acoustic
power of the dual-frequency focused ultrasound, i.e.

lgJ

E)y=—rrr,
LW +HW

(10$)
given in units of nuclei per watt. The E; measures the ability to produce
the ADV nucleus per unit of acoustic power under a specific dual-
frequency condition. Generally, a higher value of E; indicates a higher
efficiency of energy utilization during ADV nucleation process.
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Furthermore, to investigate the onset time and spatial dimensions of
the ADV nucleation, the number of the critical nuclei formed in a volume
V within a time interval 7, was approximated in a logarithmic form by

IgN; = log,(JVo1o), an

where Vo =1 x 105 mm? is the spatial resolution selected in the

simulation and 7o = 1/(10f) is a period during which the lowest pres-
sure and constant temperature are guaranteed, where f is the driving
frequency of the high-frequency ultrasound in the dual-frequency ul-
trasound conditions [10,11].

As a result, a nucleation onset time t; was defined as the minimal
irradiation time needed to form the first critical nuclei (i.e. IgN; = 0) in
the focal volume, while the nucleation site was recognized as the area
where at least one critical nuclei was formed (i.e. IgN; > 0) and evalu-
ated by measuring the length a, width b, length-width ratio a/b, and
volume V of the nucleation region. Because the nucleation region was
approximately an ellipsoid, the a and b were the major and minor axes of
the ellipsoid respectively, while the V was defined by the ellipsoid vol-
ume formula, i.e. zab?/6.

Peak negative pressure (MPa)

(b)
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3. Results and discussion
3.1. Acoustic field and temperature distribution

Fig. 2 compares the peak negative pressure magnitude under the
single- and dual-frequency ultrasound conditions. As expected, an oval-
like distribution of the negative pressure was observed in either single or
dual-frequency ultrasound acoustic field. For the single-frequency ul-
trasound cases [Fig. 2(a) and (b)], a higher driving frequency produced
more focused acoustic field with a smaller length and width of the
elliptic focus [44]. In addition, although the acoustic power of the high-
frequency ultrasound was much lower than that of the low-frequency
ultrasound, the negative pressure magnitudes in these two acoustic
fields were comparable, indicating that the high-frequency ultrasound
can make a great contribution to the acoustic field. As shown in Fig. 2(c),
the dual-frequency ultrasound generated a much higher negative pres-
sure than the single-frequency ultrasound, which can also be seen from
the focal waveforms shown in Fig. S2 in the supplementary information
and is better for the ADV nucleation [46]. Also, the peak negative
pressure under different dual-frequency ultrasound conditions was
compared as shown in Fig. 2(d). The results indicate a significant and
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Fig. 2. Peak negative pressure distribution in the acoustic field of the (a) low-frequency ultrasound with LF = 1 MHz and LW = 30 W, (b) high-frequency ultrasound
with HF = 3 MHz and HW = 3 W, and (c) dual-frequency ultrasound under the conditions of (a) and (b). (d) Peak negative pressure under different dual-frequency
focused ultrasound conditions.
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positive correlation between the peak negative pressure and any ultra-
sound parameter, and there is little difference in the contribution of the
low-frequency and high-frequency ultrasound to the acoustic field.
However, it should be noted that the acoustic power of the high-
frequency ultrasound was much lower than that of the low-frequency
ultrasound, meaning a greater impact of the high-frequency ultra-
sound on the acoustic field.

For the dual-frequency ultrasound system, since the high-frequency
ultrasound was working in a pulse mode with a very small duty cycle,
its impact on the temperature was slight during limited irradiation [47],
as shown in Fig. 3. As a result, the temperature changes over time and
space were determined by the low-frequency ultrasound. Firstly, the
temperature gradually increased with irradiation time, and the increase
rate was positively related with the driving frequency and acoustic
power. Secondly, temperature distribution in space had a similar shape
as the acoustic field of the low-frequency ultrasound [see Fig. 2(a)].
Also, the isothermal lines qualitatively showed an uneven increase of the
temperature around the focus, i.e. a faster temperature rise in the radial
direction than the axial direction. Because the temperature is an
important factor that affects the ADV nucleation as shown in Egs. (4) and
(9), the higher the driving frequency and acoustic power of the low-
frequency ultrasound, the larger the temperature increase at the
acoustic focus area and consequently the greater the thermal effect on
the ADV nucleation in the dual-frequency ultrasound system.

