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Abstract—Collateral damage to healthy surrounding tissue during conventional radiotherapy increases when
deviations from the treatment plan occur. Ultrasound contrast agents (UCAs) are a possible candidate for radia-
tion dose monitoring. This study investigated the size distribution and acoustic response of two commercial for-
mulations, SonoVue/Lumason and Definity/Luminity, as a function of dose on clinical megavoltage photon beam
exposure (24 Gy). SonoVue samples exhibited a decrease in concentration of bubbles smaller than 7 mm, together
with an increase in acoustic attenuation and a decrease in acoustic scattering. Definity samples did not exhibit a
significant response to radiation, suggesting that the effect of megavoltage photons depends on the UCA formula-
tion. For SonoVue, the influence of the megavoltage photon beam was especially apparent at the second harmonic
frequency, and can be captured using pulse inversion and amplitude modulation (3.5-dB decrease for the maxi-
mum dose), which could eventually be used for dosimetry in a well-controlled environment. (E-mail: g.
colladolara@erasmusmc.nl) © 2021 The Author(s). Published by Elsevier Inc. on behalf of World Federation
for Ultrasound in Medicine & Biology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Cancer is one of the main causes of death worldwide

(Bray et al. 2018). It is estimated that more than 50% of

cancer patients require either palliative or curative radio-

therapy as part of their treatment (Jaffray and Gospodar-

owicz 2015). During radiotherapy, the beam is targeted

to the tumor, but surrounding healthy tissues are also

affected, potentially causing undesired biological effects

(Steel 2007). Thus, control of the absorbed energy (i.e.,

dose level), as well as its spatial distribution is essential

for maximizing treatment efficiency. Clinical scans of

the tumor area (e.g., magnetic resonance or computed

tomography) are used to determine the treatment plan,

that is, the total dose to the tumor, its spatial distribution

and the amount of fractions, as well as the appropriate

beam parameters (Rosenwald 2007). Nonetheless,
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deviations from the treatment plan can occur mainly

because of variations in the position of the patient and

the tumor (e.g., breathing, tumor size variation over the

course of treatment) (Mijnheer et al. 2013), compromis-

ing treatment efficiency. To correct for these deviations,

it is crucial to monitor the absorbed dose in the tumor

and the surrounding tissue.

Several dosimetric techniques are employed in clin-

ical practice, such as radiochromic films, thermolumi-

nescence detectors and electronic portal imaging

devices. Nevertheless, none of these techniques has

emerged as a gold standard because of their respective

limitations (Mijnheer et al. 2013). Ultrasound contrast

agents (UCAs) together with ultrasound imaging were

proposed as a new method to determine the delivered

dose (Verboven et al. 2014). The UCAs used for clinical

imaging are suspensions of microbubbles coated with a

viscoelastic layer that produce strong echoes, compared

with tissue, when they are imaged using ultrasound

(Frinking et al. 2020). When a difference in the acoustics
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of UCA populations was measured after radiotherapeutic

irradiation (Verboven et al. 2014), it was hypothesized

that this difference could be detected by means of an

acoustic imaging device and subsequently related to the

radiation dose delivered. This novel approach potentially

offers a unique solution to measure, in real time and in

situ, the absolute spatial dose distribution.

Understanding the effect of ionizing radiation

on UCAs becomes critical for exploiting their use as

dosimeters. On one hand, the acoustic response of a

coated microbubble is determined by its radial dynamics,

which have been accurately modeled in the literature

(Versluis et al. 2020). In these models, the behavior of a

bubble is determined by its size, the thermodynamic

properties of its gas core, the viscoelastic properties of

its coating and the physical properties of the surrounding

liquid. On the other hand, ionizing radiation leads to the

formation of free radicals that can modify the physical

properties of a system. Experiments characterizing their

interaction become crucial as estimating the final influ-

ence on microbubble properties is challenging. In previ-

ous experiments (Verboven et al. 2014), the acoustic

attenuation of UCA populations was reported to decrease

after irradiation with a megavoltage beam. However,

several questions remain. It is not known whether ioniz-

ing radiation might induce a transient effect in the acous-

tic response that could only captured only during

radiation, or if it could influence other relevant proper-

ties, such as size distribution, concentration and scatter-

ing. Moreover, the measured change in acoustic

attenuation was unique for each UCA formulation, but it

remains unclear whether this was owing to a different

initial size distribution among the agents or if the interac-

tion of radiation with the UCA may depend on its formu-

lation. In this in vitro study, we characterized the

influence of a megavoltage beam on the size distribution

of two commercial UCAs and the evolution of their

acoustic attenuation and scattering during irradiation.

