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Perfluorocarbon emulsion
enhances MR-ARFI
displacement and temperature
in vitro: Evaluating the response
with MRI, NMR, and hydrophone
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Sonosensitive perfluorocarbon F8TAC18-PFOB emulsion is under development

to enhance heating, increase thermal contrast, and reduce treatment times

during focused ultrasound tumor ablation of highly perfused tissue. The

emulsion previously showed enhanced heating during ex vivo and in vitro

studies. Experiments were designed to observe the response in additional

scenarios by varying focused ultrasound conditions, emulsion concentrations,

and surfactants. Most notably, changes in acoustic absorption were assessed

with MR-ARFI. Phantoms were developed to have thermal, elastic, and

relaxometry properties similar to those of ex vivo pig tissue. The phantoms

were embedded with varying amounts of F8TAC18-PFOB emulsion or lecithin-

PFOBemulsion, between about 0.0-0.3% v:w, in 0.05% v:w increments. MR-ARFI

measurements were performed using a FLASH-ARFI-MRT sequence to obtain

simultaneous displacement and temperature measurements. A Fabry-Perot

hydrophone was utilized to observe the acoustic emissions. Susceptibility-

weighted imaging and relaxometry mapping were performed to observe

concentration-dependent effects. 19F diffusion-ordered spectroscopy NMR

was used to measure the diffusion coefficient of perfluorocarbon droplets in a

water emulsion. Increased displacement and temperature were observed with
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higher emulsion concentration. In semi-rigid MR-ARFI phantoms, a linear

response was observed with low-duty cycle MR-ARFI sonications and a

mono-exponential saturating response was observed with sustained

sonications. The emulsifiers did not have a significant effect on acoustic

absorption in semi-rigid gels. Stable cavitation might also contribute to

enhanced heating.
KEYWORDS

HIFU, hydrophone, emulsion, sonosensitizers, MR-ARFI, colloids, perfluorocarbons
(PFCs), cavitation
Introduction

Magnetic resonance-guided focused ultrasound (MRgHIFU) is

a noninvasive ablative procedure that allows reduced morbidity and

faster recovery for certain medical treatments. Under MRI

guidance, the operator can monitor the temperature change in

each voxel to ensure that the cancer cells were sufficiently heated to

induce apoptosis. This allows accurate determination of positioning,

in addition to providing more certainty to a sufficient thermal dose.

The temperature increase generated by the focused ultrasound

beam reduces the amount of hydrogen bonding in the water

molecules, reducing the resonance frequency of these atoms,

resulting in a temperature-dependent shift in proton spectra (1–

3), that generates a measurable change in the phase maps of MRI

images (4, 5). Commercial magnetic resonance thermometry

(MRT) sequences allow monitoring of intraoperative temperature

changes using this principle.

Alternative experimental MRI sequences are of interest to

monitor HIFU procedures for other applications. Magnetic

resonance acoustic radiation force impulse (MR-ARFI)

imaging can measure the simultaneous increase in temperature

and displacement from a focused ultrasound (FUS) pulse (6–8),

with displacement increasing linearly with applied ultrasound

power (8, 9). The technique is used for applications, including

distinguishing healthy tissue or diseased tissue, quantifying

tissue stiffness, identifying ablation lesions, focal point tracking

without heat damage, adjusting for phase aberrations, and focal

spot shaping (10–15). MR-ARFI has been implemented in pilot

studies, such as for noninvasive breast palpation before and after

focused ultrasound lesion ablation (10) and for transcranial

displacement measurements (12). Simulation of the MR-ARFI

displacement can be performed with finite-difference solutions

to equations of motion (16–18) or by convolution techniques

(15, 19). Not least of all, the MR-ARFI sequence has potential for

focal spot tracking during localized, targeted, low-temperature

focused ultrasound-mediated sonoporation drug delivery.

Perfluorooctyl bromide (PFOB) nanoemulsions have shown

effective in vitro and in vivo for non-thermal and non-
02
cavitational drug delivery (20, 21). Clinical studies for focused

ultrasound-mediated drug delivery in liver tumors with

liposomal doxorubicin formulations (ThermoDox, Celsion

Corp, Lawrenceville, New Jersey, USA) reported improved

tumoral doxorubicin concentrations (22, 23).

Focused ultrasound is indicated for ablation in a variety of

tumor types. However, the procedure faces certain limitations,

particularly for hepatobiliary treatments (24). Notable

impediments in liver ablation include interactions with the

thoracic cage and respiratory motion (25–28). Additional

measures are often required, such as anesthesia, intubation,

and rib resection (29, 30). The left liver lobe is exposed for a

portion of the respiratory cycle allowing ablation to be

performed, although the right liver lobe is predominantly

located behind the rib cage which complicates the treatment

(31). Also, high-risk tumor sites are located near to adjacent

organs, particularly near the gallbladder and bowels.

Retrospective review has given common side-effects in

hepatobiliary ultrasound-guided FUS procedures to be skin

burns, pain, and fever at 15%, 5%, and 2%, respectively (29).

Though, more adverse events have been reported, including

biliary obstruction, fistula formation, osteonecrosis, and

diaphragmatic rupture (30). A variety of techniques were

developed to overcome some limitations of the procedure

including rib shielding devices (32), a large acoustic window

super-focusing transducer dedicated to intra-abdominal

treatments (33), and techniques to account for respiratory

motion (34–37).

The use of exogenous cavitation nuclei is particularly

interesting for focused ultrasound-mediated blood-brain barrier

(BBB) opening to enhance drug delivery in brain tumors. Low-

intensity MRgFUS in combination with microbubbles can

increase BBB permeability, by temporarily and reversibly

disrupting these pathways, allowing tumoral accumulation of

higher amounts of standard chemotherapeutics and larger

molecular weight chemotherapeutics that would otherwise be

incapable of paracellular transport (38). Microbubbles typically

exhibit a lower threshold for cavitation than droplets, as the
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droplets must first undergo vaporization, whether in the

perfluorocarbon or in the surrounding medium, to promote

further gas accumulation (39). Microbubble contrast agents also

have a particular advantage in human studies in that these can be

used off-label in neuro-oncological therapeutic treatments. This

emulsion formula, at reduced droplet size, has shown capable as

an in vivo drug delivery vehicle in combination with microbubbles

for focused ultrasound-mediated BBB disruption (21).

In previous studies, perfluorocarbon nanoemulsions were

developed for theranostic applications, both as a chemotherapy

drug carrier and 19F-MRI contrast agent (40). The formula was

later adapted for ablative HIFU applications. Micron-sized

F8TAC18-PFOB droplets were designed for intra-capillary

transpulmonary circulation, illustrating repeatability and

enhanced heating in a tissue mimicking material (TMM)

phantoms with focused ultrasound (41). Subsequent

experiments in ex vivo pig kidneys and liver showed an

increased energy deposition by a factor of 3, for a 0.24% v:v

solution of 1.42-2.16 ± 0.68 μm in the perfused fluid, at flow rates

up to 0.15 mL.s-1, capable of repeatable sonication without

rupture or embolism (42). The acoustic absorption coefficient

of a TMM phantom perfused with a solution of this

perfluorocarbon emulsion was observed to scale mono-

exponentially with concentration to an asymptotic maximum,

at doses expected safe for human use (43). The results gave

insight into the size of the probability of temperature increase

around an individual droplet, which was denoted as the

interaction radius. This observation allowed development of a

simulated model to predict an interaction radius of 12.5 μm for

droplets with diameters of 1.9-2.3 μm.

In this study, experiments evaluated whether TMM gel

phantoms exhibited an increase in the displacement of MR-

ARFI due to perfluorocarbon droplets and whether cavitation

was present. It was hypothesized that enhanced absorption could

also increase displacement. Further measurements were

performed with MRI, NMR, hydrophone, and rheometry to

characterize the droplets and TMM phantoms. To the authors’

knowledge, this is the first study using MR-ARFI to evaluate

acoustic absorption changes from sonosensitive droplets.