(a)

60
= LF=0.5MHz,LW=20W = = LF=0.5MHz,LW=40W
50 = LF=1.0MHz,LW=20W = = LF=1.0MHzLW=40W
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=
[
N
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=
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24
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3.2. Nucleation rates and efficiency

Fig. 4 shows the effects of driving frequency and acoustic power on
the nucleation rates in the dual-frequency focused ultrasound. In gen-
eral, as the driving frequency and acoustic power of either the low- or
high-frequency ultrasound increased, the nucleation rate went up as
well, indicating a positive relationship between the nucleation occur-
rence and dual-frequency ultrasound parameters. During the ADV
nucleation, the nucleation rates increased with the liquid temperature
and/or the pressure increasing [see Fig. S3 in the supplementary infor-
mation], as the acoustic power of the low- or high-frequency ultrasound
increased. These variation tendencies are consistent with those of the
nucleation rate for water in histotripsy under the single-frequency
focused ultrasound excitation [10,11,48]. Nevertheless, it should be
noted that the nucleation thresholds in ADV and histotripsy are greatly
different, specifically the latter usually requires a larger threshold. It can
be explained due to the discrepancies between the thermodynamic
properties of the metastable PFP and water where nucleation occurs
[49-52]. Moreover, by comparison, the nucleation rate had a larger
variation as increasing the low-frequency parameters than the high-
frequency parameters, especially in the conditions with a low-
frequency ultrasound whose driving frequency was relatively large (i.
e. 1.5 MHz). This difference in effects is resulted from the short duty
cycle (1 %) and small acoustic power (<10 W) of the pulsed high-
frequency ultrasound, indicating a leading role of the low-frequency
ultrasound in the dual-frequency system.

Nonetheless, the high-frequency ultrasound parameters still had a
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Fig. 3. Time-dependent temperature variation (a) at the focus under different focused ultrasound conditions and (b) around the focal region under the condition with
LF = 1 MHz, LW = 20 W. (c) Temperature rise under different dual-frequency focused ultrasound conditions after 5 s irradiation.
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Fig. 4. Nucleation rates under different dual-frequency focused ultrasound conditions after 5 s irradiation. Cases with HW = 0 are equivalent to the normal single-
frequency focused ultrasound conditions. Regions without data indicate conditions of no nucleation.

significant impact on the nucleation rate, particularly in the cases where
the driving frequency of the low-frequency ultrasound was small (e.g.
0.5 MHz). When the low-frequency ultrasound parameters were kept
constant, inclusion of the high-frequency ultrasound was able to cause a
noticeable increase in the nucleation rate, and could even make nucle-
ation possible in some conditions where the nucleation cannot be acti-
vated by the single-frequency ultrasound (i.e. HW = 0). This outcome
implies that the dual-frequency ultrasound is easier to generate ADV
nucleation than the single-frequency ultrasound [53].

From the aspect of energy supply, inclusion of the high-frequency
ultrasound reduced the minimal acoustic power of the low-frequency
ultrasound required for the nucleation activation. For example, the
nucleation acoustic power threshold at 1-MHz single-frequency ultra-
sound condition was 20 W, which dropped to 15 W just by applying a 2-
MHz high-frequency ultrasound at a small acoustic power (1 W). This
result is mainly because, at the same acoustic power, the focused ul-
trasound with a higher driving frequency has a greater contribution to
the negative pressure [54]. Consequently, the lower the driving fre-
quency of the low-frequency ultrasound, the stronger the effect of the
high-frequency ultrasound, e.g. a 5-W 3-MHz high-frequency ultrasound
could reduce the acoustic power by >40 W for 0.5-MHz low-frequency
ultrasound but <10 W for 1.5-MHz low-frequency ultrasound.

Furthermore, the dual-frequency ultrasound can achieve a specific
nucleation rate with a less total acoustic power than the single low-
frequency ultrasound. For example, the total acoustic power for nucle-
ation activation was 20 W using a 1-MHz single-frequency ultrasound
but only 7 W using a 1-MHz (5 W) and 5-MHz (2 W) dual-frequency
ultrasound system. This result indicates that energy dissipation in the

LF=0.5 MHz
Z s
s | gl =
== s
| < 2
50\\\/// 50
403020100 T2 4 6 g 10 40302010
LW (W) HW (W) LW W)

LF=1.0 MHz

2468

W

single-frequency ultrasound is high, and the dual-frequency ultrasound
is able to lower energy consumption and improve nucleation efficiency.

