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Acoustic Modulation Enables Proton Detection
With Nanodroplets at Body Temperature
Sophie V. Heymans , Student Member, IEEE, Gonzalo Collado-Lara , Marta Rovituso,
Hendrik J. Vos , Member, IEEE, Jan D’hooge, Member, IEEE,
Nico de Jong , Member, IEEE, and Koen Van Den Abeele

Abstract — Superheated nanodroplet (ND) vaporization
by proton radiation was recently demonstrated, opening
the door to ultrasound-based in vivo proton range verification. However, at body temperature and physiological
pressures, perfluorobutane nanodroplets (PFB-NDs), which
offer a good compromise between stability and radiation
sensitivity, are not directly sensitive to primary protons.
Instead, they are vaporized by infrequent secondary particles, which limits the precision for range verification. The
radiation-induced vaporization threshold (i.e., sensitization
threshold) can be reduced by lowering the pressure in the
droplet such that ND vaporization by primary protons can
occur. Here, we propose to use an acoustic field to modulate
the pressure, intermittently lowering the proton sensitization threshold of PFB-NDs during the rarefactional phase
of the ultrasound wave. Simultaneous proton irradiation
and sonication with a 1.1 MHz focused transducer, using
increasing peak negative pressures (PNPs), were applied on
a dilution of PFB-NDs flowing in a tube, while vaporization
was acoustically monitored with a linear array. Sensitization
to primary protons was achieved at temperatures between
29 ◦ C and 40 ◦ C using acoustic PNPs of relatively low
amplitude (from 800 to 200 kPa, respectively), while soniManuscript received March 27, 2022; accepted March 30, 2022.
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cation alone did not lead to ND vaporization at those PNPs.
Sensitization was also measured at the clinically relevant
body temperature (i.e., 37 ◦ C) using a PNP of 400 kPa. These
findings confirm that acoustic modulation lowers the sensitization threshold of superheated NDs, enabling a direct
proton response at body temperature.

Index Terms — Acoustic droplet vaporization (ADV),
acoustic modulation, nanodroplets (NDs), proton range verification, proton therapy, ultrasound contrast agents.

I. I NTRODUCTION

P

ROTON therapy is an advanced radiotherapy modality
which has gained popularity in the past decade [1]. In contrast to high-energy photons, which traverse the entire patient’s
body, protons deliver most of their dose in a very localized
region, called the Bragg peak, before abruptly stopping at a
position known as the proton range [2]. The proton range
can be tuned to correspond to the tumor location [3], thus
enabling to better conform the dose distribution to the tumor
and spare healthy tissues. However, the accuracy at which the
range can be determined in vivo is limited by several sources
of uncertainties, either with a physical or biological/anatomical
origin [4], [5]. To prevent severe under- or over-dosages
that may result from those uncertainties, safety margins, and
suboptimal beam arrangements are currently adopted, compromising the tumor dose conformality [4], [6]. Therefore, in vivo
range verification is critical to optimize the treatment precision
and to allow proton therapy to reach its full potential.
The vaporization of superheated liquids by charged particles is a promising candidate for proton range verification.
This technique was initially discovered in the 1950s in the
context of bubble chambers [7], [8], and later expanded to
superheated drop detectors [9], [10]. Recently, the concept was
further extended to injectable superheated nanodroplets (NDs)
and proposed as a new solution for ultrasound-based in vivo
proton range verification [11]. In their liquid form, droplets
are effectively invisible to ultrasound, but protons can induce
ND vaporization through direct energy deposition, or by reactions that produce secondary charged particles (heavy recoil
nuclei, alpha particles, etc.), turning them into echogenic
microbubbles [11]. The stochastic distribution of ND vaporization events can be then acoustically measured, using either
offline [12] or online [13] ultrasound imaging, and related to
the spatial distribution of charged particles.
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According to the thermal spike theory, charged particles
trigger the vaporization of superheated liquids through homogeneous nucleation [7]. The energy deposited by the charged
particle in the superheated liquid must exceed the energy
required to create a gas embryo above a critical size, and must
be deposited within a distance comparable to the diameter
of the critical embryo. Mathematically, the condition can be
written as


