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Effects of Temperature on the Histotripsy

Intrinsic Threshold for Cavitation
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and Charles A. Cain, Life Fellow, IEEE

Abstract— Histotripsy is an ultrasound ablation method that
depends on the initiation of a dense cavitation bubble cloud to
fractionate soft tissue. Previous work has demonstrated that a
cavitation cloud can be formed by a single acoustic pulse with
one high-amplitude negative cycle, when the negative pressure
amplitude exceeds a threshold intrinsic to the medium. The
intrinsic thresholds in soft tissues and tissue phantoms that
are water based are similar to the intrinsic threshold of water
over an experimentally verified frequency range of 0.3–3 MHz.
Previous work studying the histotripsy intrinsic threshold has
been limited to experiments performed at room temperature
(∼20 °C). In this study, we investigate the effects of temperature
on the histotripsy intrinsic threshold in water, which is essential
to accurately predict the intrinsic thresholds expected over
the full range of in vivo therapeutic temperatures. Based on
previous work studying the histotripsy intrinsic threshold and
classical nucleation theory, we hypothesize that the intrinsic
threshold will decrease with increasing temperature. To test this
hypothesis, the intrinsic threshold in water was investigated both
experimentally and theoretically. The probability of generating
cavitation bubbles was measured by applying a single pulse with
one high-amplitude negative cycle at 1 MHz to distilled degassed
water at temperatures ranging from 10 °C to 90 °C. Cavitation
was detected and characterized by passive cavitation detection
and high-speed photography, from which the probability of
cavitation was measured versus pressure amplitude. The results
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indicate that the intrinsic threshold (the negative pressure at
which the cavitation probability = 0.5) significantly decreases
with increasing temperature, showing a nearly linear decreasing
trend from 29.8±0.4 MPa at 10 °C to 14.9 ± 1.4 MPa at 90 °C.
Overall, the results of this study support our hypothesis that the
intrinsic threshold is highly dependent on the temperature of the
medium, which may allow for better predictions of cavitation
generation at body temperature in vivo and at the elevated
temperatures commonly seen in high-intensity focused ultrasound
regimes.

Index Terms— Cavitation, histotripsy, intrinsic threshold,
temperature.

I. INTRODUCTION

H ISTOTRIPSY is a noninvasive tissue ablation method

that controllably fractionates soft tissue through cavi-

tation generated by high-pressure (>10 MPa) short-duration

(<20 µs) ultrasound pulses at low duty cycles (<1%) [1]–[3].

Histotripsy depends on the initiation and maintenance of a

dense cavitation bubble cloud to produce mechanical tissue

fractionation [3], [4]. With a sufficiently high pressure and

dose, histotripsy can completely fractionate soft tissues into an

acellular liquid homogenate [5]–[7]. Histotripsy is currently

being studied for many clinical applications where nonin-

vasive tissue removal is desired including benign prostatic

hyperplasia [8], kidney stones [9], deep vein thrombosis [10],

congenital heart disease [11], [12], and cancer [13], [14].

Dense histotripsy bubble clouds can be generated by two

mechanisms, termed shock scattering histotripsy and intrinsic

threshold histotripsy. In shock scattering histotripsy, a mul-

ticycle histotripsy pulse at a high pressure (∼3–20 cycles,

p– = 10–28 MPa) is used to form a dense bubble cloud

through shock scattering from single or sparse initial bubbles

expanded during the initial cycles of the pulse [15], [16].

In intrinsic threshold histotripsy, a single pulse with a single

dominant negative pressure phase at a very high pressure

(≤2 cycles, p– = 24–30 MPa) is used to form a dense

bubble cloud directly from the negative pressure of the incident

wave [17]–[20]. Using these short pulses, cavitation initiation

depends on the amplitude and duration of the applied negative

pressure as well as the properties of the media. When the

pressure exceeds a distinct threshold intrinsic to the medium,

without the contributions from shock scattering, it results in a

dense bubble cloud matching the portion of the focal region

above the intrinsic threshold [17]–[20]. In shock scattering his-

totripsy, the intrinsic threshold for generating a dense bubble

cloud is reached by pressure release scattering of very high
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peak positive shock fronts, resulting in a dense bubble cloud.