Fig. 5 shows the quantitative evaluation of the nucleation efficacy
under different dual-frequency focused ultrasound conditions. In simi-
larity to the nucleation rate, the nucleation efficiency generally
increased as increasing the driving frequency of either low-frequency or
high-frequency ultrasound. However, as the acoustic power changed,
the nucleation efficiency E; showed visible differences in variation
patterns from the nucleation rate. Above all, the nucleation efficiency
significantly decreased with the increase of the acoustic power of the
low-frequency ultrasound. This trend indicates that although increasing
acoustic power of the low-frequency ultrasound can increase nucleation
rate [see Fig. 4], the reduced nucleation efficiency implies more energy
wasted in the nucleation process, which may be related to the energy
absorption in the tissue [see Fig. 3]. By contrast, high-frequency pulsed
ultrasound had little thermal effect, increasing acoustic power of the
high-frequency ultrasound contributed more energy to the acoustic
pressure [see Fig. 2], which could increase the nucleation rate and avoid
energy dissipation, thus improving the nucleation efficiency. However,
the nucleation efficiency didn’t monotonically increase with the
acoustic power of the high-frequency ultrasound and had a peak value,
e.g. the maximal E; occurred at HW = 7 ~ 8 W for the conditions with
(LF = 0.5 MHz, HF = 5 MHz), while appeared at HW = 2 ~ 4 W for the
conditions with (LF = 1.5 MHz, HF = 5 MHz). This result can be
explained by the fact that the nucleation rate obtained by the CNT model
is gradually approaching a limit value (i.e. 1gJ ~ 38) as increasing
acoustic power of the high-frequency ultrasound [10, 11, Fig. S3 in the
supplementary information]. Accordingly, a decreased E; is expected to
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Fig. 5. Nucleation efficiencies under different dual-frequency focused ultrasound conditions after 5 s irradiation. Cases with HW = 0 are equivalent to the normal
single-frequency focused ultrasound conditions. Regions without data indicate conditions of no nucleation.
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happen when the increase of the nucleation rate is slower than the total
acoustic power as defined by Eq. (10). Furthermore, for a specific system
condition (i.e. HF and LF), there is always an optimal pair of ultrasound
parameters (i.e. HW and LW) to produce a maximal nucleation effi-
ciency. Therefore, reducing acoustic power of the low-frequency ultra-
sound and selecting an optimal acoustic power of the high-frequency
ultrasound are beneficial to improving energy utilization and increasing
nucleation efficiency [29].

In addition, the low-frequency continuous ultrasound mainly de-
termines the temperature field [see Fig. 3], and accordingly a low
acoustic power of the low-frequency ultrasound leads to a small tem-
perature increase within the tissue, which is important for the safety and
sometimes necessary in the therapy using heat-labile drugs or SDT re-
agents [10,11,48]. With the same nucleation efficiency, the required
acoustic power of the low-frequency ultrasound can be distinctly
reduced as the driving frequency and acoustic power of the high-
frequency ultrasound increase in the dual-frequency ultrasound cases.
From another perspective, high nucleation efficiency means that more
energy from the power supply is used to induce ADV nucleation.
Therefore, the fact that dual-frequency ultrasound can reduce the
acoustic power of the low-frequency ultrasound shows a potential
advantage of the dual-frequency ultrasound in temperature and safety
control, and the metric of nucleation efficiency E; may be a potential
parameter for the dosimetry of protocols and optimization of energy
consumption in the future system design.

3.3. Nucleation onset time

Fig. 6 shows the onset time of the nucleation at the focus under
different dual-frequency focused ultrasound conditions. Firstly, similar
as in the single-frequency focused ultrasound [10,11,48], the nucleation
onset time in the dual-frequency system decreased monotonically with
increasing the driving frequency and acoustic power of the low-
frequency ultrasound due to higher pressure and faster temperature
rise. Secondly, inclusion of the high-frequency ultrasound also signifi-
cantly shortened the irradiation time for nucleation, and this effect was
enhanced with increasing the driving frequency or acoustic power of the
high-frequency ultrasound. For example, the nucleation onset time at
the condition with LF = 1 MHz and LW = 35 W was 4.45 s, which could
be reduced to 2.16 s by adding a 1-W 2-MHz ultrasound or to 0.95 s by
using a 1-W 4-MHz ultrasound. This outcome is mainly because the
contribution of the high-frequency ultrasound to the pressure field
compensates the thermal effect required for nucleation, thus reducing
the time of the temperature rise, i.e. irradiation time of the low-
frequency ultrasound.