Wtot
dE
≥
(1)
d x L eff
a Rc
where d E/d x L eff is the ion track-averaged linear energy
transfer (LET), Wtot is the critical embryo nucleation energy,
Rc is the radius of a critical embryo, a is known as the
nucleation parameter, and the product of a by Rc defines
the effective length L eff . Wtot and Rc can be calculated
from the thermodynamic properties of the superheated liquid
[10], [11]. The nucleation parameter, a, is an empirical constant for which values between 2 and 12 have been reported
depending on the radiation type [10], [14], [15]. The righthand side of equation (1) represents the sensitization threshold,
i.e., the threshold which determines if a charged particle with a
given LET can trigger droplet vaporization. The sensitization
threshold depends on the degree of superheat of the liquid
core [16], which is the temperature excess above the liquid
boiling point, and which might be influenced by the droplet
shell and size.
The degree of superheat can be tuned by varying the NDs
internal temperature and pressure, and as it increases, NDs
become sensitive to lower LET particles [14]. In a proton
beam and at low degrees of superheat, only high LET secondary particles lead to ND vaporization [11], [12]. While the
proton range can be indirectly inferred from the distribution
of secondaries (using an approach similar to other range verification methods such as PET [17]–[19] and Prompt Gamma
Imaging [20]–[22]), this method suffers from limitations. First,
the fluence of high-LET secondary particles is two orders of
magnitude lower than that of primary protons [23], requiring
a higher droplet concentration to achieve the same number of
vaporizations. Second, the process to infer the range suffers
from uncertainties related to the nuclear reaction cross sections
[4], [24]. Therefore, in order to obtain a precise and unambiguous measurement of the range, direct proton-induced ND
vaporization is desirable.
One of the most common liquids used to produce
superheated NDs is perfluorobutane (PFB, C4 F10 , boiling temperature of −2 ◦ C at 1 atmosphere). Perfluorocarbons are
biocompatible [25], and numerous studies have reported a
good in vivo stability of coated Perfluorobutane nanodroplets
(PFB-NDs) [26]–[29], making this liquid core a good candidate for clinical translation. Unfortunately, the degree of superheat of PFB is below the sensitization threshold for protons at
the physiological temperature of 37 ◦ C [12]. Previously, the
degree of superheat of bubble chambers and superheated drop
detectors was tuned by modifying the ambient temperature
[30], [31], the static ambient pressure [32], or by using superheated liquids with different boiling temperatures [33], [34].
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While the first two options are unfeasible in an in vivo application, the last option also suffers from several limitations.
On the one hand, most of the superheated liquids used in in
vitro detectors might not be biocompatible [35]. On the other
hand, lower molecular weight perfluorocarbons, e.g., perfluoropropane (C3 F8 , boiling temperature of −37 ◦ C): 1) have
a reduced stability due to a faster dissolution of the droplet
perfluorocarbon core into the surrounding liquid [26], [36]; and
2) are expected to lead to a large number of spontaneous vaporization events at physiological temperatures, as the degree of
superheat will be closer to its limit [26], [36]–[38]. Thus, for in
vivo range verification, a different approach to achieve direct
vaporization of PFB-NDs by protons is preferred.
In the context of sono-photoacoustic imaging, the simultaneous use of ultrasound and pulsed laser radiation was
shown to facilitate the vaporization of NDs coated with optical
absorbers [39]–[41]. The vaporization threshold was reduced
by the rarefactional phase of the acoustic wave compared to
scenarios where ultrasound or pulsed laser illumination was
used alone. Here, we propose a similar approach, in which an
acoustic wave is used to dynamically increase and decrease the
NDs degree of superheat during proton irradiation, reducing
the energy required to trigger proton-induced vaporization
during the rarefactional phase of the acoustic wave. Based on
the thermal spike theory (1), which has only been validated for
uncoated drops and hydrostatic pressure changes, a decrease of
73 kPa would enable proton-induced vaporization of PFB-NDs
at 37 ◦ C. We hypothesized that acoustic modulation with a relatively low frequency would have the same effect with similar
pressure levels for coated NDs. This technique would enable
direct in vivo proton range verification. In this study, we used
an acoustic imaging platform to detect ND vaporization during proton irradiation in combination with a low-frequency
acoustic modulation field, covering a range of acoustic amplitudes, at different temperatures. This allowed to demonstrate
the feasibility of acoustic modulation and estimate the range
of negative pressures which enable proton sensitization at each
temperature, including the physiological case (i.e., 37 ◦ C).
II. M ATERIALS AND M ETHODS

A. Nanodroplet Formulation
PFB-NDs with a polyvinyl alcohol shell (PVA-PFB) were
prepared according to the protocol detailed in [42]. Briefly,
an empty glass vial sealed with a rubber cap was immersed
in liquid nitrogen, and gaseous PFB was injected into the
vial. The PFB quickly cooled and condensed in the closed
vial. Subsequently, 5 mL of a PVA and NaIO4 (2% mol/mol)
solution in milli-Q water (2% w/v) were injected into the
closed vial, followed by sonication in an ice-cold ultrasonic
bath (Emi30, EMAG, Waldorf, Germany) for 15 min at 100%
power to encapsulate the liquid PFB in PVA shells. After
storage at 4 ◦ C for 1 h, the shell crosslinking was completed
and the NDs were washed in a two-step centrifugation process:
after a first centrifugation at 1000 g for 5 min, the supernatant
was re-centrifuged at 2600 g for 7 min. Both pellets were then
recombined and redispersed in 5 mL of Milli-Q water, yielding
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a droplet concentration in the range 5–50 mM (PFB in water
concentration measured with Nuclear Magnetic Resonance
spectroscopy). The radiation sensitivity of this ND formulation
has been demonstrated in previous studies [12], [13], [42].
The intensity-weighted mean diameter of this ND formulation,
measured by Dynamic Light Scattering, is 799 ± 25 nm, with
a polydispersity index of 0.3 [12] (see Fig. S1). NDs were
stored at 4 ◦ C and used within four days post preparation.