This shock scattering bubble cloud grows in layers toward the

transducer with each reflected shock front that exceeds the

intrinsic threshold.

In intrinsic threshold histotripsy, a dense bubble cloud can

be predictably and reliably generated when the peak negative

pressure p− is raised above the intrinsic threshold of a given

media. Maxwell et al. [18] measured an intrinsic threshold of

∼26–30 MPa for soft tissues and tissue phantoms that are

water based using a 1.1-MHz histotripsy transducer, while

the threshold for tissue composed primarily of lipids was

significantly lower (15.4 MPa for adipose tissue). The intrinsic

threshold measured for water-based soft tissues and tissue

phantoms closely matched the intrinsic threshold of water,

suggesting that cavitation nucleation occurs in the water inside

these tissues. This hypothesis was further supported by recent

work demonstrating that the intrinsic threshold of various

water-based soft tissues and tissue phantoms was indepen-

dent of tissue stiffness and closely matched the intrinsic

threshold of water at ultrasound frequencies ranging from

345 kHz to 3 MHz [19].

Previous work has suggested that the histotripsy intrinsic

threshold relies on cavitation nuclei that are intrinsic to the

media, and is not dependent on the gas content of the

media and does not require the presence of impurities or

stable bubbles inside the media [18], [19]. The term intrinsic

is used to imply that the nuclei appear to be associated

with the properties of the medium itself rather than impuri-

ties. This hypothesis is supported by previous studies from

several groups using different sample processing methods,

which have measured approximately the same threshold for

inertial cavitation associated with these nuclei in the range

of 24–33 MPa in distilled water [18], [19], [21]–[24]. These

negative pressure thresholds are significantly higher than the

pressure required to generate cavitation using long-duration

pulses, high pulse repetition frequency (PRF), or constant

exposures, as these approaches likely rely on nuclei that are not

intrinsic to the media [25]–[30]. Although such nuclei can also

produce cavitation during single-pulse single-cycle measure-

ments, the short duration and small focal volume of this high-

pressure pulse makes the cavitation at low pressure amplitudes

highly improbable unless nuclei are artificially introduced,

since the concentration of such impurities is sufficiently

dilute [18], [24], [27], [31].

Although previous work studying histotripsy has provided

significant insight into the process of generating cavitation

using the intrinsic threshold method, these studies have

been limited to experiments performed at room temperature

(∼20 °C). Understanding the effects of temperature on the

intrinsic threshold is essential to the development of histotripsy

therapy approaches using the intrinsic threshold method,

including the prediction of the intrinsic threshold at body

temperatures in vivo. In addition, understanding the effects of

temperature on the intrinsic threshold may provide insight into

the effects of temperature on cavitation generation in high-

intensity focused ultrasound (HIFU) and boiling histotripsy

regimes, where the tissue temperature is elevated by long

ultrasound pulses for therapeutic purposes.

Fig. 1. Experimental setup. Histotripsy pulses were applied to the inside
of distilled degassed water heated to 10 °C, 20 °C, 40 °C, 60 °C, 80 °C,
and 90 °C. Heated water was circulated into a 150-mL custom-built cavitation
chamber using a roller pump, and the temperature inside the chamber was
monitored using a type T hypodermic needle thermocouple. Cavitation was
monitored using high-speed optical imaging and PCD using one of the therapy
transducer elements.

To test the hypothesis that the intrinsic threshold decreases

at higher temperatures, the probability of generating cavitation

was measured for 1-MHz pulses applied to distilled degassed

water heated to temperatures ranging from 10 °C to 90 °C.

Two numerical models were used to theoretically investigate

the effects of temperature on the histotripsy intrinsic threshold

and bubble dynamics. First, classical nucleation theory (CNT)

was used to simulate the effects of temperature on the cavita-

tion threshold at the focus inside the medium. Next, a single-

bubble numerical model was used to investigate the effects of

temperature on the bubble dynamics of single nuclei at the

focus, and the results of both simulations were compared with

the experimental results.