Furthermore, the nucleation onset time in many conditions were
shown to be zeros, indicating extreme conditions that the nucleation can
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be activated in a very short timescale after the ultrasound irradiation.
This is mostly due to the higher acoustic pressure than the nucleation
pressure threshold (8.2 MPa) at the initial temperature (25 °C), which
means that the nucleation can be caused exclusively by the ultrasound
tensile pressure. In theory, this case can also be achieved in the single-
frequency ultrasound with a high enough acoustic power, e.g. > 50 W
at the condition with LF = 1 MHz, but by contrast, the dual-frequency
system significantly reduces the total acoustic power, e.g. 20 W (LF =
1 MHz) + 5 W (HF = 4 MHz). On the one hand, this result again dem-
onstrates a high energy efficiency for the dual-frequency ultrasound
system. On the other hand, the thermal effect can be greatly weakened in
the dual-frequency system, even for applications requiring long-time
irradiation.

Similar nucleation onset times (e.g., approximately 2 s) were
observed in different conditions, e.g. (LF =1 MHz, LW =45 W), (LF =1
MHz, LW = 30 W, HF = 2 MHz, HW = 3 W), (LF = 1 MHz, LW = 15 W,
HF = 4 MHz, HW = 4 W), and (LF = 0.5 MHz, LW = 45 W, HF = 4 MHz,
HW = 4 W). These results indicate that the dual-frequency ultrasound
has multiple combinations that are able to achieve the same nucleation
onset through complementary effects between different ultrasound pa-
rameters. This provides a better flexibility for the dual-frequency ul-
trasound method for therapeutic applications that have different needs
and equipment constraints.

3.4. Spatial-temporal variation of nucleation region

The spatial variations of the nucleation site over irradiation time
under single- and dual-frequency focused ultrasound are illustrated in
Fig. 7. From the spatial point of view, both the single- and dual-
frequency ultrasound generated an elliptical nucleation area with a
major axis along the axial direction, which is similar as the shape of the
acoustic field shown in Fig. 2. Then, as the irradiation time increased,
the nucleation site grew gradually in all directions, and the variation
trend of the nucleation site with time was consistent in different ultra-
sound conditions. Qualitatively, the only difference of the nucleation
site between the single- and dual-frequency ultrasound was that the
inclusion of the high-frequency ultrasound greatly increased the
dimensional size of the nucleation region, which might be attributed to
the effect of the dual-frequency ultrasound on the nucleation rate [dis-
cussed in Section 3.2].

From the temporal perspective, typical trends of the nucleation re-
gion change in the length, width, length-width ratio, and volume are
illustrated in Fig. 8. Except the ones without nucleation, the nucleation
site of all conditions had increased length and width as the irradiation
time increased, thus leading to an increased nucleation volume over
time. But the rate of increase in the volume gradually decreased, which
is similar as the trend of temperature change [see Fig. 3(a)], indicating
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Fig. 6. Minimal irradiation time needed to generate nucleation under different dual-frequency focused ultrasound conditions. The zero value indicates immediate
occurrence of nucleation after the irradiation, while region without data indicate no nucleation occurred within 5 s irradiation.
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Fig. 7. Typical time-dependent spatial distribution of the nucleation occur-
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conditions. In this case, the parameters of the single-frequency ultrasound are
LF = 1 MHz and LW = 30 W, while the parameters of the dual-frequency ul-
trasound are LF = 1 MHz, LW = 30 W, HF = 3 MHz, and HW = 3 W.

that expansion of the nucleation region is mainly determined by the
thermal effect, i.e. the low-frequency ultrasound. In addition, another
evidence showing the importance of the thermal effect was a progressive
decrease in the length-width ratio, which means a faster increase in the
width than the length. This difference of the increase rates in different
directions is consistent with the temperature changes in space as shown
in Fig. 3(b).

Fig. 8 also shows the dimensional differences of the nucleation site
over time between single- and dual-frequency focused ultrasound.
Firstly, the inclusion of the high-frequency ultrasound significantly
increased the length, width, and volume of the nucleation site, which is
due to the increased nucleation rates under the dual-frequency ultra-
sound conditions. Secondly, the differences between the length-width
ratio curves under different LW conditions were magnified in the dual-
frequency ultrasound, indicating significant but different effects of the
high-frequency ultrasound on the length and width and possibility of
controlling the shape of nucleation site. But even so, there is no signif-
icant change in the variation patterns of each measure.