Additionally, a TMM gel phantom formula was further

developed that was capable of use with microscale MR-ARFI

displacement measurements and MR thermometry with higher-

temperature sustained sonications. Moreover, new details were

gained on the acoustic absorption mechanism of this particular

perfluorocarbon emulsion formula.
Methods

Emulsion preparation

Materials included PFOB (Fluorochem, Hadfield, United

Kingdom), lecithin (90%, soy bean, 76870, Thermo Fisher,
Frontiers in Oncology 03
Kandel, Germany), 1H,1H,2H,2H-perfluorooctanethiol

(Atochem, Colombes, France), with all other reagents (sodium

trifluoroacetate, AIBN) and solvents being reagent grade. Two

surfactants were employed to stabilize the emulsion, lecithin and

an in-house fluorinated surfactant named F8TAC18, giving rise to

the lecithin-PFOB or F8TAC18-PFOB emulsions, respectively.

The F8TAC18 surfactant consists of a water-soluble oligomer

of Tris(hydroxymethyl)aminomethane (Tris), which constitutes

the polar head of the surfactant, and a perfluorinated tail group

(44, 45), that allows tuning the droplet size by altering the

number of dimethylene groups in the perfluorinated tail group.

The F8TAC18 surfactant and emulsions were prepared as

described in previous publications (40–43, 46). In brief, a low

energy process was employed to prepare the emulsions using a

homogenizer system (Polytrons PT 3100, Kinematica, Luzern,

Switzerland). The general routine procedure consisted of

dissolving 500 mg of emulsifier in 196 mL of water, after

which 4 mL of PFOB was added. The solution was then

cooled in an ice bath. The solution was homogenized three

times for 15 minutes at 20,000 rpm for the lecithin emulsion.

Similarly, the solution was homogenized three times for 15

minutes at 24,000 rpm for the F8TAC18 emulsion. The

emulsions were then refrigerated at 4 °C until use.

The particle size distributions were determined by laser

diffraction and Mie light scattering theory, using a Mastersizer

2000 with a Hydro2000S dispersion unit module (Malvern

Instruments, Orsay, France). The dispersant solution consisted

of water with a refractive index of 1.333, while the refractive

index of PFOB was 1.305. The emulsions were added to the

Hydro2000S dispersion unit while stirring at 18,550 rpm. Then

the system formulated the volume-weighted mean diameter (D

[4,3]). The volume fraction of PFOB in the solution was

determined with 19F nuclear magnetic resonance (NMR), as

described in previous studies (46). The D[4,3] was 1.83 μm for

the lecithin droplets studies. The D[4,3] ranged between 1.70-

1.76 μm for the F8TAC18 droplets, except one sample which was

1.24 μm.
Fabrication of TMM phantoms

The phantom formulas were made using modifications to

previously described MR-ARFI phantoms (47, 48). The TMM

phantom formulas were adjusted to emulate ex vivo pig tissue

properties, by comparing temperature and displacement

measurements in ex vivo pig kidney, pig liver, and pig

myocardium. An example of MR-ARFI temperature and

displacement measurements in an ex vivo pig kidney is shown

in Figure 1. The figure shows the displacement and temperature

maps generated during MR-ARFI sonications overlaid on the

MRI magnitude images in the location of the insonicated area.

These values were used for comparison with subsequent

iterations of TMM sample formulations, using equivalent
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sonication conditions. The figure also provided a good depiction

of how the focal spot displacement and temperature profiles

appear relative to mammalian anatomical features.

The proportions of starch, condensed milk, gelatin, and

agarose were adjusted until the phantom provided similar MR-

ARFI displacement and temperature response as seen in ex vivo

pig organs. Agarose was later determined to make the phantoms

too inelastic, and the substance was omitted from the formula.

Some formulas, such as those incorporating agarose, tended to

give good thermal response, but the elastic properties were too

stiff, and displacement could not readily be measured.

Alternatively, with other formulas, good elastic properties were

obtained, but the phantoms would then melt under higher power
Frontiers in Oncology 04
sustained sonications. Two emulsifiers were tested: lecithin and

F8TAC18. The final gel formula was 143 grams total, composed of

3% w:w gelatin, 6% w:w starch (maize flour), 5% w:w powdered

milk (containing 36% w:w proteins, 0.8% w:w fats), and 0.021% w:

w sodium azide as a preservative, between 0.05-0.3% v:w PFOB

emulsion, and the remainder of approximately 86% v:v degassed

and deionized water. Powdered milk at 10% w:w was used in

certain gel samples, for powdered milk containing 18% w:w

proteins. Also, benzalkonium chloride (BAL) was used as a

preservative in lieu of sodium azide on occasion. Two control

gels were made simultaneously, free of any PFOB emulsion. 19F-

NMR was used to verify the concentrations of selected gel sets.

Phantoms used both emulsion formulas near 0.05% v:w, 0.1% v:w,

0.2% v:w, and 0.3% v:w. An example of quantitative 19F-NMR

measurements for PFOB concentration is available in the

supplementary materials.

A protocol to fabricate the TMM gel sets with this final

formulation can be found in the supplemental materials. Briefly,

degassed and deionized water was heated to boiling, then the heat

was removed. Then added to the hot water was condensed milk,

starch, and gelatin. The solution was mixed homogeneously and

cooled at room temperature to about 65 °C before being mixed with

the emulsion solution. The phantoms were cast into two plastic

cups, one placed within the other. The bottom of each plastic cup

was removed, and a thin piece of food cellophane was placed

between the cups, to create a smooth, watertight surface. The warm

liquid gel was poured into this container, allowed to cool at room

temperature for about one hour, placed in an ice bath to solidify,

then stored in the refrigerator at 4 °C. An MR image of a TMM gel

sample is shown in Figure 2. The size varied slightly on occasion, as

some samples were fabricated at different facilities, with different

inventory of equipment. However, the important aspect was for the

size of the TMM gel phantom to be large enough, relative to the size

of the focal spot, to negate effects of ultrasound reflections at the

FIGURE 1

MR-ARFI focal spot in the insonicated area. (A) MR-ARFI ex vivo
porcine kidney displacement overlaid on the magnitude map. (B)
MR-ARFI ex vivo porcine kidney temperature elevation overlaid
on the magnitude map. The insets are higher magnification to
provide more detail of the focal spot.
FIGURE 2

Illustration of TMM gel phantom placed on top of the MRgHIFU
transducer system. This MR image is a transverse view generated
from a T1-VIBE sequence. The inset shows an enlarged view of
the TMM phantom. Also visible in the image is the transducer
and coupling components.
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TMM surfaces from influencing the measurements. Ultrasound

coupling gel was further placed on top of the TMM phantom to

prevent ultrasound waves reflecting at the surface but was not

applied until after this image was acquired, just prior to performing

the sonications.

Gas entrapment was found to occur when the emulsion was

mixed too vigorously and when the gel was cooled too quickly.

Measures were taken to reduce gas entrapment. First, degassed

and deionized water was used in the fabrication of the gel sets.

The degassing was done by circulating deionized water through

a dedicated degassing unit, using a vacuum pump and a semi-

permeable membrane-based gas extraction. The dissolved

oxygen content was then measured with a fluorescence probe

(Neofox, Ocean Insight, Orlando, FL, USA). The emulsion was

also dispersed with a syringe and a needle, with the tip

submerged in the liquid gel solution. The syringe was further

used to mix the TMM solution with repeated cycles of drawing

and dispensing, rather than with manual stirring. Additionally,

the gels were cooled at room temperature for a prolonged time,

prior to solidifying the gel sets in an ice bath, to allow entrapped

air bubbles to naturally collect at the top surface. These methods

help reduce the complications of unintentional atmospheric

gases being entrapped in the TMM gel matrix.
Focused ultrasound system

The incident high intensity focused ultrasound (HIFU)

sonications were generated by an acoustic field that was pulsed

according to the duty cycle settings, at an acoustic frequency of

1.031 MHz. The transducer was a pseudorandom array

consisting of 256 elements, 131 mm focal length, and 140 mm

aperture. The transducer was connected to a beam former and

impedance matching unit (Image Guided Therapy, Pessac,

France). The 3T MRI system (Prisma Fit, Siemens, Erlangen,

Germany) guided the procedure, using the body coil as the

transmit antenna and an 11 cm loop coil as the receiver antenna.