B. Acoustic Modulation Transducer
In order to achieve a quasi-static pressure modulation with
respect to the time scales of radiation-induced vaporization, a
1.1-MHz acoustic frequency was used. The quarter period of
MHz waves is several orders of magnitude longer than the time
necessary for an ion to nucleate a critical embryo, which was
estimated to be in the order of tens of picoseconds [7]. This
low frequency also ensures a relatively uniform pressure distribution within the droplet, whereas higher frequencies would
lead to unwanted effects such as droplet resonance [43] or
acoustic focusing [44]. A custom-made high-intensity focused
transducer was used (center frequency 1.1 MHz), built from a
spherically focused PZT element (48 mm, Meggit Ferroperm,
Coventry, U.K.) and air-backed to ensure a high transmission
efficiency. The steady-state pressure field (see Fig. S2) and
peak negative pressure (PNP) at focus were characterized
using a calibrated needle hydrophone (0.2 mm, Precision
Acoustics, Dorchester, U.K.) while driving the transducer with
a 30-cycles sine wave. The acoustic focus was located at
48 mm, and the −6-dB length and width at focus were 15 and
1.8 mm, respectively.

C. Experimental Setup

Fig. 1.
(a) Schematic of the setup (top view). The proton beam,
modulation transducer, and linear array were co-aligned to the target
tube in which NDs were flowing. (b) Position of the cellulose tube with
respect to the stopping distribution of charged particles. The tube area
is shown together with the −6-dB elevational plane thickness of the
L12-5 probe.

Proton irradiation experiments were carried out at the
research beam line of the Holland Proton Therapy Center
(Delft, The Netherlands). The beam line provides a continuous
horizontal pencil beam, with clinical settings (proton energies
ranging from 70 to 250 MeV and beam intensities from 1 to
800 nA at beam extraction). A clinically relevant beam energy
of 158 MeV was used for the current experiments (corresponding to a range in water of 17 cm). A water tank equipped
with resistive heaters and a temperature control unit was
positioned with its entrance wall located at the isocenter (i.e.,
the reference point in the proton beam path) (see Fig. 1(a)).
The irradiation target was a cellulose tube (6-mm diameter,
75-µm wall thickness, Serva Electrophoresis GmbH, Heidelberg, Germany), in which an ND solution was flowing. The
tube was positioned vertically and perpendicular to the proton
beam direction. Both ends of the cellulose tube were connected
to smaller tubes (1.5-mm-inner diameter), one of them connected the cellulose tube with a syringe pump (inlet), while the
other served as an outlet. To ensure inflation of the cellulose
tube, a moderate overpressure (0.36 bar) was achieved by
connecting a 30G needle to the tube outlet. In order to avoid
variations in overpressure with temperature, the outlet of the
tube was cooled down in a water reservoir at room temperature
(not drawn in Fig. 1(a)).

The modulation transducer was located inside the water
tank, at the same height as the proton beam axis, and focused
at the center of the cellulose tube. The transducer was driven
with signals generated by an AWG (ww2571a, Tabor Electronics, Nesher, Israel) and amplified by 53 dB (150A100B,
Amplifier Research, Sourdeton, PA, USA). An L12-5 linear
array was used to image the tube and capture ND vaporization
events. The linear array was fixed outside the water tank and
connected to a Vantage 256 system (Verasonics, Kirkland,
WA, USA). Acoustic coupling was ensured by a 20-µm-thin
polyester window attached to the wall of the water tank. The
linear array was positioned parallel to the tube, providing a
long axis cross-sectional image in the flow direction. In order
to co-align the modulation transducer and the linear array, the
tube was temporarily replaced with a 1-mm-diameter steel
rod fixed at the location corresponding to the center of the
tube and the pulse-echo signals of both acoustic probes were
maximized.
In order to reduce unwanted vaporization events owing to
high-LET particles, the center of the tube was positioned at
the wake of the proton stopping distribution (see Fig. 1(b)).
Indeed, the fluence of high-LET secondaries drops proximal
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to the primary proton fluence due to the Coulomb barrier [45].
While this choice of tube position also led to a reduction in
the number of stopping protons, the ratio of primary protons to
secondary particles increased by one order of magnitude. The
exact position of the tube with respect to the proton range
was measured independently using the technique presented
in [13], and the tube was found to be located 6.1 mm behind
the position at which 50% of the primary protons have stopped
(i.e., the proton range).