II. METHODS

A. Experimental Setup

The effects of temperature on the histotripsy intrinsic

threshold pHIT were investigated by exposing 1-MHz ultra-

sound pulses to distilled degassed water heated to 10 °C,

20 °C, 40 °C, 60 °C, 80 °C, and 90 °C. Table I shows the

viscosity, surface tension, and speed of sound of water as

a function of temperature as measured in [32]–[34]. Water

was degassed to 15% O2 prior to experiments in order to

minimize any stable gas bubbles in the sample. Gas saturation

was measured using an O2 meter (DO200; YSI, Yellow

Springs, OH, USA) for each sample prior to testing to ensure

consistency throughout all experiments. Water was heated

inside a constant temperature water bath, consisting of a slow

cooker (Crock-Pot, SCCPVL610-S, Manchester, U.K.) con-

nected to a sous-vide temperature controller (Dorkfood, DSV,

Pensacola, Florida, USA). A roller pump (Masterflex, Cole-

Parmer, Vernon Hills, IL, USA) was used to circulate heated

water into a cavitation chamber (Fig. 1). Water was circulated
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Fig. 2. Pressure calibration. (A) Example acoustic waveforms produced by the 1-MHz histotripsy transducer measured by the FOPH in water
and 1,3-butanediol. (B) Peak negative pressure versus transducer voltage showed close agreement for the two measurement techniques.

TABLE I

VISCOSITY, SURFACE TENSION, AND SOUND SPEED VALUES OF

WATER AS A FUNCTION OF TEMPERATURE FROM [32]–[34]

into the cavitation chamber between experiments at a typical

volumetric flow rate between 5 and 10 mL/s. No water was

circulated into the chamber during experiments. The 150-mL

cavitation chamber, which has been described in detail in [18],

was used to allow sonication of the sample and simulta-

neous visualization of the region of interest. The chamber

components were made from polytetrafluoroethylene, glass,

and 316 stainless steel to operate over a wide temperature

range. Two glass windows were inserted into the walls of the

chamber to facilitate high-speed photography of the cavitation

activity. Acoustic windows in the front and back, made from

12-µm-thick low-density polyethylene membranes, were

added to contain water in the chamber and allow ultrasound

propagation into the sample. Fluid inlet and outlet ports were

integrated into the top and bottom of the chamber for circula-

tion. The temperatures inside the water tank, slow cooker, and

cavitation chamber were monitored using three type T hypo-

dermic needle thermocouples (Physitemp Instruments Inc.,

Clifton, NJ, USA). For experiments, the temperature inside

the cavitation chamber was maintained within ±1 °C of the

reported value, as measured outside the acoustic focus by a

thermocouple inserted at the outlet port of chamber.

B. Ultrasound Pulse Generation

Ultrasound pulses were generated by an 18-element

1-MHz histotripsy transducer. The transducer has an effective

9.8 cm (lateral) × 8 cm (elevational) aperture and a 7-cm

focal distance. The focal beam volume (−6 dB) of the

transducer was measured to be 6.5 mm (axial) × 1.3 mm

(lateral) × 1.5 mm (elevational) using a calibrated fiber-optic

probe hydrophone (FOPH) built in-house [35]. To measure the

intrinsic threshold in each sample, short pulses (<2 cycles)

with a single dominant negative pressure phase were applied

to the sample (Fig. 2). To generate a short pulse, a custom

high-voltage pulser developed in-house was used to drive the

transducers. The pulser was connected to a field-programmable

gate array development board (Altera DE1 Terasic Technology,

Dover, DE, USA) specifically programmed for histotripsy

therapy pulsing. This setup allowed the transducers to output

short pulses consisting of less than two cycles.

The acoustic output pressure at the focus of the transducer

was measured by the FOPH at 20 °C in degassed water

(15% O2) for pressures up to a peak negative pressure of

∼25 MPa. At higher pressure levels, the acoustic output

could not be measured in water due to cavitation at the fiber

tip. Therefore, the acoustic pressure was also measured in

1,3-butanediol, which has previously been shown to have a

higher threshold for cavitation [18]. This method has been

used in [18], showing good agreement between the acoustic

pressure measurements in water and butanediol. Butane-

diol has a density and a sound speed (ρ = 1005 kg/m3,

c = 1505 m/s) very similar to those of water (ρ = 998 kg/m3,

c = 1484 m/s), minimizing acoustic reflection at the interface

between the two. The fiber probe was positioned in a small

container of butanediol, and the probe tip was positioned 5 mm

from the water–butanediol interface to ensure the attenuation

in butanediol did not alter the measurement significantly.