Furthermore, we studied the potential for dosimetry of

the agent that had the largest response to radiation in

combination with a non-linear imaging pulse sequence.
METHODS

Megavoltage photon irradiation and acoustic

measurements

A water tank, made of poly(methyl methacrylate)

(PMMA) and holding three single-element transducers

(Fig. 1a), was used to characterize the acoustic response

of the UCA samples (de Jong et al. 1994;

Segers et al. 2016a). Transducer 1 (2.25 MHz, 90 % �6-

dB relative bandwidth, 3-in focus, V305, Olympus,

Tokyo, Japan) and transducer 2 (3.5 MHz, 100% �6-dB

relative bandwidth, 3-in focus, V381, Olympus) were
used to measure the attenuation of the sample, while

transducer 3 (5 MHz, 90% �6-dB relative bandwidth, 3-

in focus, V307, Olympus) registered the waves scattered

from the microbubbles at 90˚. The acoustic foci were co-

aligned at the center of the water tank where an UCA

sample container was located. We used an arbitrary

waveform generator (Tabor ww2571a, Tabor Electron-

ics, Nesher, Israel) for driving transducer 1. The signals

from transducer 3 were amplified 58 dB (Miteq

AU1519, Hauppauge, USA) and filtered with an inline

11-MHz low-pass filter (BLP-10.7, Mini-Circuits,

Brooklyn, NY, USA). Subsequently, the signals of trans-

ducers 2 and 3 were recorded with a digital oscilloscope

(PicoScope 5443 D, Pico Technology, Cambridgeshire,

UK) at 125-MHz sampling frequency and 15-bit reso-

lution using 1600 samples per trace. For the sake of

clarity, in subsequent paragraphs, we refer to the time

within traces as fast time and to the time between

traces as slow time.

The UCAs were dispersed in a container

(5£ 5£ 6 cm, PMMA) that allowed simultaneous irra-

diation and acoustic measurements (Fig. 1). The con-

tainer was enclosed and submerged in water to ensure a

uniform dose within the sample. Constant ambient pres-

sure was maintained in the container through a relief

tube. The container had three acoustic windows (polyes-

ter, 20-mm thickness), which minimized acoustic diffrac-

tion. A pin alignment system was used to ensure the

small container was always at the same position with

respect to the acoustic transducers and megavoltage

beam. Furthermore, a magnetic stirrer kept the bubble

cloud in suspension during the measurements.

A clinical linear accelerator (Versa HD, Elekta,

Stockholm, Sweden) was used to irradiate the sample.

The machine was calibrated according to the Dutch stan-

dard protocol (Aalbers et al. 2008), ensuring an uncer-

tainty below 1%. A linear accelerator output

measurement was performed before the experiments,

and the delivered dose was corrected for this daily output

variation. The entire UCA container was irradiated from

above, that is, 0˚ gantry angle, using a 6-MV photon

beam. The beam isocenter was aligned with the geomet-

ric center of the sample container, keeping a source-to-

surface distance of 90 cm and a 10-cm water column

above the isocenter. In this configuration, at the isocenter

1 MU (monitor unit) corresponded to 1 cGy, with a

0.05 cGy/cm gradient in the vertical direction. In the hor-

izontal plane, the dose deposition was uniform within a

10£ 10-cm2 area that fully covered the sample container

and avoided damage to the transducers. The continuous

mixing ensured a uniform average dose over the whole

sample of 29.8 Gy, delivered during the 6-min duration

of each irradiation. However, although the samples were

exposed to 29.8 Gy, because of small timing differences



Fig. 1. Setup used for the simultaneous irradiation and acoustic measurements of the UCAs samples. (a) Vertical view,
including the electronic devices. (b) Lateral view.
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between the radiated and control samples, we report only

on the first 24 Gy in the acoustic measurements. Details

will be explained below.

We investigated the microbubble acoustic response

in the samples with a repetitive sequence of three differ-

ent pulses (Fig. 2a). The first two pulses were single-

cycle sinusoids of 25 and 50 kPa with inverted phase,

followed by a 10-cycle sinusoid pulse of 50 kPa, with

the first and last two cycles apodized using a cosine win-

dow. The single-cycle pulses covered a wider range of

frequencies, while the longer pulse provided a better

spectral separation between the fundamental and har-

monic content (Shi and Forsberg 2000). Broadband

pulses were chosen over narrowband pulses to reduce

the number of insonations, minimizing lipid shedding

(Segers et al. 2016b) and acoustically driven deflation

(Guidi et al. 2010). Furthermore, the first two pulses

allowed the use of pulse inversion amplitude modulation

(PIAM) (Whittingham 2005), a technique widely used in

contrast-enhanced ultrasound, which eliminates the lin-

ear content of the acoustic response and reveals its non-

linearities. Because PIAM requires that both pulses mea-

sure the same group of bubbles, and these were in
Fig. 2. (a) Acoustic pulses used sequentially for the characteriz
etition scheme. (c) Acoustic measure
continuous motion, the time between the first two pulses

was kept short (300 ms). The time between the second

and third pulses was 33 ms, and the whole sequence

period was 66.7 ms. All pulses had a center frequency of

2.25 MHz, and their peak negative pressure was cali-

brated using a 0.2-mm needle hydrophone (Precision

Acoustics, Dorchester, UK). The acoustic sequence was

constantly repeated 2 s before and 360 s during irradia-

tion (Fig. 2c).