D. Acoustic Modulation Experiment
ND dilutions were prepared by mixing 800 µL of native
suspension with 60 mL of Milli-Q water (estimated concentration in the tube of 60–700 µM). The dilution was driven
from the syringe directly through the tube at 1.8 mL/min
using a syringe pump (AL-1000, World Precision Instruments,
LLC, Sarasota, FL, USA) and irradiated with a proton flux of
2.22 × 108 protons/s at the center of the tube (400-nA beam
current at extraction). The water tank was heated to 50 ◦ C
and allowed to reach gas equilibrium overnight. During the
experiments, the heating system was turned off and protoninduced ND vaporization was monitored during cooling down,
while a magnetic stirrer kept the temperature homogeneous
inside the tank. A thermal IR camera (i7, Teledyne FLIR,
Wilsonville, OR, USA) facing the cellulose tube recorded the
temperature. The ND solution was refreshed every 20–30 min.
Thus, measurements were performed between 50 ◦ C and 29 ◦ C
(including 37 ◦ C). At 50 ◦ C, 43 ◦ C, 39 ◦ C, and 35 ◦ C, the
droplet dilution in the syringe was renewed.
Two different sets of recordings were acquired, depending
on whether the temperature was above or below the proton
sensitization threshold for the NDs used:
1) Sensitivity to Protons at Ambient Conditions: First, the
temperature at which the droplets lost sensitivity to protons at
ambient pressure was determined. Acoustic recordings were
performed during proton irradiation, without acoustic modulation, at different temperatures during cooling down of the
water tank.
2) Acoustically-Induced Sensitivity to Protons: Once a drastic
decrease of the number of vaporization events during proton
irradiation was observed, we concluded that the temperature
was below the sensitization threshold to protons. Consequently, the sensitization in the presence of an acoustic modulation field was studied. Acoustic recordings with and without
acoustic modulation and proton irradiation were performed at
different temperatures, during cooling down of the water tank.

Fig. 2. (a) Timeline of the acoustic modulation experiments. (b) Example
of a B-mode image of the tube at the start (left) and end (right) of an
acquisition. The red solid lines represent the ROI, and the red dasheddotted lines represent the −6-dB limit of the acoustic modulation beam.
The bright spots at the center of the tube are vaporized NDs.

E. Ultrasound Sequence

single sequence (modulation + imaging) was 800 Hz. Effectively, each acquired image showed the effect of the previous
modulation pulse. Long pulses (910 µs) at 1.1 MHz were
used for acoustic modulation, achieving a 72% duty cycle.
This high duty cycle ensured a higher number of protondroplet interactions during the rarefactional phases of the
acoustic modulation wave, which accounted for 36% of the
total time. Each acquisition consisted of ten different acoustic
pressures subsequently applied to the dilution of flowing
droplets. 200 pulses were sent for each pressure step, from
0- to 900-kPa PNP, leading to a total acquisition time of 2.5 s.
The irradiation always started before the ultrasound acquisition
sequence and stopped once the acquisition was finished, providing a continuous proton beam during the whole sequence.
After each acquisition, the cellulose tube was monitored,
allowing the liquid flow to clear the produced bubbles before
the next acquisition. For each temperature, three acquisitions
were performed: 1) proton irradiation, no acoustic modulation;
2) proton irradiation and simultaneous acoustic modulation;
and 3) acoustic modulation alone, without proton irradiation.

The acoustic modulation and ultrasound imaging sequences
are depicted in Fig. 2(a). Interferences between the modulation field and the monitoring sequences were avoided during
the experiments by introducing a delay between the imaging sequence and modulation pulse. The acoustic modulation
transducer was triggered by the Vantage system 40 µs after
each image acquisition with the L12-5 array (8.9 MHz, plane
waves, 0◦ angle). The pulse repetition frequency (PRF) for a

F. Data Processing
The radio frequency data recorded with the Vantage system
was stored to a disk and processed offline. First, B-mode
images were reconstructed using the built-in Verasonics beamformer (see Fig. 2(b)). Then, two regions of interest (ROI)
were defined, one comprising the intersection of the proton
beam cross section and the tube, and the other marking the
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−6-dB limits of the acoustic modulation field. The boundaries
of the first ROI were marked as the high vaporization density
area on ultrasound recordings at 50 ◦ C during proton irradiation. In order to determine the boundaries of the second ROI,
the focus of the modulation field within the B-mode images
was located using an acquisition in which the delay between
the acoustic modulation and imaging pulses was removed.
In this acquisition, the acoustic modulation field led to a
change in the medium acoustic impedance which increased
the backscatter intensity. The weighted centroids of the bright
regions were used to locate the focus position in the lateral
direction (see Fig. S3), and the −6-dB width measured with
the hydrophone was then added.
Vaporization events in the ROI were measured and localized
using the same principles as in [46]. Briefly, the frames were
zero-phase filtered in slow time using a Butterworth highpass filter (order 10, 300-Hz cut-off frequency, 25% passbandwidth). This step aimed at removing the slow changes in
intensity between frames, only retaining the fast changes due
to ND vaporization. Then, any image region whose intensity
exceeded a given threshold, defined above the noise level in
the frames without events, was localized and counted as a
vaporization event. Finally, the vaporization counts were compared at different temperatures, in the presence and absence
of acoustic modulation and proton irradiation.
III. R ESULTS