The HIFU unit was controlled from the Thermoguide graphical

user interface (version 1.37.2002, Image Guided Therapy,

Pessac, France).
MRI sequences

The gels were assessed with MR-ARFI and MRT to observe

acoustic absorption. Simultaneous displacement and

temperature were measured with MR-ARFI using a FLASH-

ARFI-MRT sequence. Additionally, standard MRT was

performed to ensure repeatability, to measure the acoustic

absorption coefficient, to verify the focal point was in-plane,

and to verify that the droplets were exhibiting more heating at

higher concentrations. Care was taken to ensure that the
Frontiers in Oncology 05
positions of the MRT sonications and the MR-ARFI

sonications were in distinct locations, as previous heating was

indicated in the gels to affect the displacement measurements.

The temperature and displacement map data were analyzed with

a custom MATLAB script (The MathWorks, Inc., Natick,

MA, USA).

To generate the FLASH-ARFI-MRT sequence, a standard fast

low angle shot (FLASH) sequence (49) was modified to

incorporate vertical motion encoding gradients (MEGs) in the

focused ultrasound direction (7, 50, 51). The sequence featured

symmetric bipolar MEGs centered near the external trigger, with

equal amplitudes and opposite phase. The MEG duration was

reduced to maintain echo time (TE) less than 15 ms for good

signal-to-noise ratio (SNR). These tissue displacement

measurements are relatively slow, with maximum displacement

requiring a few milliseconds (8). Hence, the need to displace the

external trigger from the center of the MEG gradients. A variable

delay was incorporated to adjust the timing between the MEG

pulse and an infrared fiber-optic signal to trigger the focused

ultrasound with each repetition time (TR). The motion encoding

gradients, which form the basis of the MR-ARFI imaging, were

eventually incorporated into the standard Siemens MR

thermometry EP_SEG_THERM sequence. This allowed for an

EP_SEG_THERM_ARFI sequence, with the commercial

sequence adjustments available, although the sequence was not

used to generate the data in this report.

The phase contrast was equated to displacement and

temperature from Equations 1 and 2 (7). The phase change in

the displacement phase map can be increased linearly with a

larger MEG gradient amplitude or longer MEG duration.

Similarly, a larger TE will result in a larger phase contrast in

the temperature phase images.

Dui =
f+
i − f+

0ð Þ − f−
i − f−

0ð Þ
2gMd

(1)

DTi =
f+
i − f+

0ð Þ + f−
i − f−

0ð Þ
2gcTEdB0

(2)

Here, ui is pixel displacement (μm), Ti is pixel temperature (°C),

g is gyromagnetic ratio of hydrogen (267.52e6 rad.s-1.T-1), d is the

MEG duration per lobe (ms), M is MEG gradient amplitude

(mT.m-1), f+
i  is the positive polarity pixel value during HIFU

sonication, f+
0  is the baseline positive polarity pixel value without

HIFU sonication, f−
i  is the negative polarity pixel value during

HIFU sonication, f−
0  is the baseline negative polarity pixel value

without HIFU sonication, B0 is the main magnetic field magnitude

of 3 T, c is the proton resonance frequency shift (PRFS)

temperature coefficient of -0.0094 ppm.°C-1.

For standard gradient recall echo (GRE) thermometry

sequences, the optimal SNR in temperature phase imaging

occurs with TE at the effective spin-spin relaxation time (T∗
2 ).

(4) Since the FLASH-ARFI-MRT sequence is diffusion-
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weighted, the SNR is dependent on the MEG b-value. The

minimum standard deviation of the average displacement

measurement for the bipolar FLASH-ARFI-MRT sequence

occurs approximately when one MEG lobe duration (d) is

equal to ½T∗
2 . The b-value was determined from Equation 3

(7, 51).

b =
2
3
(gM)2d 3 (3)

Where b is the b-value, g is gyromagnetic ratio of hydrogen,

M is MEG gradient amplitude, d is the MEG duration per lobe.

The phantom structure and droplet viability were verified by

a T1-VIBE sequence and by good repeatability with MR

temperature measurements of standard HIFU sonication.

These measures indicated that the droplets had not aggregated

or undergone Ostwald ripening, and the TMM phantoms were

fabricated adequately and were free of entrapped gas bubbles.

Previous studies showed that repeated sonications on this

droplet formula in TMM gel phantoms resulted in a slight

decrease in size and almost identical temperature gains (41).

In the scanner, the gel position was determined with a

“localizer”. A 3D T1-VIBE sequence was obtained for higher

resolution and accuracy, for synchronizing the MRI coordinate

position, verifying no prefocal abnormalities, and to place the

specimen directly at the focal length of the HIFU transducer.

The T1-VIBE sequence generally used parameters similar to the

following: [TE, 1.81 ms; TR, 5.44 ms; acquisition time (TA), 4:09

m:s; flip angle (FA), 10°; bandwidth (BW), 390 Hz; echo planar

imaging factor (EPI), 1; partial Fourier factor (PF), 1; slice

thickness (SL), 1 mm; number of acquisitions (NA), 1; Field of

View (FOV), 256 mm x 256 mm; acquisition matrix

(AM), 320x320].

Standard MRT (EP_SEG_THERM, Siemens, Erlangen,

Germany) was used for high-duty cycle and higher-

temperature sonications, more similar to ablative conditions.

The sequence used a multislice temperature sensitive RF-spoiled

segmented GRE-EPI sequence composed of three interleaved

slices to monitor temperature elevation: [TE, 8.62 ms; TR, 41.47

ms; TA, 2.12 s; FA, 20°; BW, 815 Hz; EPI, 1; PF, 1; SL, 5 mm; NA,

1; FOV, 128 mm x 128 mm; AM, 128x128]. Routine MRT

sonication conditions were: [heating time (TH), 33 s; acoustic

power (P), 48 W; duty cycle (DC), 90%; energy emitted per

sonication, 1.43 kJ; acoustic frequency (f), 1.031 MHz].

The FLASH-ARFI-MRT sequence was used with low-duty

cycle sonications, under conditions similar to mild hyperthermia

for focused ultrasound-mediated chemotherapy delivery. The

parameters varied slightly, but used values similar to the

following: coronal view, [TE, 13 ms; TR, 150 ms; TA, 19.05 s;

FA, 12°; BW, 120 Hz; EPI, 1; PF, 1; SL, 4 mm; NA, 1; FOV,

128 mm x 128 mm; AM, 128x128; fat suppression (FS), on; time

shift from HIFU trigger to center of bipolar MEG lobes, -2 ms; d,
4 ms; M, 30 mT.m-1; MEG ramp-up time, 300 μs; delay between

end of slice select gradients to beginning of MEG lobes (t), 200
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μs]. The MR-ARFI sonications were triggered by the MRI unit

and sonications occurred with each repetition time: [Time On, 7

ms; P, 67 W; f, 1.031 MHz]. This sequence performs a 7 ms

sonication during each TR, giving a 4.67% DC. The b-value was

determined from Equation 3 to be about 2.75 s.mm-2.