Fig. 2 shows a comparison of the acoustic output measured in

water at butanediol, with results demonstrating close agree-

ment for the two measurement techniques. Note that, for

all experiments, the reported pressure levels were the values
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measured at 20 °C, as the changes in the focal pressure due

to differences in water temperature were expected to be small

(<5%) based on theoretical calculations using a ray tracing

simulation modified from [36].

For threshold experiments, histotripsy pulses were applied

at a PRF of 0.5 Hz. The PRF was kept low to minimize the

possibility that cavitation from one pulse would change the

probability of cavitation on a subsequent pulse. In [18], it was

demonstrated that for PRFs > 1 Hz, cavitation during a pulse

increased the likelihood of cavitation on a following pulse,

but this effect was not observed for PRFs below 1 Hz, since

the residual nuclei from the ultrasound pulse dissolve within

∼1 s after the pulse. At each pressure level tested, 100 pulses

were applied to the sample for each set of experiments. For

90 °C samples, pulses were applied in four subsets of 25 pulses

in order to ensure the temperature was maintained within the

±1 °C criteria.

C. Cavitation Detection Using Optical Imaging

High-speed optical imaging was used as a method to detect

cavitation (Fig. 1). A high-speed, 1-megapixel charge-coupled

device camera (Phantom V210, Vision Research, Wayne,

NJ, USA) was aligned with the transducer focus through the

optical window of the chamber. The camera was backlit by a

continuous white-light source. The camera was focused using

a macrobellows lens (Tominon 1:4.5, F = 105 mm; Kyocera,

Kyoto, Japan), giving the captured images a resolution of

approximately 4.8 µm per pixel and a field of view of

6.2 mm × 3.8 mm. The camera was triggered to record one

image for each applied pulse at a time point approximately

corresponding to the maximum bubble expansion, which was

determined prior to experiments by changing the delay time

on the camera to reconstruct representative radius versus time

curves of the bubbles and identify the time corresponding

to maximum bubble expansion. The camera exposure time

was 2 µs for all images. After acquisition, shadowgraph

images were converted from grayscale to binary by an intensity

threshold determined by the background intensity using image

processing software (MATLAB; the Mathworks, Natick, MA,

USA). Bubbles were indicated as any black regions >5 pixels.

By this criterion, the minimum resolvable bubble radius

was 12 µm. The number of frames that contained cavita-

tion bubbles was recorded, and the fraction of total frames

(out of 100) for which any cavitation was detected was

determined as the cavitation probability.

D. Passive Cavitation Detection

In addition to high-speed imaging, an acoustic method was

also used to identify cavitation in the focal zone, following a

previously established method [18], [19], [37]. Since relying

on an image of the bubbles taken at a single time point is a lim-

itation, the passive cavitation detection (PCD) method allowed

cavitation to be monitored over a much longer time period

following the passage of the pulse. For each experiment, one

of the transducer’s therapy elements was also used to receive

acoustic emission signals for PCD to detect the presence of

cavitation in the focal region (Fig. 1). The surface area of

the element used for PCD was 350 mm2. The PCD signal

was connected to an oscilloscope (LT372; Lecroy, Chestnut

Ridge, NY, USA) with the time window selected to record the

backscattering of the therapy pulse from cavitation bubbles

[18], [19], [24], [38]. To determine whether cavitation occurred

during a pulse, the signal generated by backscattering of the

incident pulse from the focus was analyzed following the

method used in [18]. The backscattered pressure amplitude

was received by the PCD at the time point corresponding to

two times the time of flight for the focal length of the trans-

ducer. The integrated frequency power spectrum (SPCD) of the

backscatter signal was used as a measure of whether cavitation

occurred, following a previously described method [18]. The

largest component of the backscatter was near the center

frequency (1 MHz), so the power spectrum of the backscatter

signal around this frequency (0.5–2.5 MHz) was used as

a measure of cavitation presence. This method allowed a

quantitative definition of whether a signal was above the

threshold for cavitation, based on a comparison with baseline

signals measured at low pressure amplitudes where cavitation

did not occur [18].