A. Sensitivity to Protons at Ambient Conditions
Fig. 3(a) shows the vaporization events distribution as a
function of the lateral position in the tube and recording time
for different relevant temperatures in the absence of acoustic
modulation. We chose such representation—where the axial
positions of the events inside the tube are stacked—to make
more compact graphs, as the axial distribution of vaporization events was not relevant for this study. Each yellow dot
represents an individual event. Since the beam cross section
(13.3 × 13.3 mm2 FWHM) covered most of the ROI defined
in the ultrasound images (16 × 4 mm2 ), the counts were
distributed within the region of interest. The total number
of counts (see Fig. 3(b)) was used as an indication of the
sensitivity to protons at ambient conditions. The counts peaked
at the highest investigated temperature (50 ◦ C), and decreased
with the temperature of the medium. This decreasing trend
continued until the counts flattened below 43 ◦ C. At this point,
very few counts were measured (between 40 and 230 events
during the 2.5-s recording), thus sensitivity to primary protons
was assumed to be lost. Note that the 2-D spatial distributions
of vaporization events for the entire temperature range are
shown in Fig. S4.
B. Acoustically Modulated Sensitivity to Protons
When ND vaporization by protons was no longer observed
at ambient conditions, the use of acoustic modulation to restore
sensitivity to protons was investigated. The role of acoustic
droplet vaporization (ADV) was also assessed during a second
acquisition performed using the same acoustic modulation

Fig. 3. (a) Vaporization maps during proton irradiation without acoustic
modulation as a function of lateral position and time within the ROI for
different temperatures. All axial positions within the ROI are included.
(b) Total number of counts for recordings with proton irradiation only (no
acoustic modulation) for all recorded temperatures. The stars indicate
the temperatures at which the droplet solution was replenished.

sequence but without proton irradiation. Fig. 4 displays vaporization events again, but the vertical axis now represents the
steps in acoustic modulation PNP. Each graph shows the data
for one temperature. Supplementary data show the full 2-D
spatial distribution of vaporization events in the tube for all
pressure steps (see Fig. S5 and videos S6-10). Blue dots in
Fig. 4 represent the vaporization events during proton irradiation with simultaneous acoustic modulation, while black
dots represent the vaporization events for acoustic modulation
alone (no irradiation). In the absence of acoustic modulation
(0 kPa), the vaporization counts were negligible. A similar
vaporization rate was observed until the PNP exceeded a
certain threshold, which increased with decreasing temperatures. At low PNP, vaporization started at the acoustic modulation focus, represented by the two red dashed lines in
Fig. 4. A further increase in modulation pressure amplitude
resulted in a larger area where vaporization occurred. For
all tested temperatures, the pressure at which vaporization
occurred when the acoustic field was applied during proton
irradiation was much lower than when the acoustic field was
used alone (more than 500 kPa lower at the temperatures at
which ADV was observed), thus showing a pressure range
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Fig. 4. Vaporization maps within the region of interest as a function of lateral position and acoustic pressure for different temperatures at which the
droplets were not initially sensitive to protons. All axial positions within the ROI are included. The blue dots represent the counts during simultaneous
proton irradiation and acoustic modulation, whereas the black dots correspond to acquisitions without proton irradiation (pure ADV due to the
modulation field).

IV. D ISCUSSION

Fig. 5. Number of vaporization events during simultaneous proton
irradiation and acoustic modulation after completing each pressure step
for different temperatures. The horizontal dashed-dotted line represents
the sensitization threshold defined as 250 events. Note that the acoustic
PNP was increased by discrete steps of 100 kPa; the lines between
individual points only aim at guiding the eye. The stars indicate the
temperatures at which the droplet solution was replenished.

where vaporization events were induced by the combination
of acoustic modulation and proton irradiation.
The number of counts at each pressure step is shown in
Fig. 5. A threshold at 250 counts was used to estimate the
sensitization pressure. Near this threshold value, an increase
in the slope of the count curves can be observed for all
temperatures, and after the threshold, the counts increased
at each pressure step. In addition, the counts at each pressure decreased with temperature, except for 35 ◦ C. Note that
the NDs solution was replenished just before the acquisition at this temperature. The PNP threshold varied between
200 kPa at 40.5 ◦ C and 800 kPa at 29 ◦ C, with 400 kPa
at 37 ◦ C.