A relaxometry mapping protocol (Myomaps, Siemens,

Erlangen, Germany) was created for spin-lattice relaxation

time (T1) mapping, effective spin-lattice relaxation time (T∗
1 )

mapping, and spin-spin relaxation time (T2) mapping. The

effective spin-spin relaxation time (T∗
2 ) should be measured in

future studies to optimize the SNR of the FLASH-ARFI-MRT

sequence. Susceptibility-weighted imaging (SWI) was added to

the protocol. A 16-slice coronal SWI sequence used the following

parameters: [TE, 20 ms; TR, 27 ms; FA, 15°; BW, 120 Hz; SL, 1

mm; NA, 1; FOV, 120 mm x 120 mm; AM, 128x128]. The

protocol was performed on select lecithin-PFOB and F8TAC18-

PFOB gel sets. The body coil was used as the transmit coil and

the 11 cm loop coil as the receiver. Relaxometry and SWI map

values were compared across selected gel sets, at all

concentrations. The values were post-processed using an

average region of interest in the gel centers, across

multiple slices.
Phantom and droplet absorption

From theMRT data, the change from baseline in the acoustic

absorption coefficient at each droplet concentration interval was

assessed. These values were measured relative to baseline,

represented by the average of the control measurements in

each individual gel set. A mono-exponential fit line was fit to

the MRT data points using Equation 4.

a C½ �ð Þ = A 1 − e
− C½ �
C0

� �
(4)

Where a is the acoustic absorption coefficient (m-1), A is the

maximum change in the acoustic absorption coefficient (m-1), C0

is the critical concentration (% v:v), [C] is the percent volume

fraction of the emulsion (% v:v).

The displacement data was compared between experiments,

also relative to baseline. Denoted as the spatial integral

displacement, all pixels with a measurable change in

displacement values at the focal region were summed. The

MR-ARFI spatial integral displacement data were fit with

linear regression, and the fit line formulas along with R2 values

were determined. The interaction radii for these sets of

F8TAC18-PFOB emulsions were estimated from previous

experiments using Equation 5 from Holman et al. (43)

Rint

R0

ffiffiffiffiffi
C0

3
p

=
R0
int

R0
0

ffiffiffiffiffi
C0
0

3
p

(5)

Where Rint is the interaction radius (μm), R0 is the physical

droplet radius (μm), C0 is the critical concentration (v:v). The
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prime symbol distinguishes the values from separate

experiments. The mean interparticle distance at the critical

concentration was determined by Equation 6 (52).

a Coð Þ = 2R0
0:59
Co

� �1=3

−1

 !
(6)

Where a(C0) is the mean interparticle distance at the critical

concentration (μm).

ECAH (Epstein-Carhart-Allegra-Hawley) theory was used

to estimate the contribution of thermoviscous attenuation to

acoustic absorption (53, 54). The formula is given in Equation 7

(55, 56).

atv

C½ � =
18w
vm

(1 − rm
re
)2 Y + 1ð ÞY2

4Y4( rm
re

+ 2)2 + 36Y3 rm
re

+ 2
� �

+ 162Y Y + 1ð Þ( rmre )
2 + 81( rmre )

2
(7)

The value Y is related to the skin depth and particle radius of

the shear wave, given as Y = Ro

ffiffiffiffiffiffi
w
2vm

q
. The variable Ro denotes

the droplet radius (m), atv is the thermoviscous attenuation (m-

1), w is the angular frequency (2pf, rad.s-1), f is the HIFU

frequency (Hz), vm is the kinematic viscosity of the medium

(m2.s-1), [C] is the droplet concentration (v:v), re is the emulsion

density (kg.m-3), and rm is the medium density (kg.m-3).
Statistical analysis of acoustic absorption

The resulting data from MR thermometry and MR-ARFI

integral displacement measurements were assessed statistically

with a bootstrap method to determine if the surfactant groups

were significantly different. The F8TAC18 and lecithin data sets

were merged to a single set. Half the total data points were

selected at random and collected in a group. A separate group

was made with the remaining data points. Then, the two groups

were separately fit with the same regression algorithm used

previously, to obtain the critical concentration. For the bootstrap

method, the difference between the critical concentrations was

obtained at each iteration. This was repeated one thousand times

to arrive at a histogram. The p-value was determined by finding

the proportion of instances where the differences in the critical

concentration were greater than those found in the original

regression fitting.
Hydrophone system

Fabry-Perot fiber-optic hydrophone (FOHS, Precision

Acoustics, Dorchester, UK) measurements were performed on

a control gel and a 0.3% v:w F8TAC18-PFOB gel. A catheter was

used to guide a hydrophone needle to the gel center, shown in

Figure 3. A custom fiber optic cable was provided by the

manufacturer, which was longer than the standard size. The

cable was long enough to reach the center of the MRI bore, while
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connected to the hydrophone which was located outside the MRI

Faraday cage, within the control room. Damaging the sensor

would have been costly and caused many delays in data

acquisition, so an alternative configuration was chosen. The

hydrophone was designed to be used parallel to the beam path,

though a perpendicular configuration was adopted for these

experiments to prevent damage. In previous studies, the

directional sensitivity of the sensor varied with frequency and

the decibel recordings increased by 10% (about 1 dB) to account

for the altered directionality (57). The voltage waveform was

equated to pressure, with a hydrophone fiber optic sensitivity

value of 126.3 mV.MPa-1, corresponding to a HIFU frequency of

1.031 MHz, with uncertainties of 14% in this frequency

range (57).

The actual hydrophone needle diameter was less than theMRI

voxel resolution. The catheter size in Figure 3A appeared larger

due to a susceptibility artifact. The focal spot was positioned

incrementally, until the maximum temperature was obtained. The

HIFU focal spot position was adjusted with electronic beam

steering in the Thermoguide interface, as shown in Figure 3.

First, the x-position was adjusted until the location for the

maximum temperature increase was observed, and the

coordinate was fixed. Next, the y-position was adjusted at this

fixed x-coordinate until the maximum temperature increase was

observed with equal sonication conditions. This location was then

used for subsequent acoustic spectra recordings.

The hydrophone temperature recordings were performed before

acoustic spectra recordings, to verify the samples were stable at

increasing acoustic powers. The control gel was sonicated with a

99.9% duty cycle without simultaneous MRT, at 1.031 MHz, for 10

seconds with acoustic powers of 19 W, 32 W, 48 W, and 67 W. The

0.3% v:w perfluorocarbon gel was measured only at 67 W, with 5

second sonications to prevent overheating. The hydrophone voltage

spectra were normalized to the main peak with logarithmic division.

The relative increase in the harmonics between gels was compared to

identify changes indicative of cavitation.
NMR system and sequences

19F diffusion-ordered spectroscopy (DOSY) NMR was used

to experimentally measure the droplet diffusion coefficient (58,

59). Topspin 4.0.5 (Bruker BioSpin Gmbh, Billerica, MA, USA)

was used to obtain and process the spectra. The diffusion

coefficient for a 2.3% v:v stock solution of 1.24 μm diameter

F8TAC18-PFOB droplets was measured using a 19F-DOSY pulse

sequence on an NMR system (300 MHz, Avance III HD

NanoBay, Bruker, Billerica, MA, USA). The sequence was

longitudinal eddy current delay (LED) with bipolar gradient

pulses and two spoiler gradients (59, 60). The 19F-DOSY

acquisition parameters included: [number of scans (NS), 16;

size of FID (TD2 & TD1), 64k & 16; spectral width (SW),

200ppmx10ppm; relaxation delay (D1), 2 s; diffusion time (d20),
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800 ms; gradient pulse (p30), 5000 μs; GAMMA, 4005.2 Hz.G-1].

The spectrum and sequence parameters are provided in the

supplementary materials.

The theoretical Stokes-Einstein diffusion coefficient was

estimated using Equation 8.

D =
kbT

6phRo
(8)

Where the variable D denotes the diffusion coefficient of an

individual PFOB droplet (m2.s-1), kb represents Boltzmann’s

constant (J.K-1), T is the absolute temperature (K), h denotes
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the dynamic viscosity of the medium (Pa), and Ro is the particle

radius (m).