Ultrasound contrast agent activation and handling

One vial each of SonoVue and Definity was acti-

vated according to the manufacturer’s guidelines.

Briefly, for SonoVue, 5 mL of saline NaCl (0.9%) solu-

tion were injected into the vial, followed by 20 s of vig-

orous manual shaking. For Definity, the vial was shaken

for 45 s using an amalgamator after it reached room tem-

perature (VialMix, Lantheus, North Billerica, MA,

USA). Subsequently, an initial size distribution measure-

ment was taken using a Coulter counter (Multisizer 3,

50-mm aperture tube, Beckman Coulter, Brea, CA,

USA). The irradiation took place in a second location

within the same building. Here, a reference measurement
ation of the acoustic response. (b) Acoustic sequence rep-
ments and irradiation timeline.
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of the acoustic pulses was acquired with the photon

beam on and without microbubbles to calculate attenua-

tion. Then, the acoustic response of fresh samples diluted

in electrolyte (Isoton II, Beckman Coulter) was mea-

sured according to the 362-s sequence discussed above.

Finally, the samples were transported back to the first

location for a post-irradiation size distribution measure-

ment. After each irradiation we performed a negative

control measurement in which the acoustic response and

size distribution of a fresh sample were recorded using

the same handling and acoustic scheme, yet without

radiation. The dilution factor in this set of measure-

ments was 1500£ for SonoVue and 11,000£ for Def-

inity, chosen as a good trade-off for sensitivity in

both the acoustic and size distribution measurements.

For each formulation, two samples were irradiated

and two samples were used as negative control. All

measurements were performed at room temperature

within 4 h from vial activation.

Data analysis

Both the total attenuation coefficient a and its fre-

quency dependency af were derived from the traces

recorded with transducer 2, after they were zero-phase

digitally filtered in fast time with an eighth-order Butter-

worth bandpass filter from 0.5 to 10 MHz, using

a tð Þ ¼ � 10

d
log

jst;sampj2
jsref j2

ð1aÞ

af t; fð Þ ¼ � 10

d
log

jSt;samp fð Þj2
jSref fð Þj2 ð1bÞ

where d is the length of the sample container, jsref j2 and
jst;sampj2 are the signal energy of the reference and the

sample at a (slow) time t; respectively, and jSt;sampðf Þj2
and jSref ðf Þj2 are the amplitudes of their power spectra

as a function of frequency f .

The scattering spectrum was calculated from the

signals recorded with transducer 3. First, the traces were

cropped using a 20% cosine window with the same dura-

tion as the original pulse and zero-phase digitally filtered

using the same filter as for attenuation. Second, the sin-

gle-cycle pulses were used to construct PIAM traces in

the time domain: the signal scattered from the 25-kPa

wave was doubled and added to the signal scattered from

the 50-kPa wave after we corrected for small time shifts

between the two signals, on the order of 50 ns. These

time shifts originated from the motion of the bubbles in

the focal area during the time between the two acoustic

waves. Third, the discrete Fourier transform of each was

calculated for both the 10-cycle and PIAM signals.

Because the focal volume of the transducer is small com-

pared with the sample volume, the spectral density of
each trace is governed by a limited subpopulation of

bubbles, which changes over time because of the fluid

motion. Thus, as a fourth and final step, it was necessary

to average the spectral content of several traces to obtain

a statistically relevant spectrum of the whole sample

(Gorce et al. 2000). For this, we built a slow time curve

per discrete frequency by sequencing the values of each

trace. The sampling rate of these curves corresponded to

the sequence repetition rate (15 Hz). Then, the influence

of individual subpopulations was removed from each

curve using a Savitzky�Golay filter (Loupas and Kadi

1995) of first order with 499 samples. We used this

method as it produced smoother curves than moving-

averaging using the same number of traces. Finally, the

scattering spectra were reconstructed from the filtered

curves.