In this study, we have investigated the use of an acoustic
modulation field to lower the radiation-induced vaporization
threshold of PFB-NDs, in order to achieve direct sensitivity
to protons. At ambient pressure (1.36 bar in our experiment),
proton-induced vaporization events were observed at elevated
temperatures (50 ◦ C) and their number gradually decreased
with temperature, until sensitivity to protons was lost between
43 ◦ C and 41 ◦ C. These observations are in agreement
with previous findings for superheated drop detectors, which
showed a smooth, sigmoidal sensitization to charged particles,
rather than a steep change in vaporization count [14], [31].
We attribute the few residual vaporization counts observed for
irradiations at temperatures below 41 ◦ C to vaporizations due
to high LET secondary particles and/or spontaneous vaporizations. A low-frequency acoustic field was then applied during
proton irradiation, enabling proton-induced vaporization at
acoustic PNPs ranging from 200 kPa (40.5 ◦ C) to 800 kPa
(29 ◦ C), well below the ADV threshold found in this study
(>800 kPa at 41 ◦ C and lower temperatures). The use of an
acoustic modulation field thus sensitized the NDs to protons at
temperatures for which, at ambient pressure, such NDs would
be vaporized by higher LET secondaries only [12].
While the energy sources differ, these observations are
similar to findings reported for sono-photoacoustics, where
ND vaporization was facilitated by the combination of laser
heating of NDs coated with a plasmonic absorber and the
rarefactional pressure from an acoustic wave [39], [40].
We hypothesize that a transient increase in the ND degree of
superheat due to a pressure decrease during the rarefactional
phases of the pulse was the mechanism leading to proton
sensitization. Thermal heating due to ultrasound was estimated
to be <0.01 ◦ C during an acquisition, and therefore, was
assumed to be negligible. During the rarefactional phase of
an acoustic wave, the LET threshold decreases compared to
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Fig. 6. Vaporization LET threshold as a function of temperature and
pressure inside the droplet. The blue region represents the theoretical sensitization curve assuming a quasi-static effect of the acoustic
pressure. The black markers are the values obtained experimentally,
including the uncertainty associated with the 100-kPa pressure steps
and hydrophone measurement.

its value at ambient conditions, and could thus reach values
below the maximum LET of protons, allowing the latter to
vaporize NDs.
The thermal spike theory equation (1) accurately predicted
the sensitization threshold of superheated detectors when the
ambient temperature or pressure changed in quasi-static conditions [32]. Thus, it is interesting to compare the theory
with the experimental values we observed using an acoustic
modulation field. Fig. 6 shows the theoretical sensitization
threshold to protons represented as a blue region, in contrast to
the experimental values, shown as black markers. In order to
calculate the theoretical values, first, the experimental proton
sensitization threshold at ambient pressure (1.36 bar, Fig. 3(b))
was used to estimate the nucleation parameter a. Combining the theoretical peak proton LET in PFB (74.5 keV/µm
[47]) with the sensitization temperature observed experimentally (between 41 ◦ C and 43 ◦ C), we found an upper and
lower limit for the nucleation parameter of 3.4 and 2.9, close
to values previously reported in the literature for protons
(i.e., a = 2.1–2.9) [10], [34]. Then, the theoretical LET
threshold was determined as a function of temperature and
pressure in the droplet core, assuming that the acoustic pressure adds quasi-statically to the ambient pressure. For the
experimental values, the rms pressure (reached during 50%
of the rarefactional phase) was used to take into account
the oscillatory behavior of the wave, and uncertainties of
±50 kPa (due to the pressure steps) and ±15% (due to the
hydrophone calibration) were added to the experimental points
to form the uncertainty region from linear fits of the upper and
lower limits. The experimentally determined acoustic pressures
required for proton sensitization exceed the values predicted
by the thermal spike theory, and the mismatch increases as the
temperature decreases. In all cases, the differences are larger
than the estimated uncertainties.
The discrepancy between theory and experiments could be
due to limitations both in the theoretical model and in the
method used in this study. The thermal spike model used to
estimate the effect of the acoustic modulation field is static,
neglecting dynamic effects, such as the radial oscillations that