Then, the time-averaged diffusion distance during HIFU

sonications were determined using Equation 9.

< r2 >= 6Dt (9)

Here, t is time (s), r is the three-dimensional displacement

distance (m), and D is the diffusion coefficient (m2.s-1).

Quantitative 19F-NMR was performed to verify the

perfluorocarbon concentration in selected gel sets. The

sequence was a 1D sequence with inverse gated decoupling

and a 90° RF pulse (zgig), which generates a 1H-decoupled

fluorine spectrum without the nuclear Overhouser effect (NOE).

The quantitative NMR parameters included: [D1, 15 s; NS, 64;

RG, 203; T, 298 K].
Ultrasonography and perfusion system

The flow phantom used for ultrasonography was described

in previous articles (42, 43). The system was perfused by a

pulsatile perfusion machine that was originally designed to

evaluate kidney function from non-heart beating organ

donors, prior to transplant, with 31P-MRI spectroscopy (61).

The perfusion system was composed of three primary

components: the perfusion module, a drive module, and an

“umbilical” system. The perfusion module was a container

positioned within the MRI bore, in which was placed the

kidney, or TMM phantom in this case. The drive module was

composed of the hardware unit with a control interface, which

was located in the MRI control room, and used compressed

oxygen as the driver. An “umbilical” system connected the

compressed oxygen to the perfusion module and the drive

module, by passing through the ports in the Faraday cage.

To obtain the ultrasonography images, a specially designed

192-element MR-compatible abdominal ultrasound probe

(IBMT, Fraunhofer, Sulzbach/Saar, Germany) was used with a

clinical ultrasound scanner (Acuson Antares, Siemens

Healthcare, Mountain View, CA; USA) to image cavitation

effects during HIFU sonications. The transducer was designed

to avoid interference from the MRI scanner during concurrent

MRI and ultrasonography, with operating frequencies of 3-7.5

MHz and HIFU frequency at 1.031 MHz (37, 62, 63). The design

reduced interference from the HIFU transducer and MRI

system, allowing pulsed color Doppler and B-mode imaging of

the perfused phantom.
Rheometry analysis

Certain gel sets were characterized with rheometry

measurements to estimate the elastic modulus, shear modulus,
B

A

FIGURE 3

(A) Coronal view of MR image from a T1-VIBE sequence showing
the position of the hydrophone needle within the tissue
mimicking phantom sample. (B) Temperature increase compared
to focal point coordinates, when controlled by electronic beam
steering. Point (-1,-3,5) was chosen as the optimal location.
Note, the estimated location of the focal spot relative to the
sensor is within the distance of one voxel, providing a spatial
precision of one-half voxel or 0.5 mm. The relative positions are
enlarged to enhance visibility of the sonication pattern.
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and viscosity. This was performed primarily in an attempt to

relate the outlier displacement to the relative elasticity between

the samples. Measurements were made on a HAAKE MARS 40

rheometer (Thermo Fisher Scientific, Waltham, MA, USA), with

rotational frequencies between about 1-50 Hz. The recorded

values included the complex shear modulus (G*), shear storage
modulus (G’), shear loss modulus (G”), and the frequency (Hz).

From this data, assuming a Poisson ratio of 0.5, the complex

elastic modulus (E*) was estimated as 3G*. The dynamic

viscosity was determined from Equation 10 (64). The viscosity

value at 1 Hz frequency was used to approximate the zero-shear

viscosity limit.

h   0 =
G    0 0

2p f
(10)
Results and discussion

MRI displacement and
temperature measurements

In Figure 4A, the sustained sonications, used with the MR-

ARFI TMM phantoms, were fit with a mono-exponential

function given in Equation 4. One data set was omitted from

the figure due to droplet size differences. The regression line fit

variables of the F8TAC18-PFOB measurements (n=74) and the

lecithin-PFOB measurements (n=25) are given in Table 1,

together with the estimation of the thermoviscous attenuation

and interaction radius. Each MRT data point represents

independent cycles of prolonged heating for 33 seconds

followed by cooling to room temperature. From each cycle, a

single measure of acoustic absorption was obtained. The data

consisted of four sets of F8TAC18-PFOB measurements and two

sets of lecithin-PFOB measurements, with about five gels per set,

and about four to five measurements per gel (maximum

of seven).

In Figure 4B, the MR-ARFI spatial integral displacement

data are shown. Outliers were observed in some scans. The

outliers were possibly due to problems in constructing the

samples for the individual experiment or technical difficulties

with the MRgHIFU system. Simple linear regression was

performed. The fit constants and R2 values are shown in Table 2.

The phantoms were effective for low-duty cycle MR-ARFI

measurements between 40-45 °C, which were similar to mild

hyperthermia applications, and sustained high-duty cycle MRT

measurements, which were more similar to ablative sonication

conditions. Even with low-energy and low-duty cycle

sonications from MR-ARFI, the sonosensitive droplets were

shown to increase ultrasound absorption. Figure 4 shows an
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expected increasing trend in MRT temperature and MR-ARFI

displacement as the droplet concentration increased. The spatial

integral of the displacement field gave less noisy data, when

compared to values of maximum displacement and temperature

measurements. The values of maximum displacement,

maximum temperature, and integral temperature were also

obtained. However, these values did not tend to return to

equilibrium before subsequent sonications and were omitted

for brevity.
A

B

FIGURE 4

(A) Change in acoustic absorption coefficient with emulsion
concentration in the TMM phantoms, for both the lecithin and
F8TAC18 surfactants. (B) MR-ARFI displacement response with
varying emulsion concentration and surfactant.
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Bootstrap statistics

Lecithin-PFOB droplets were previously tested extensively as

intravenous radiological contrast agents, with results illustrating

safety and efficacy in human subjects (65, 66). This F8TAC18-

PFOB emulsion has not been assessed in human studies, but

many aspects of the behaviour in humans can be anticipated by

comparing to lecithin-PFOB clinical studies. A comparative

measure was wanted using an alternative surfactant formula to

identify any effects that could result from the surfactant alone.

The lecithin-PFOB emulsion was chosen as a comparison for

this reason. Similar cavitation effects from the two formulas,

using droplets of equal sizes, should give similar measures of

acoustic absorption. The comparison was performed to verify

this experimentally. The results were assessed statistically. A

bootstrap method was applied to the MR thermometry critical

concentrations in Figure 4A and the slope of the MR-ARFI

integral displacement data in Figure 4B. The results indicated

that for both the MR thermometry data (p=0.38) and the MR-

ARFI integral displacement data (p=0.34) in Figure 4, there was

insufficient evidence to reject the null hypothesis. That is, there

was no significant difference in the observations between the two

surfactant groups.
Hydrophone temperature and acoustic
spectra measurements

The hydrophone temperature recordings in Figures 5A, B

showed elevated temperatures in the perfluorocarbon sample

compared to the control. The 0.3% v:w sample was heated at

only half the duration of the control sample, though still showed an

increased temperature profile. There was also a higher rate of

change of temperature with time at 67 W, which may be due to

nonlinear effects increasing the acoustic absorption coefficient.

Techniques such as cavitation threshold measurements and

passive acoustic mapping might be useful to quantify cavitation
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and nonlinear effects under a variety of scenarios, such as higher

powers and alternate sonication conditions (39).

The hydrophone voltage recordings of the acoustic spectra

are shown in Figures 5C, D. The 0.3% v:w F8TAC18-PFOB TMM

gels showed lower amplitude sub-harmonics and increased

ultra-harmonics, which might have contributed to the

enhanced thermal absorption. Table 3 gives the harmonic

values of the hydrophone voltage spectra normalized to the

main peak. For the 0.3% PFOB sample, the scans were

performed at 67 W acoustic power, had a 1.6 MPa peak

negative pressure, a 2.7 MPa peak-to-peak pressure, a

mechanical index of 1.6, and a duty cycle of 4.7%. For the

control gel, the acoustic power was 67 W, a 0.5 MPa peak

negative pressure, a peak-to-peak pressure of 1.0 MPa, a

mechanical index of 0.5, and a duty cycle of 4.7%. The spectra

were noticeably different at higher HIFU amplitudes and in the

perfluorocarbon sample. Normalized relative to the main peak,

the subharmonics decreased by approximately a factor of 4 and

the ultraharmonics increased by approximately a factor of 3, for

the 0.3% v:w F8TAC18-PFOB sample compared to the control.