The size distribution and concentration measure-

ments were imported and analyzed using MATLAB

(The Math-Works, Natick, MA, USA). The size distribu-

tions were smoothed using a spline fit to compensate for

the irregularities in the curves caused by the discretiza-

tion process. The total number of bubbles and the gas

content of the sample were calculated as an integral over

the complete size range of the device. In all subsequent

figures, we display the standard deviation between the

samples as a shaded region.
Data analysis: Applied corrections

The handling time of the irradiated samples was

longer (closure of the bunker and beam arming) than that

of the control samples. Because the acoustic response

varied greatly with time, even without radiation, the

time between sample dilutions became critical. Hence,

the start time of the control was delayed to correct for

this time difference. To determine the exact (slow) time

delay t̂ between the samples, we found the attenuation

spectrum from the controls that minimized the sum of

absolute differences with the initial attenuation spectrum

from the irradiated samples. Thus, t̂ was calculated as

the time that minimizes the function FðtÞ

F tð Þ ¼
Xfu

fl

����
af ;samp;irradiated t ¼ 0; fð Þ

Pfu
fl
af ;samp;irradiated t ¼ 0; fð Þ

� af ; samp;control t; fð Þ
Pfu

fl
af ;samp;control t; fð Þ

���� ð3Þ

where fl and fu are the lower and upper frequency limits,

which were set to 1.0 and 3.5 MHz, respectively (110%

bandwidth). The time delays found for the different sam-

ples varied between 53 and 86 s. This correction results

in a shorter effective duration of the control acoustic

measurements. Thus, although the samples were exposed

to 30 Gy, we restricted the comparison between
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irradiated and control samples to the interval in which

two control values are still available, that is, up to 24

Gy.

Minor differences in the initial acoustic attenuation

and scattering were found among samples, likely caused

by inevitable imprecision in the pipetting process result-

ing in slight deviations in the sample concentration.

Because the attenuation in decibels is proportional to the

concentration (de Jong et al. 1992), we corrected for this

deviation (2.3% for SonoVue and 4.5% for Definity)

using

acorr t; ið Þ ¼
P4

j ¼ 1 a t ¼ 0; jð Þ
4 a t ¼ 0; ið Þ a t; ið Þ ð4Þ

where i the sample index, and 4 is the total number of

samples. On the other hand, scattering in decibels scales

logarithmically with the concentration (de Jong and Hoff

1993); thus, for normalization we subtracted the maxi-

mum value of the initial trace for each sample. The

higher variability among Definity samples was attributed

to its higher concentration in the vial, which decreased

the absolute precision of the pipetting process.
RESULTS

Concentration and size distribution

The concentrations of bubbles ranging from 1 to 15

mm in diameter are illustrated in Figure 3 for the initial,

control and irradiated samples of both UCA formula-

tions. Below, we use blue curves and green curves for

SonoVue and red and orange for Definity (color online).

Compared with the initial samples, the concentration of

microbubbles decreased in all cases. We attribute this
Fig. 3. Concentration of microbubbles (MB) as a function of
bubble size in the initial samples and in the irradiated and con-
trol samples after the acoustic measurements, for (a) SonoVue
and (b) Definity. The shaded areas represent the standard devi-

ations among samples.
decrease to diffusion processes during the handling,

transport and acoustic measurements. Yet, we could iso-

late the effects of radiation by comparing the irradiated

(30 Gy) against the control sample. For SonoVue

(Fig. 3a), the irradiated samples had a lower concentra-

tion of bubbles <7 mm and a larger concentration of

bubbles >11.5 mm. This resulted in a lower gas volume

fraction (2.09£ 10�4 mL/mL) compared with the con-

trol samples (2.53£ 10�4 mL/mL). Both types of sam-

ples had a marked local minimum in the bubble

concentration around a given diameter. In the control

samples, the minimum was located at 4.5 mm,

which corresponds to the resonant size of SonoVue bub-

bles to a low-pressure 2.25-MHz acoustic signal

(Gorce et al. 2000), whereas in the irradiated samples,

the minimum was centered at 3 mm. For Definity, the

gas volume fraction of the irradiated samples was also

lower than that in the control samples (6.99£ 10�5 mL/

mL, compared with 8.02£ 10�5 mL/mL). Nevertheless,

the difference in number of bubbles was only 9.4%

(compared with 85.7% for SonoVue), which lies in the

range method variance reported in literature

(Sennoga et al. 2012). Even though for SonoVue, the rel-

ative percentage of microbubbles >10 mm was low

(0.57% for the samples before irradiation, which is in

agreement with Hyvelin et al. [2017], 1.02% for the irra-

diated samples and 0.41% for the control samples), the

standard deviation of the measurements was much lower

than the difference between irradiated and control sam-

ples. This means that the difference in concentration of

microbubbles >10 mm is statistically relevant. For Defi-

nity, the resolution was compromised for microbubbles

>9 mm (Fig. 3b).