the acoustic modulation wave induces to a vapor embryo.
These could result in shrinkage and disappearance of the
embryo during the consecutive compressional phase [44], [48].
Such an effect would be highly frequency-dependent and
would raise the acoustic pressure needed for vaporization,
in comparison to a static change in ambient pressure assumed
by the model. Moreover, the thermal spike model was shown
to deviate from experimental observations, especially at low
degrees of superheat [14], [32]. Finally, the model does neither
account for the additional energy required to expand the
viscoelastic shell during vaporization, nor for the effect of
the Laplace pressure, both of which might be size-dependent.
Modeling these effects requires a precise knowledge of the
shell properties, such as the thickness, shear modulus, and
viscosity at high strain rates, and lies outside of the scope of
this work.
The method employed to find the sensitization thresholds
reported in this study was based on the vaporization counts.
Importantly, three conditions are required for the counting
method to accurately quantify the number of vaporization
events: vaporizations are sparse; microbubbles do not subsequently disappear; and flowing bubbles do not enter or
leave the imaging plane. Due to limitations of the experimental setup used in our study, these conditions could not
be entirely satisfied, as a large density of vaporization events
was observed at high pressures, and some of the resulting
microbubbles flowed in and out of the ultrasound field of view,
likely resulting in an overestimation of vaporization events.
However, we do not expect these limitations to significantly
affect the sensitization threshold detection, as it is associated
with low vaporization counts. A threshold corresponding to
250 vaporization counts was chosen as it qualitatively matches
with a change in the slope of the count curves (see Fig. 5).
The number of vaporization counts depends on the probability
for a droplet to be simultaneously exposed to the PNP of
the modulation wave and traversed by a proton at the end
of its range. Spatially, the calibrated PNPs are only reached
in a confined spot, and the effective width of the acoustic
sensitization region grows together with the applied pressure,
increasing the vaporization probability. This is observed in
Fig. 4, as initially the vaporization region was confined to
a small area near the transducer focus, and increased with
the applied acoustic pressure. Temporally, the vaporization
probability increases with the effective time during which the
rarefactional pressure is lower than the sensitization threshold. Once the proton sensitization threshold is reached, the
proton-induced vaporization probability also increases with
the degree of superheat [14], [31]. For these three reasons
(spatial uniformity of the pressure field, temporal variation of
the pressure, and effect of the degree of superheat), the number
of vaporization events are expected to increase with increasing
PNP above the sensitization threshold. This might have led
to an overestimation in the reported sensitization threshold
values.
Additionally, it has been previously reported that the presence of microbubbles can reduce the acoustic vaporization
threshold of superheated droplets, presumably owing to inertial
cavitation of the microbubbles [49]. Given that some of the