In order to quantitatively evaluate the effect of the dual-frequency
ultrasound parameters on the nucleation site, the length, width,
length-width ratio, and volume of the nucleation region after 5 s irra-
diation under different conditions are shown in Fig. 9. For the length and
width of the nucleation site, they increased with increasing acoustic
power of either low- or high-frequency ultrasound. However, the effect
of the HW on the width was much weaker than on the length, due to the
fact that the expansion of the nucleation region in the radial direction is
largely dependent on the thermal effect, i.e. the low-frequency
ultrasound.

Regarding the driving frequency, the LF had a larger impact on the
length and width than the HF, while the HF showed a greater effect in
the conditions with lower LF (e.g. 0.5 MHz), which is similar as the
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effects on the nucleation rate due to the short duty cycle of the high-
frequency ultrasound. But unlike the variation patterns of the nucle-
ation rate, the length and width didn’t vary monotonically with the LF
but had peak values at the conditions with LF = 1.0 MHz. This outcome
could be explained by the following two aspects of the LF effects: 1) The
higher LF generates a more focused acoustic field [see Fig. 2], thus
leading to a smaller length and width; 2) The higher LF produces a rapid
rise and expansion of the temperature field, thus resulting in a larger
dimensional size of the nucleation region, especially the width. Conse-
quently, the contrary effects of the LF codetermines an increa-
sing—decreasing pattern of the length and width variation, especially in
high LW conditions.

Since the length-width ratio and volume were defined by the length
and width, the effects of the parameters on the length-width ratio and
volume were highly related to the effects on the length and width. For
the length-width ratio, it had a negatively relationship with the low-
frequency ultrasound parameters but was positively correlated with
the high-frequency ultrasound parameters. This is because the thermal
effect controlled by the low-frequency ultrasound has a larger effect on
the width than the length. When the effect of the low-frequency ultra-
sound was small at low LF or LW, the effect of the HF and HW became
noticeably stronger. For the volume of the nucleation site, because it was
proportional to the square of the width, the volume had a closer varia-
tion pattern to the width.

3.5. The regulation of ADV nucleation in the dual-frequency focused
ultrasound

The goal of this work was to understand the physical mechanism of
dual-frequency focused ultrasound ADV nucleation through the assess-
ment of the ultrasound parameters effects (i.e. driving frequency and
acoustic power) on the nucleation rate and efficiency, onset time, and
nucleation region volume. Overall, all the parameters of the dual-
frequency ultrasound affect the nucleation by changing the acoustic
field and the temperature field, as was shown previously with single-
frequency ultrasound [10,11,48]. However, in the dual-frequency ul-
trasound system using in this study, the continuous low-frequency ul-
trasound affects both the pressure distribution and temperature
variation, while the pulsed high-frequency ultrasound mainly influences
the acoustic field. This gives the dual-frequency ultrasound a major
advantage of an independent control over the acoustic pressure and
temperature, which is not feasible using the single-frequency ultrasound
[10,11,48]. In practice, this advantage could bring a benefit of optimal
temperature and nucleation control. For example, the dual-frequency
ultrasound could be beneficial for applications that require low tem-
perature and high nucleation, using a low-power continuous ultrasound
to control the temperature rise and utilizing a pulsed high driving fre-
quency ultrasound to regulate the nucleation rate and region.

Another key advantage of the dual-frequency ultrasound is that the
total input power can be greatly reduced, which is primarily due to
significant increase in the nucleation rate after adding the high-
frequency ultrasound. The basic rationale behind this result is that
high-frequency ultrasound provides higher negative pressure than the
low-frequency ultrasound under the same input power condition,
showing a best use of the characteristics of the high-frequency ultra-
sound. In practical application, the benefit of this advantage is high
energy utilization and low energy supply, further lowering the re-
quirements on the system.

Furthermore, it is worth noting that the effects of each ultrasound
parameter on the different nucleation measures, i.e. efficiency, onset
time, and dimensions, are different or even opposite. For instance, a
lower LW and higher HF causes a higher nucleation efficiency [see
Fig. 5] but a smaller cigar-shaped nucleation region [see Fig. 9]. As a
result, a trade-off between different measures, like the nucleation effi-
ciency and the volume of nucleation site, should be considered and
controlled through regulating different parameters. Fortunately, the
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Fig. 8. Dimensions of the nucleation site over time under (a) single- and (b)

dual-frequency focused ultrasound conditions. The measures of the nucleation di-

mensions include the length, width, length-width ratio, and volume of the nucleation region.

effects of different parameters are similar on one measure but comple-
mentary on another, e.g. the LF and HF affect the E; in a same way but
have opposite effects on the a/b and V, which makes it possible to
control the shape of nucleation region without reducing the nucleation
efficiency.