Attenuation

The attenuation of the three different acoustic

pulses evolved similarly over time. Thus, for simplicity,

only the curve corresponding to the 25-kPa broadband

pulses is provided in Figure 4. Initially, attenuation

decreased constantly over time for all samples. This can

be attributed to gas diffusion from the microbubbles into

the liquid. The attenuation decrease rates (Table 1) were

one order of magnitude larger for SonoVue than for Def-

inity, likely because of the larger solubility in water of

the SF6 gas in SonoVue (31 mg/L) than the C3F8 gas in

Definity (5.7 mg/L). To determine the influence of radia-

tion, we once again compared the irradiated samples

against the control samples. For SonoVue (Fig. 4a), the

decrease in rate in the irradiated samples was 15% faster

than in the control. The attenuation of the irradiated sam-

ples decreased until 234 s (20 Gy), when it started

increasing again. This behavior was not observed for the

control samples, which had a sustained decrease during

the whole measurement. Thus, the attenuation of the



Fig. 4. Attenuation coefficient as a function of time (and dose)
of irradiated and control samples from (a) SonoVue and (b)
Definity, calculated from the 25-kPa broadband pulses. The
vertical dashed lines correspond to the start of beam exposure.
Subplots a.2 and b.2 are zoom-ins of this event, and subplots

a.3 and b.3 are zoom-ins of the final value.

Table 1. Rate of decrease of attenuation coefficient over the
first 150 s (12.5 Gy)

Agent SonoVue Definity

Irradiated �0.38 dB/min �0.06 dB/min
Control �0.33 dB/min �0.06 dB/min

Fig. 5. Attenuation spectra of (a) SonoVue (top) and (b) Defi-
nity calculated from the 25-kPa broadband pulses, at both the

start and end of acoustic measurements.

Fig. 6. Scattering spectra of (a) SonoVue and (b) Definity cal-
culated from the narrowband pulses, at both the start and end

of acoustic measurements.
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irradiated samples was 0.15 dB/cm higher after 24 Gy

(Fig. 4a.3). For Definity (Fig. 4b), the final attenuation in

the irradiated samples was 0.03 dB/cm higher than in the

control samples (Fig. 4b.3); the relevance of such a dif-

ference can be neglected compared with the standard

deviation among samples. Regarding the instantaneous

effect of the radiotherapeutic beam in the acoustic

response, no immediate change was observed in the

attenuation coefficient when the photon beam was turned

on (Fig. 4a.1,b.1).

The frequency content of the attenuation can be

related to the physical properties of the microbubbles in

the samples (Medwin 1977). In Figure 5 are the attenua-

tion spectra of both agents before and after a 24 Gy dose

was delivered. As expected, the curves exhibit a different

initial response for the two agents because of their own

properties (Gorce et al. 2000; Goertz et al. 2007). The

attenuation decreased for both agents irrespective of irra-

diation exposure, which corresponds to the decrease over

time observed in Figure 4a.1 and 4b.1. Yet, for SonoVue

(Fig. 5a), the attenuation in the irradiated samples was

distinctly lower at lower frequencies and noticeably

higher at higher frequencies, compared with that for the

control samples, with a maximum difference of 0.7 dB/
cm at 3.5 MHz. For Definity (Fig. 5b), the differences

between the curves determined from the irradiated and

control samples were minor, with a maximum difference

of 0.08 dB/cm at 1 MHz. The tiny shaded areas highlight

the reproducibility of the acoustic measurements among

samples.
Scattering

The spectral content of the scattered signals from

the narrowband pulses is illustrated in Figure 6, normal-

ized to the maximum energy of the initial trace. The fig-

ures reveal the scattering at the beginning and end of the

acoustic measurements from the irradiated and control

samples, analogously to the previous section. We

observed a general increase in the energy scattered by

SonoVue (Fig. 6a) compared with the initial values, in
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both the irradiated and the control samples. At the end of

the acoustic sequence, the spectra of the irradiated sam-

ples exhibited a lower energy compared with those of

the control samples, with a difference of 5.1 dB at the

second harmonic frequency and only 1.0 dB at the funda-

mental. For Definity (Fig. 6b), the energy difference was

0.2 dB at the second harmonic and 0.4 dB at the funda-

mental, which remains negligible compared with the

intersample standard deviation (shown as shaded

regions). No subharmonic content was found in the scat-

tering spectra of both agents.
Toward dosimetry

In the previous subsections we described a distinct

influence of radiation in the acoustic response of Sono-

Vue. The difference in scattered energy between irradi-

ated and non-irradiated bubbles could be exploited by

ultrasound imaging systems to map the absorbed dose.