Stable cavitation generally results in increased sub-harmonics

and ultra-harmonics, while inertial cavitation increases

broadband emissions, often resulting from collapsing

microbubbles (67). As the acoustic absorption coefficient scales

with frequency, higher frequency harmonics from cavitation and

nonlinear wave propagation can result in increased acoustic

absorption coefficients, resulting in increased heating (67).

It is expected to be unfavorable for these droplets to undergo a

phase change at these temperatures, acoustic pressures, and

sonication conditions. Studies for low pressure chemotherapeutic

drug delivery also illustrated a lack of PFOB vaporization under

similar experimental conditions and droplet formula (20, 68).

Droplets made with PFOB have generally been stable at larger

pressures and have not been readily used for techniques such as

acoustic droplet vaporization. In some instances, the droplets in this

study appeared to produce cavitation at lower mechanical index

than the FDA diagnostic ultrasonography limit of 1.9. At similar
TABLE 1 Fit constants from equation 4 along with confidence intervals (95% CI).

Surfactant R, (µm) C0 (95% CI), (%v:v) A (95% CI), (m-1) R2 atv(C0), (m
-1) Rint, (µm)

F8TAC18 0.851-0.880 0.13 (0.01-0.26) 0.61 (0.35-0.87) 0.41 0.21 9.25-9.57

Lecithin 0.914 0.17 (0.05-0.28) 0.64 (0.47-0.81) 0.86 0.27 9.09
fro
Also given is the estimated interaction radius and thermoviscous attenuation at the critical concentration.
TABLE 2 MR-ARFI simple linear regression fitting along with confidence intervals (95% CI) of the data points in Figure 4B.

Surfactant Slope (95% CI) Intercept (95% CI) R2

F8TAC18 556.8 (295.5-818.1) 123.3 (80.79-165.8) 0.17

Lecithin 440.6 (320.1-561.1) 19.4 (-4.5-43.34) 0.67
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TABLE 3 1.031 MHz focused ultrasound harmonics at varying concentrations (% v:w) and focused ultrasound amplitudes, with harmonics
normalized to the main frequency.

Concentration,
[C]
(% v:w)

Acoustic
Power,
P (W)

1/2
Harmonic,
f1/2 (A.U.)

Main
Harmonic,
f1 (A.U.)

2nd
Harmonic,
f2 (A.U.)

3rd
Harmonic,
f3, (A.U.)

4th
Harmonic,
f4 (A.U.)

Summation, S
(A.U.)

0.3 67 1.12e-3 1.00 1.33e-1 2.79e-2 1.22e-2 1.17

0.3 67 1.10e-3 1.00 1.32e-1 2.72e-2 1.04e-2 1.17

0.3 67 1.14e-3 1.00 1.33e-1 3.05e-2 1.04e-2 1.18

0.0 67 7.41e-3 1.00 5.69e-2 1.15e-2 9.33e-4 1.08

0.0 67 4.57e-3 1.00 5.07e-2 1.45e-2 2.16e-3 1.07

0.0 67 4.73e-3 1.00 5.75e-2 5.01e-3 3.72e-3 1.07

0.0 67 3.47e-3 1.00 4.52e-2 8.13e-3 2.79e-3 1.06
Frontiers in Oncology
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fn distinguishes the harmonic frequency.
B

C

D

A

FIGURE 5

Hydrophone temperature measurements and change in acoustic spectra harmonics with time. (A) Temperature measurements in a control gel
phantom. The measurements at 67 W were repeated three times. (B) Harmonic traces of control phantom with 0.0% v:w emulsion at 67 W. (C)
Temperature measurements in a 0.3% v:w F8TAC18-PFOB TMM phantom. (D) Harmonic traces of phantom with 0.3% v:w F8TAC18-PFOB TMM
phantom at 67 W.
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ultrasound frequencies, 233 nm perfluorohexane droplets, as

adjuvants to histotripsy, have shown larger cavitation thresholds

between 4-11 MPa, for a 0.35-3 MHz pulse frequency range (69).

While Sonovue microbubbles have shown cavitation thresholds

with peak refractory pressure of 0.25 MPa for pulse duration as low

as 20 μs (70).
SWI, relaxometry, and ultrasonography

SWI was constant for all gel concentrations, with no

definitive trend correlating with the emulsion concentration,

except in the sample that possibly experienced cavitation. 1H-

MRI relaxometry mapping of the water molecules in the TMM

samples showed the T1, T
∗
1 , and T2 were not affected by the

surfactant and no measurable distinction in relaxometry due to

possible variations in dissolved atmospheric gases. The

relaxometry mapping values are given in Figure 6.

Upon SWI and relaxometry imaging, the perfluorocarbon

sample used during hydrophone measurements appeared to

have undergone a phase change event during heating. The

SWI and relaxometry maps indicated gas accumulation as

shown in Figures 7A, B. A lesion was visible on these

relaxometry maps, and a large hypointense signal was visible

on SWI imaging, indicating likely gas accumulation at this

location. Note that the SWI region is larger than the actual

size of the gas volume, which is a result of a susceptibility artifact

in the image. This artifact corresponded with a lesion in the same

location, giving hyperintensity with T1, T
∗
1 , and T2 mapping. The

perfluorocarbon gel was measured one week later with the same

sequence parameters and the hypointense SWI region had
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disappeared, indicating the gas accumulation had diffused back

into the gel matrix.

These findings corresponded to previously observed boiling

core effects in ex vivo pig kidneys perfused with 0.24% v:v of this

emulsion (42). Further observations of these effects were seen

with MR-compatible ultrasonography, which illustrated residual

hyperintensity after circular-patterned HIFU sonications, as

shown in Figures 8A, B. For the video, please see the

supplementary materials. In this case, these effects might be

explained by sonosensitive droplets acting as cavitation nuclei, to

reduce the pressure threshold needed to generate bubble clouds,

as seen in boiling histotripsy (71). That is, with a distinct

cavitation mechanism occurring at the droplet periphery,

rather than within the liquid perfluorocarbon (72).

Local perfluorocarbon concentration can be measured with

19F-MRI, though the acquisition times can be long and

dedicated hardware is additionally required. The emulsion

might further benefit from incorporating Fe3+ chelate ions
FIGURE 6

Average relaxometry mapping values across multiple coronal
slices as a function of emulsion concentration. No noticeable
trend was observed with increasing emulsion concentration. The
T1 and T ∗

1 mapping in the final F8TAC18 concentration was
removed as the sample appeared to have possibly experienced
cavitation during hydrophone recordings.
FIGURE 7

Susceptibility-weighted imaging and T1 relaxometry mapping. A
residual bubble cloud appears to develop after HIFU sonications
and likely contributes to the heat enhancement. (A) 0.3% v:w
F8TAC18-PFOB gel phantom about one hour after HIFU heating
during hydrophone recordings. The susceptibility effect was not
seen in the control samples and disappeared within one week
from the F8TAC18-PFOB sample. These measurements were
performed after HIFU heating during hydrophone spectra
recordings. (B) T1 hyperintensity was visible with relaxometry
mapping.
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and a chelating agent into the solution, to reduce the 19F T1

relaxation time, increase sensitivity, and reduce acquisition

times. (73, 74) However, the corresponding T2 shortening

might lead to inaccurate temperature measurements with

1H-MRT.
1H-MRI oxygen mapping techniques to measure the change

in R1, often employing inversion recovery sequences, have been

reported in clinical studies for observing the change in local

oxygen content after administering respiratory oxygen (75–77).