HEYMANS et al.: ACOUSTIC MODULATION ENABLES PROTON DETECTION WITH NDS AT BODY TEMPERATURE

vaporized NDs remained in the acoustic field during one
acquisition, this effect might have impacted our measurements.
However, we do not expect it to be the main mechanism, as we
did not observe an avalanche of vaporizations when bubbles
were seeded in the presence of a high intensity acoustic field.
Instead, videos S6-10 show that when acoustic modulation is
added to proton irradiation, vaporization events are distributed
over a broad region. Besides, during control measurements
with acoustic modulation in the absence of irradiation (black
dots in Fig. 4 and Fig. S5), some sparse events were detected,
which would also have led to an avalanche of vaporizations
if a reduction in the ADV threshold due to the presence of
microbubbles was the main mechanism.
Furthermore, the droplet concentration was not accurately
controlled during all the acquisitions. The droplet dilution in
the syringe was only renewed every 20–30 min, before the
measurements at 50 ◦ C, 43 ◦ C, 39 ◦ C, and 35 ◦ C. Therefore,
a concentration decrease over time might have occurred for
measurements acquired in-between those temperatures. The
latter can be clearly observed in Fig. 3(b), as lower counts
than expected were observed for the temperatures at which the
sample was not fresh. This decrease might have introduced a
bias in the detection of the sensitization threshold in Fig. 5, as
the 250 counts will be reached earlier if the concentration is
higher. However, we do not expect it to have played a critical
role, as large pressure steps were used in these experiments,
and a consistent trend can be observed in the experimental
sensitization threshold in Fig. 6.
All in all, taking the previous points into account, we suggest the reader to interpret the sensitization thresholds in this
manuscript as a trend rather than an accurate assessment of
the required acoustic pressure for proton sensitization. While
this study shows the feasibility of modulating the NDs degree
of superheat with a focused acoustic pressure field, the precise proton sensitization threshold should be determined in
future studies. Ideally, a spatially uniform modulation field
would be used, and longer recordings should be acquired for
each modulation PNP, allowing a relevant statistical analysis
and preventing the need to define an arbitrary value (e.g.,
250 vaporization event counts) to determine the sensitization
threshold. Furthermore, to unveil the physical mechanism,
the influence of a series of important parameters, such as
the acoustic modulation frequency, droplet size, droplet concentration, and droplet shell should be investigated in future
studies.
The PNPs necessary for ADV were much higher than the
PNPs necessary for proton sensitization at all investigated temperatures, as seen in Fig. 4. In recordings made using acoustic
modulation alone, ADV was mostly observed at 40.5 ◦ C for
PNPs above 800 kPa, while only very few vaporization events
were recorded for lower temperatures within the investigated
PNPs (0–900 kPa). A wide range of ADV thresholds have
been reported in the literature for PFB-NDs, ranging from
1.2 to 3.5 MPa at 37 ◦ C [27], [50]–[53]. Such a large variation reflects the dependence of the ADV threshold on the
ambient conditions, the acoustic pulse, and the droplet size,
composition, and concentration. A recent study investigated
the effect of most of these parameters on the ADV threshold
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of PFB-NDs, showing that it decreases with increasing pulselength, PRF, temperature, droplet size and concentration, and
with decreasing frequency [53]. Our study employed long
pulses (1000 cycles), high PRF (800 Hz), and a relatively high
droplet concentration (60–700 µM), together with a low US
frequency (1.1 MHz), which could explain the relatively low
pressure (800 kPa) at which the onset of ADV was observed
at 40.5 ◦ C.
We envision that acoustic modulation could enable protoninduced vaporization of PFB-NDs for in vivo range verification
and dosimetry. Although indirect ND vaporization induced
by secondary particles at physiological temperature could be
used [11], [12], such an approach suffers from severe constraints. The presented technique allows direct proton detection
while employing the popular PFB liquid as the ND core.
In this study, we have used relatively large (∼800 nm) PVAcoated droplets compared to recent superheated ND studies
(∼100–300 nm) [53]–[55]. However, although the sensitization threshold might be formulation dependent, we expect
the acoustic modulation concept to apply to other droplet
formulations and sizes. The droplet size is likely to have an
impact on the clinical translation of this technique; smaller
droplets might more easily extravasate from the leaky vasculature of tumors [56], which could potentially result in a more
spatially homogeneous droplet distribution. On the other hand,
the larger the droplet, the higher the probability of interaction
with a proton, resulting in a larger number of vaporizations for
the same number concentration. The optimal size for in vivo
translation should be addressed in future studies.
The threshold PNP for proton-induced ND vaporization at
37 ◦ C was as low as 400 kPa, which means that proton
sensitization could be achieved in vivo with a mechanical index
of 0.29. This value is well below the MI = 1.9 limit of FDA for
diagnostic imaging [57] and is close to the values used in lowMI contrast-enhanced ultrasound (0.1–0.25 [58]–[60]). Since
the Bragg peak in the proton direction is a few millimeters,
and range shifts are expected to be in the order of millimeters,
using a volumetric ultrasound system to sonicate a volume of
20 × 20 × 20 mm3 would enable range verification. While the
achievable pressure uniformity over such an acoustic volume
remains to be investigated in vivo, we do not expect nonuniformities to impede range verification, as long as the pressure remains sufficiently high to ensure sensitivity to protons in
the entire acoustic volume. Ideally, the ultrasound array could
be used both for acoustic modulation and imaging, reducing
the setup complexity. In the present proof-of-concept study,
a continuous proton beam was used together with an acoustic
modulation field with a long pulse length and a high PRF
(1000 cycles, 800 Hz), to increase the duty cycle, and hence
the effective time during which NDs were simultaneously
exposed to protons and ultrasound. These long pulses did not
lead to a temperature increase in water during this experiment.
However, tissue heating should be prevented in physiological
applications and might limit the acoustic duty cycle. This
can potentially compromise the performance for continuous
proton beams, as the number of vaporization events will be
directly related to the duty cycle. Therefore, although the
acoustic modulation approach is feasible for all proton therapy
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systems, in our opinion, the optimal clinical translation would
be achieved for proton accelerators delivering a pulsed proton
beam. In such a scenario, acoustic modulation can be applied
for the duration of the proton spill, allowing a short pulse
length and low duty cycle, while using the time in between
proton bursts to image and localize ND vaporization events.
V. C ONCLUSION
This manuscript reports on the feasibility of achieving
direct vaporization of PFB-NDs by protons at physiological
temperature by combining proton irradiation with a dynamic
pressure modulation using an acoustic field. PVA-PFB NDs
flowing in a tube were simultaneously irradiated with a proton beam and sonicated with acoustic waves of increasing
pressure amplitudes, while ND vaporization was monitored
by an ultrasound array positioned parallel to the tube. Protoninduced ND vaporization was observed at temperatures below
the sensitization temperature corresponding to ambient pressure conditions and using acoustic pressures below the ADV
threshold. We attribute this effect to an increase of the NDs
degree of superheat during the rarefactional phase of the ultrasound wave, hence lowering the radiation-induced vaporization
threshold. Importantly, the required PNP at 37 ◦ C for proton
sensitization was low (400 kPa), which suggests that acoustic
modulation could be implemented clinically to enable in vivo
proton range verification and dosimetry with the popular
PFB-NDs.
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