The maximum difference between irradiated and control

samples was detected in the second harmonic, as illus-

trated in Figure 6a. However, narrowband pulses are

not well suited for imaging, given their poor axial resolu-

tion; thus, we studied the feasibility of PIAM

(Eckersley et al. 2005; Whittingham 2005). The fre-

quency spectra of the scattered signals resulting from

PIAM (normalized to the maximum energy of the initial

trace) are provided in Figure 7a, both at the beginning of

the measurements and after 24 Gy. Some non-linear con-

tent was observed in the fundamental frequency band, as

expected from PIAM (Phillips 2001). Similar to the nar-

rowband pulses (Fig. 6a), the power in the whole spec-

trum increased compared with that in the initial trace,

and the major influence of radiation appears in the sec-

ond harmonic band. The difference between the irradi-

ated and control bubbles at the second harmonic (from 4

to 5 MHz) as a function of the delivered dose is illus-

trated in Figure 7b. This difference was non-linear with

absorbed dose, as it first decreased until 2 Gy, then

increased until 14 Gy, and finally decreased again until
Fig. 7. (a) Pulse inversion amplitude modulation (PIAM) spec-
tra of SonoVue samples at both the start and end of acoustic
measurements. (b) Difference (irradiated minus control) at the
second harmonic frequency band of the PIAM spectra as a

function of the delivered dose.
the end of the measurement. The absolute difference was

>1 dB only for doses >17 Gy. At this point, the absolute

difference quickly increased up to a maximum value of

3.5 dB at 24 Gy.
DISCUSSION

In this study, we measured the influence of mega-

voltage photons on the acoustic response and size distri-

bution of two commercial UCAs. No instantaneous

change in the acoustic behavior of the agents was

detected when the radiation beam was turned on

(Fig. 4a.2,b.2); rather, differences with control samples

that built up with the delivered dose were observed. The

influence on acoustic attenuation (Figs. 4 and 5) and

scattering (Fig. 6) was distinct for SonoVue, but negligi-

ble for Definity. Both the trend observed in the change in

attenuation of SonoVue (i.e., decrease �20 Gy, followed

by an increase at higher doses) and the fact that the two

agents responded differently to radiation agree with a

previous study by Verboven et al. (2014), who reported

that radiation had different influence on the acoustic

attenuation of three UCAs (SonoVue, Micromarker and

Targestar-P). Furthermore, our results revealed that the

changes in the acoustics were in line with the size distri-

bution measurements (Fig. 3), where radiation led to a

decrease in the concentration of SonoVue samples, while

not significantly affecting Definity. This indicates for the

first time that radiation can have different effects on

microbubbles with the same initial size but different for-

mulations.

The influence of radiation on UCAs was inferred by

comparing irradiated with controlled samples using two

independent methods: acoustic measurements and size

distribution measurements. This was necessary because

normal gas diffusion (Kabalnov et al. 1998) in the

diluted suspension resulted in a time dependence of the

sample properties. The precision of each method was

then governed by the repeatability among samples,

which depends not only on system accuracy, but also on

many other factors (e.g., pipetting precision, correct tim-

ing, ambient properties). Bias resulting from the time

between vial activation and acoustic measurements was

avoided by alternating the measurements of irradiated

and control samples. In our analysis, we used the stan-

dard deviation among samples as the threshold for con-

sidering any difference to be relevant. We observed a

low standard deviation among both control and irradi-

ated samples, which denotes, on the one hand, the good

repeatability of both methods and, on the other hand, a

low variability in the influence of radiation in the mea-

sured properties. It is important to note that the differ-

ence in experimental timing between the irradiated and

control measurements in this study did not lead to
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notable limitations. Because the timing between sample

dispersion and initiation of the acoustic measurements

was not precisely controlled, the starting time of the con-

trol measurements had to be delayed in data processing.

The adjustment leads mainly to a control measurement

that effectively lasts for a shorter time than the irradia-

tion measurement (286 s). Despite this, we were able to

capture the effect of the beam by comparison with con-

trol measurements for doses up to 24 Gy.

The 2.25-MHz center frequency used in these

acoustic measurements matches the frequency range

used for imaging deeper organs and tumors in the body,

which is one of the specific targets for megavoltage pho-

ton therapy. While this frequency is close to the reso-

nance of SonoVue samples (Gorce et al. 2000), it is

much lower than the 10-MHz resonance reported for

Definity (Goertz et al. 2007). Nevertheless, this choice

did not compromise the detection of the influence of

radiation, as, in both cases, a subpopulation of the agents

was responsive to the acoustic waves.