It was tested if these effects, which could be an indirect measure

of local concentration, could be observed under routine test

conditions. The relaxometry measurements are shown in

Figure 6. Relaxometry and SWI mapping were independent of

emulsifier and showed no measurable distinction in values at

higher droplet concentration, in absence of cavitation. The mean

relaxometry in the TMM samples were measured at 1045-1085

ms, 720-790 ms, and 65-67 ms for T1, T
∗
1 , and T2, respectively.

Relaxometry values of MR-ARFI TMM phantoms were close to

previously reported similar TMM phantoms and to human

cardiac tissue (48, 78).
Rheometry measurements

The rheometry data is provided in Figure 9. The TMM

phantoms tended to show a reduction in elastic modulus, shear

modulus, and viscosity with increasing PFOB concentration.

Dynamic viscosity showed a strong decrease with higher

rotational frequency. The viscosity at 1 Hz of 450 Pa.s at 0.3%

v:w was used to estimate the zero-shear viscosity, for

determining the time-averaged diffusion distance of the

droplets in the TMM sample. The TMM control phantom was

measured to have an elastic modulus near 9.5 kPa. The elastic

modulus was relatively stable across varying rotational
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frequencies, and was reduced with increasing perfluorocarbon

concentration. Elastic modulus for porcine myocardium were

reported at about 60 kPa (79), about 8 kPa in breast tissue (80),

and 10-190 kPa for liver and kidney (80). Similar gel phantoms

reported elastic modulus measurements between 8-34 kPa (47).
19F-DOSY NMR diffusion measurements

The Stokes-Einstein diffusion coefficient for 1.24 μm

diameter particles in pure water at 298 K was determined to

be 0.44 μm2.s-1 (81, 82). The 19F-DOSY measurement found a

diffusion coefficient of 1.191 μm2.s-1, which was about 2.7 times

larger than predicted by theory. This difference could be

attributed to the emulsion solution having a lower dynamic

viscosity than pure water. This corresponds with reduced

viscosity at higher PFOB concentrations, as seen with

rheometry measurements. An estimation was made for the

time-averaged diffusion distance during HIFU sonications,

accounting for size differences and medium viscosity, in both a

previous parallel-strand TMM laminar flow model and these

static ARFI samples. Comparison between time-averaged

diffusion distance, the interaction radius, and the mean

interparticle distance showed similar values, as shown in

Table 4. In future studies, 19F-DOSY could allow changes in

size distribution before and after HIFU, or assess samples from

long-term storage (83).
Interaction radius and diffusion analysis

It appeared that the short pulse duration of a few milliseconds

for the MR-ARFI sequence generated a more linear temperature

elevation with an increase in perfluorocarbon concentration. The
FIGURE 8

(A) Residual signal hyperintensity observed with B-mode ultrasonography after circular-pattern focused ultrasound sonication in perfused tissue
mimicking phantom. (B) Magnified region of interest.
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longer HIFU pulse duration used in sustained sonication mode

(tens of seconds) generated a nonlinear response that was fit with

a first order asymptotic exponential function (43). This could be

explained by the short pulse duration, that created a small

interaction radius surrounding each droplet, which did not

interact with neighboring droplets. However, for sustained

sonications, the long pulses created an extended interaction

radius surrounding each droplet, which increased beyond half

the mean distance between particles and the heating effects

saturated (43). Diffusion effects were not expected in MR-ARFI

TMM due to the highly viscous gel structure. In free liquid

solution, the diffusion distance appeared on the same order of

magnitude as previous measurements of the interaction radius, as

shown in Table 4. This suggested that the saturating effects might
TABLE 4 Comparison of theoretical diffusion distance, interparticle distance
previous studies.

Tissue Mimicking
Model

Perfussion rate,
Wb. (mL.s-1)

Droplet Radius
R0, (µm)

Critical Co
C0, (%v:w

Laminar flow model
(42)

0.1 1.15 0.13

F8TAC18-PFOB MR-
ARFI model

0.0 0.88 0.13
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be influenced by diffusion in a perfused TMM flow phantom and

perfused tissue.

Also, the interaction radius around an individual droplet

was anticipated to be about 12.5 μm for a droplet that was 1.15

μm in radius, which would indicate increased acoustic

absorption that results from a combination of thermoviscous

heating and stable cavitation (43). The effects of stable

cavitation were further supported by hydrophone spectra

measurements observed in this current study. In a recent

study, a novel cavitation mechanism was observed at negative

pressures near 20 MPa, at the interface of unemulsified PFOB

droplets in water, which could also influence the enhanced

heating (72). That is, heterogeneous cavitation occurs at the

external hydrophilic/hydrophobic surface of the droplets,
B

C

D

A

FIGURE 9

Rheometry analysis of a F8TAC18-PFOB TMM gel set. (A) Modulus of elasticity, (B) Dynamic viscosity, (C) Shear storage modulus, (D) Shear loss
modulus.
, interaction radius, and critical concentration across this study and

nc,
)

Interaction
Radius, Rint,

(µm)

Time-averaged
diffusion distance

<r>, (µm)

Mean Interparticle
Distance a(C0),

(µm)
12.5 11.3 13.4

9.57 0.02 13.4
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forming cavitation bubbles consisting of water steam, and

dissolved exogenous gases like oxygen and nitrogen. These

cavitation bubbles can then further act as cavitation sites upon

successive cycles from the incident HIFU pressure wave, by

drawing more dissolved gases from the surrounding medium.

Other studies showed nucleation occurring in the droplet

interior when studying alternative perfluorocarbon emulsions

for acoustic droplet vaporization, but the effects from this

particular droplet formula appear to exhibit a distinct

mechanism. Since the surrounding medium in this case is a

TMM gel, with a high viscosity, the cavitation effects might be

reduced because the diffusion rate of the individual droplet and

dissolved exogenous gases is much lower in the highly viscous

medium. This would correspond with previously observed

effects of further enhancement of these droplets in free liquid

solution, compared to the droplets embedded in TMM gels.
Conclusions

In this study, a novel application using MR-ARFI for

monitoring acoustic absorption from colloid-enhanced

MRgHIFU therapy was assessed in vitro. Embedding TMM

phantoms with perfluorocarbon emulsion adjuvants resulted in

an increased focal spot displacement and a simultaneous

temperature increase, with higher emulsion concentration.

This increase in acoustic absorption and heating with a higher

droplet concentration was also observed with sustained

sonications, here and in previous studies (41–43). The change

in acoustic absorption coefficient and integral displacement with

droplet concentration was independent of surfactant, when

comparing droplets of the same size. The results illustrated the

great potential for the use of perfluorocarbon droplets to

enhance magnetic resonance-guided thermal therapies. The

techniques in this study could be applied to evaluate thermal

enhancement with MRgFUS using a variety of colloids,

including microbubbles, nanoparticles, and liposomes. A

unique tissue mimicking gel phantom formula was developed

that was compatible for use with both MR-ARFI and sustained

MRgHIFU, with similar characteristics as ex vivo pig organs.