To sum up, in an actual application, the low-frequency ultrasound
parameters can be determined first to meet the temperature re-
quirements and allow a coarse adjustment of nucleation volume, then
the high-frequency ultrasound parameters will be selected to satisfy the
demands on the irradiation duration, nucleation efficiency, and the
nucleation region shape. Taking ADV-enhanced HIFU as a specific
example, in the treatment regimens combining heat-sensitive drugs or
SDT reagents, the temperature of the target area needs to be limited,
therefore, a low LW is essential to guarantee a small temperature
changes [see Fig. 3] and a moderate LF can be selected to produce a large
nucleation area [see Fig. 9]. Then, the HF and HW should be determined
to balance the irradiation time, nucleation efficiency, and region shape
according to their importance, e.g. a high E; requirement can select a
high HF and optimal HW [see Fig. 5], while a requirement of circle
nucleation region can choose a low HF and high HW.

Due to the inclusion of pulsed high-frequency ultrasound, the dual-
frequency ultrasound has better flexibility and wider applicability for
spatiotemporal control over the nucleation, compared to single-
frequency ultrasound. Although the effect of the high-frequency ultra-
sound depends on the low-frequency ultrasound, the effect can be
enhanced through increasing the frequency, acoustic power, and duty
cycle of the high-frequency ultrasound. But high duty cycle may
enhance the high-frequency thermal effects, which might weaken the
independent control over the acoustic pressure and temperature.
Therefore, the high-frequency duty cycle is also an important factor that
should be investigated in a future research.

3.6. Limitations

The main limitation of this study was that the acoustic field was
described using a linear equation and the nonlinear wave propagation
was ignored, unlike most focused ultrasound simulations, and especially
when using high intensity conditions [44]. However, the dual-frequency
ultrasound enables to work at low intensity levels, which reduce
nonlinear effects, and thus the linear acoustic behavior assumption
holds as mentioned in Section 2.1. Nevertheless, it should be mentioned
that nonlinearity amplifies with the increase of driving frequency and
acoustic power. Furthermore, the nonlinearity cannot be ignored in the
bubble dynamics after the ADV nucleation [53], which will be studied in
the future work. In addition, another limitation in this model was the
simplification of the Pennes’ Bioheat Transfer equation, i.e. Eq. (2), by
neglecting the blood perfusion term. Since the maximal irradiation
duration was 5 s in the simulation, the blood perfusion could have a
visible effect on the temperature and nucleation rate. Therefore, this
effect should be considered in the model of human tissue with a large
distribution of blood vessels.

4. Conclusions

In this study, ADV nucleation in the dual-frequency focused ultra-
sound was modeled and the effects of the ultrasound parameters,
including driving frequency and acoustic power, on the nucleation rate
and efficiency, onset time, and nucleation region volume were investi-
gated. The simulations showed that the addition of a high-frequency
pulse enabled to produce a higher nucleation rates, while reducing the
required energy. This suggests that the dual-frequency ultrasound has a
higher efficacy compared to the single-frequency ultrasound. Further-
more, the high-frequency ultrasound pulse could reduce the nucleation
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Fig. 9. Dimensions of the nucleation site under different dual-frequency focused ultrasound conditions after 5 s irradiation. The nucleation dimensions include the
length a, width b, length-width ratio a/b, and volume V of the nucleation region. Cases with HW = 0 are equivalent to the normal single-frequency focused ul-

trasound conditions. Regions without data indicate conditions of no nucleation.

onset time and increase the length-width ratio of the nucleation region,
which enables a fine adjustment of the nucleation site in a spatiotem-
poral manner. More importantly, the dual-frequency ultrasound realized
independent control of both the acoustic and temperature fields, sug-
gesting an optimal regulation of thermal and mechanical effects in ADV
nucleation. In summary, the dual-frequency focused ultrasound
approach provides an on-demand platform for nucleation regulation,
high energy utilization, and reduces complexity that is associated with
powerful HIFU systems that operate at a single-frequency. This method

10

provides a flexible approach that could be compatible in practical ap-
plications of on-demand ultrasound theranostics.
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