Although it was previously hypothesized that the

change in attenuation was owing solely to a decrease in

concentration (Verboven et al. 2014), our results suggest

more complex behavior. The size distribution measure-

ments of the SonoVue samples (Fig. 3a) revealed a

decrease in the number of the bubbles <7 mm and an

increase in those >12 mm because of radiation. Because

the final gas concentration was lower, some of the small

bubbles seem to have transferred the gas to larger bub-

bles (Ostwald Ripening), while others just dissolved,

suggesting a more permeable coating. When assuming

constant properties of the microbubble coating, one can

expect a decrease in attenuation related to the decrease

in total gas volume (Gorce et al. 2000), and a shift

toward lower frequencies owing to the decrease of small

bubbles. Contrarily, the final attenuation in the irradiated

samples was higher (Fig. 5a), decreasing for lower fre-

quencies and increasing for higher ones. It is also of rele-

vance to mention a local minimum in the size
Table 2. Ultrasound cavitation agent chemical c

Agent SonoVue*

Coating Phospholipid Molar ratio
1,2-Distearoyl-sn-glycero-3-phos-
phocholine, DSPC

1

1,2-Dipalmitoyl-sn-glycero-3-phos-
pho-rac-glycerol sodium, DPPG

1

* FDA 2016 Food and Drug Administration, Lumason Safety Label ID: 40
y FDA 2011 Food and Drug Administration, Definity Safety Label ID: 303
distribution (Fig. 3a), which moved from 4.5 mm in the

control samples to 3 mm in the irradiated ones. The mini-

mum in the control samples matches the resonant size of

SonoVue bubbles at 2.25 MHz (Gorce et al. 2000) for

acoustic pressures <10 kPa. Although higher acoustic

pressures, such as those used in these measurements (i.

e., 25 and 50 kPa), can lower the resonance frequency of

the UCAs (Segers et al. 2016a), a fraction of the micro-

bubbles out of the acoustic focus perceive lower acoustic

pressures. Therefore, we could hypothesize that this

local minimum could be caused by acoustically driven

diffusion of resonant bubbles (Guidi et al. 2010).

According to this hypothesis, the minimum in the irradi-

ated samples, closer to the resonant size of a free bubble

(2.5 mm according to Minnaert [1933]), would suggest

the coating is becoming less stiff. All these findings point

out that in addition to the decrease in microbubble con-

centration, a further modification of the coating proper-

ties might have caused the modification in acoustic

behavior.

The mechanism by which radiation leads to the

measured influence on microbubbles is not clear, but we

can hypothesize on the basis of these results and previ-

ous literature. During irradiation, energy deposition

leads to a temperature increase, which could modify

microbubble properties (Lum et al. 2018). However,

using the absorbed dose D and the specific heat capacity

of water cp, the maximum expected temperature increase

is DT ¼ D=cp » 6 mK, which is three orders of magni-

tude too low to have an influence on the acoustic

response of microbubbles (Vos et al. 2008;

Shekhar et al. 2018). Another possibility could be a

chemical modification of the components, for which we

consulted the literature on the influence of radiation on

the gas and coating of the two agents (listed in Table 2).

With respect to the gaseous cores, the influence of radia-

tion on perfluorocarbons (e.g., C3F8, Definity)

(Vacek et al. 2000) is 1000 times lower than its influence

on SF6 (SonoVue) (Asmus and Fendler 1968), which
ompositions according to the manufacturer

Definityy

Phospholipid Molar ratio
1,2-Dipalmitoyl-sn-glycero-3-phos-
phocholine, DPPC

9

1,2-Dipalmitoyl-sn-glycero-3-phos-
phate sodium, DPPA

1

1,2-Dipalmitoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy
(polyethylene glycol) 5000],
DPPE-PEG5 K

1

32584.
3313.
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could partly explain the difference observed between the

two agents. Concerning the coating, both agents are cov-

ered mainly with phospholipids. Conventionally, phos-

pholipids are described by abbreviations of their names

(see Table 2), where the first two letters refer to the tail

composition and the last two refer to the head group.

With respect to the tail, it has been reported that acyl

chains saturated with single bonds, as those present in

both SonoVue and Definity, are unlikely to degrade

under radiation at the doses used (Stark 1991). With

respect to the polar heads, SonoVue contains phospho-

choline (PC) and phosphatidylglycerol (PG), and Defi-

nity contains PC, phosphatidic acid (PA) and pegylated

phosphoethanolamine (PE). At equal radiation doses, PG

degrades one order of magnitude faster than PC and PE,

resulting mainly in PA (Tinsley and Maerker 1993;

Edimecheva et al. 1997; Marathe and Mishra 2006).

Additionally, it has been found that pegylated phospholi-

pids (such as those present in Definity) can protect other

lipids from radiation damage (Tirosh et al. 2002). To the

authors’ knowledge, the influence of ionizing radiation

on PA has not been quantified in the literature; however,

because it is one of the main products of degradation of

PG, it is expected to be a more stable group than its pre-

cursor. In summary, the presence of both SF6 and DPPG

in SonoVue could be the source of the larger influence of

radiation. These components are reported to be more

unstable than the gas and phospholipids in Definity,

which are further stabilized by the presence of pegylated

PE. Although one could argue that the gas is the only

component leading to the difference between the two

agents, we discard this hypothesis as previous experi-

ments (Verboven et al. 2014) have found that perfluoro-

carbon-based agents can also be sensitive to radiation.