Moreover, much insight was gained into the mechanism of

enhanced acoustic absorption for this sonosensitive PFOB

droplet formula. Further understanding could potentially help

to improve ablative MRgHIFU procedures or even low power

MRgFUS procedures like focused ultrasound-mediated

drug delivery.
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Salomir R. Perfluorocarbon emulsion contrast agents: A mini review. Front
Chem (2022) 9:1169. doi: 10.3389/fchem.2021.810029

66. Bruneton JN, Falewée MN, François E, Cambon P, Philip C, Riess JG, et al.
Liver, spleen, and vessels : preliminary clinical results of ct with
perfluorooctylbromide. Radiology (1989) 170(1):179–83. doi: 10.1148/
radiology.170.1.2909093

67. ter Haar G, Coussios C. High intensity focused ultrasound: Physical
principles and devices. Int J Hyperthermia (2007) 23(2):89–104. doi: 10.1080/
02656730601186138

68. Aliabouzar M, Kumar KN, Sarkar K. Effects of droplet size and
perfluorocarbon boiling point on the frequency dependence of acoustic
vaporization threshold. J Acoust Soc Am (2019) 145(2):1105–16. doi: 10.1121/
1.5091781

69. Vlaisavljevich E, Aydin O, Lin KW, Durmaz YY, Fowlkes B, ElSayed M,
et al. The role of positive and negative pressure on cavitation nucleation in
nanodroplet-mediated histotripsy. Phys Med Biol (2015) 61(2):663–82.
doi: 10.1088/0031-9155/61/2/663

70. Lin Y, Lin L, Cheng M, Jin L, Du L, Han T, et al. Effect of acoustic
parameters on the cavitation behavior of sonovue microbubbles induced by pulsed
ult rasound. Ultrason Sonochem (2017) 35 :176–84. doi : 10.1016/
j.ultsonch.2016.09.016

71. Xu Z, Hall TL, Vlaisavljevich E, Lee FTJr. Histotripsy: the first noninvasive,
non-ionizing, non-thermal ablation technique based on ultrasound. Int J
Hyperthermia (2021) 38(1):561–75. doi: 10.1080/02656736.2021.1905189

72. Pfeiffer P, Shahrooz M, Tortora M, Casciola CM, Holman R, Salomir R, et al.
Heterogeneous cavitation from atomically smooth liquid–liquid interfaces. Nat
Phys (2022), 18:1431–5. doi: 10.1038/s41567-022-01764-z

73. Jahromi AH, Wang C, Adams SR, Zhu W, Narsinh K, Xu H, et al. Fluorous-
soluble metal chelate for sensitive fluorine-19 magnetic resonance imaging
nanoemulsion probes. ACS Nano (2019), 143–51. doi: 10.1021/acsnano.8b04881

74. Kislukhin AA, Xu H, Adams SR, Narsinh KH, Tsien RY, Ahrens ET.
Paramagnetic fluorinated nanoemulsions for sensitive cellular fluorine-19
magnetic resonance imaging. Nat Mater (2016), 662–8. doi: 10.1038/nmat4585

75. Huen I, Morris DM, Wright C, Parker GJ, Sibley CP, Johnstone ED, et al. R1
and r2* changes in the human placenta in response to maternal oxygen challenge.
Magn Reson Med (2013) 70(5):1427–33. doi: 10.1002/mrm.24581

76. Zaharchuk G, Busse RF, Rosenthal G, Manley GT, Glenn OA, Dillon WP.
Noninvasive oxygen partial pressure measurement of human body fluids in vivo
using magnetic resonance imaging. Acad Radiol (2006) 13(8):1016–24.
doi: 10.1016/j.acra.2006.04.016

77. Muir ER, Zhang Y, San Emeterio Nateras O, Peng Q, Duong TQ. Human
vitreous: Mr imaging of oxygen partial pressure. Radiology (2013) 266(3):905–11.
doi: 10.1148/radiol.12120777

78. von Knobelsdorff-Brenkenhoff F, Prothmann M, Dieringer MA, Wassmuth
R, Greiser A, Schwenke C, et al. Myocardial t1 and t2 mapping at 3t: Reference
values, influencing factors and implications. J Cardiovasc Magn Res (2013) 15(1):1–
11. doi: 10.1186/1532-429X-15-53

79. Ramadan S, Paul N, Naguib HE. Standardized static and dynamic evaluation
of myocardial tissue properties. BioMed Mater (2017) 12(2):025013. doi: 10.1088/
1748-605x/aa57a5

80. McKee CT, Last JA, Russell P, Murphy CJ. Indentation versus tensile
measurements of young’s modulus for soft biological tissues. Tissue Eng Part B
Rev (2011) 17(3):155–64. doi: 10.1089/ten.teb.2010.0520

81. Miller CC. The stokes-einstein law for diffusion in solution. Proc R Soc
London Ser A Containing Pa Math Phys Character (1924) 106(740):724–49. doi:
10.1109/TBME.2017.2764111

82. Berg HC. Random walks in biology. Princeton, New Jersey: Princeton
University Press (2018).

83. Balinov B, Söderman O. Emulsions-the nmr perspective. In: Encyclopedic
handbook of emulsion technology New York: Marcel Dekker (2001). p. 279–303.
frontiersin.org

https://doi.org/10.1080/02656736.2020.1817575
https://doi.org/10.1080/02656736.2021.2021304
https://doi.org/10.1080/02656736.2021.2021304
https://doi.org/10.2174/1568011023353732
https://doi.org/10.1016/0014-3057(91)90087-5
https://doi.org/10.1016/j.jmr.2018.07.019
https://doi.org/10.1186/s40349-015-0030-y
https://doi.org/10.1080/02656736.2020.1739345
https://doi.org/10.1016/0022-2364(86)90433-6
https://doi.org/10.1002/mrm.21718
https://doi.org/10.1002/mrm.22299
https://doi.org/10.1016/j.jcis.2004.10.014
https://doi.org/10.1121/1.1907107
https://doi.org/10.1121/1.1912999
https://doi.org/10.1121/1.1912999
https://doi.org/10.1039/C7CP03542J
https://doi.org/10.1109/TBME.2020.2975746
https://doi.org/10.1121/1.3117437
https://doi.org/10.1016/j.jconrel.2021.07.025
https://doi.org/10.1039/C3CP51471D
https://doi.org/10.1006/jmra.1995.1176
https://doi.org/10.1510/icvts.2006.146043
https://doi.org/10.1109/TBME.2017.2764111
https://doi.org/10.1109/TBME.2017.2764111
https://doi.org/10.1016/j.ejmp.2020.01.008
https://doi.org/10.1016/j.ejmp.2020.01.008
https://doi.org/10.3389/fchem.2021.810029
https://doi.org/10.1148/radiology.170.1.2909093
https://doi.org/10.1148/radiology.170.1.2909093
https://doi.org/10.1080/02656730601186138
https://doi.org/10.1080/02656730601186138
https://doi.org/10.1121/1.5091781
https://doi.org/10.1121/1.5091781
https://doi.org/10.1088/0031-9155/61/2/663
https://doi.org/10.1016/j.ultsonch.2016.09.016
https://doi.org/10.1016/j.ultsonch.2016.09.016
https://doi.org/10.1080/02656736.2021.1905189
https://doi.org/10.1038/s41567-022-01764-z
https://doi.org/10.1021/acsnano.8b04881
https://doi.org/10.1038/nmat4585
https://doi.org/10.1002/mrm.24581
https://doi.org/10.1016/j.acra.2006.04.016
https://doi.org/10.1148/radiol.12120777
https://doi.org/10.1186/1532-429X-15-53
https://doi.org/10.1088/1748-605x/aa57a5
https://doi.org/10.1088/1748-605x/aa57a5
https://doi.org/10.1089/ten.teb.2010.0520
https://doi.org/10.1109/TBME.2017.2764111
https://doi.org/10.3389/fonc.2022.1025481
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Perfluorocarbon emulsion enhances MR-ARFI displacement and temperature in vitro: Evaluating the response with MRI, NMR, and hydrophone
	Introduction
	Methods
	Emulsion preparation
	Fabrication of TMM phantoms
	Focused ultrasound system
	MRI sequences
	Phantom and droplet absorption
	Statistical analysis of acoustic absorption
	Hydrophone system
	NMR system and sequences
	Ultrasonography and perfusion system
	Rheometry analysis

	Results and discussion
	MRI displacement and temperature measurements
	Bootstrap statistics
	Hydrophone temperature and acoustic spectra measurements
	SWI, relaxometry, and ultrasonography
	Rheometry measurements
	19F-DOSY NMR diffusion measurements
	Interaction radius and diffusion analysis

	Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