The change in scattering of SonoVue caused by

radiation could be exploited in medical ultrasound imag-

ing devices. Tailored pulse�echo schemes could be

applied to compare irradiated with non-irradiated areas

for dose quantification. Because the largest radiation

influence was found for the second harmonic emissions

(Fig. 6a), it appears reasonable to use contrast-specific

imaging sequences that isolate the non-linear acoustic

response and potentially discriminate irradiated from

non-irradiated microbubbles. In this study we employed

PIAM as an example. Looking up to the standard dose

used per fraction in the clinic, which is 2 Gy, Figure 7b

illustrates that a decrease in the scattering of SonoVue

samples could be observed, albeit on the order of only

0.5 dB. Such a small difference can be measured in a

well-controlled in vitro environment, but diverse sources

of variability arising in vivo (Tang et al. 2011) reduce

the feasibility of measuring these doses during radiother-

apy. The difference in scattering appeared persistently

above 1 dB only for radiation doses >17 Gy. Although
such high doses are not used in conventional clinical rou-

tine, other therapy schemes such as hypofractionation or

single-fraction treatments (Catton et al. 2017;

Krauss et al. 2017) commonly use larger single doses of

up to 30 Gy, where the current SonoVue commercial for-

mulation might be usable. Importantly, these results

assume that the time history of both irradiated and non-

irradiated microbubbles is the same. This holds for an in

vitro measurement, where we can disregard the other-

wise dominant time effects subtracting the control sam-

ple response. Tumor vasculatures commonly present

areas with different gas concentrations, which affect

microbubble stability on the time scale used in the pres-

ent study (Mulvana et al. 2012). Furthermore, although

in these experiments the microbubbles were confined to

the irradiation volume, in practice they might receive a

lower cumulative dose as they enter or leave the mega-

voltage beam during the treatment because of perfusion.

Although this effect may be negligible for short irradia-

tion times corresponding to 2-Gy doses, it could have an

important role for larger doses. Thus, when the residence

time of the bubbles in the tumor area is effectively

shorter than the irradiation, a correction factor should be

used to retrieve the dose delivered to the tumor from that

absorbed by the microbubbles. These limitations could

be overcome by the design of a new UCA formulation

specifically engineered for radiosensitivity, which exhib-

its larger changes in response to radiation rather than

changes caused by time-related effects, and includes tar-

geting if extended residence time in the tumor area is

desirable. Some of the components that might be promis-

ing for this purpose are polymerizable phospholipids

(Callens et al. 2019), unsaturated phospholipids (Aka-

matsu 2013) or nanoparticles that enhance locally the

radiation effect (Cho 2005).

Radiation sensing by means of ultrasound has sev-

eral advantages, as it is a non-invasive technique and

ultrasound systems are easily accessible in hospitals. So

far, its use has been found to be promising mainly for

proton therapy (i.e., ionoacoustics [Lehrack et al. 2019]

and superheated nanodroplet vaporization [Carlier et al.

2020]). A larger number of patients would benefit from

the development of a similar technique for conventional

radiotherapy. In addition, current research lines investi-

gate different ways to use ultrasound to enhance the effi-

ciency of radiotherapy, such as tumor localization for

improved alignment (Langen et al. 2003) or motion

tracking during therapy for real-time corrections in dose

delivery (Zhong et al. 2013). Some of these studies also

exploit UCAs, including oxygen delivery to hypoxic vas-

culature (Eisenbrey et al. 2018), enhancement of radia-

tion response with acoustical stimulation (Czarnota et al.

2012) or detection of early response to radiation

(Nabavizadeh et al. 2019). Although the use of UCAs
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for radiation dosimetry is already promising by itself,

value could be added if used in combination with the

mentioned techniques, for example, by performing

simultaneous tracking of tumor motion and monitoring

of dose distribution, or by employing the dosimetric

microbubbles to stimulate and enhance the response to

radiation.
CONCLUSIONS

Dosimetry with commercial UCAs was found to be

possible, but only under very well controlled conditions.

We observed changes in size distribution and acoustic

response of SonoVue for doses <24 Gy, whereas the

influence in Definity samples was negligible, revealing a

dependence on the agent formulation. The decrease in

acoustic scattering of SonoVue was more pronounced at

the second harmonic frequency. Although this decrease

was of 3.5 dB for 24 Gy, it was <1 dB for a standard

clinical dose of 2 Gy, which might be too low to be

acoustically detected in a clinical scenario. Thus, the

design of a new ultrasound contrast agent with a phos-

pholipid coating or gas core more reactive than that of

the commercial formulations would be necessary in a

practical clinical setting.
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