E. Intrinsic Threshold Calculation and Comparison

The probability of observing cavitation Pcav followed a

sigmoid function, given by:

P(p−) =
1

2
+ erf

(

p− − pHIT√
2σ 2

)

(1)

where erf is the error function, pHIT is the negative pressure

at which Pcav = 0.5, and σ is a variable related to the

width of the transition between Pcav = 0 and Pcav = 1, with

±σ giving the difference in pressure from about Pcav = 0.15 to

Pcav = 0.85 for the fit. The intrinsic threshold for each sample

pHIT is defined as the p− corresponding to Pcav = 0.5 as

calculated by the curve fit. Curve fitting for all data sets

was performed using an OriginLab curve fitting program

(OriginPro 9.1; OriginLab Corporation, Northampton, MA,

USA). The fit curves for all samples were analyzed statistically

to determine whether the differences in the values of pHIT

were significantly different from each other. The standard

errors for pHIT were estimated by a covariance matrix using

the delta method [39]. The curves were compared using a

two-sample t-test with statistic t (pint1 − pint2, (SE2
1+SE2

2)
1/2)

at a 95% confidence interval. Results were considered sta-

tistically significant for p < 0.05. Note that the standard

error does not include the uncertainty in absolute pres-

sure from the hydrophone measurement, only the uncertainty

in the fit.

F. Nucleation Theory Simulation

To investigate the effects of temperature on the cavitation

threshold predicted for spontaneous nucleation, a theoreti-

cal analysis was performed based on CNT [24], [40]–[43].

CNT predicts that the cavitation threshold decreases at higher

temperatures and the corresponding decrease in the surface

energy of the medium [40], [42]. The threshold predicted by
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CNT, pCNT, was calculated as

pCNT =
(

16πα3

3kbT ∗ ln
�0V f τ f

ln 2

)0.5

(2)

where α is the surface energy, kb is Boltzmann’s constant,

T is temperature in Kelvin, �0 is a prefactor, V f is the focal

volume for a given frequency, and τ f is the time the focal

volume is above a given pressure [24], [40], [42]–[44]. �0 was

set to �0 = 1034 and τ f set to one half of the acoustic period,

similar to previous work [24], [42]. V f was set to 6.64 mm3, as

calculated from the −6 dB full-width at half-maximum beam

profiles of the 1-MHz transducer used in this study assuming

an ellipsoidal focus. For comparison with experiments, T was

varied from 283 to 363 K (10 °C–90 °C) and the surface

energy α was set to 27.5% of the macroscopic surface tension

of water, as calculated as a function of temperature (Table I).

These values for surface energy were chosen to provide a

better match with the experimental results based on previ-

ous work suggesting that it is not accurate to use the bulk

macroscopic surface tension values for the surface energy of

water [19], [24], [44]. In previous studies, surface energy val-

ues between 20% and 30% of the macroscopic surface tension

of water at 20 °C have been used in order to provide a more

reasonable agreement with experimentally observed cavitation

thresholds [19], [24], [45].

G. Single Bubble Simulation

To provide a theoretical explanation for the bubble

behavior observed experimentally, a spherically symmetrical

3-D numerical model treating water as a compressible New-

tonian fluid with heat transfer was used. In previous studies,

a model neglecting heat transfer showed a pressure threshold

and bubble behavior matching the histotripsy intrinsic thresh-

old at various frequencies when an initial bubble radius of

∼2–3 nm was used [18], [19]. For nuclei of this size, the

pressure due to surface tension is the primary factor that

determines the cavitation threshold, similar to the Blake

threshold [18], [19], [46], [47]. In this study, the effects of

temperature on the threshold for generating cavitation and

the resulting bubble behavior were first investigated using

a 1.94-nm initial bubble, which was chosen to match the

experimentally observed cavitation threshold at 20 °C. To test

the effects of temperature on the cavitation threshold for

a 1-MHz histotripsy pulse, simulations exposed a 1.94 nm

initial bubble to a single-peak negative pressure

pa(t) =

⎧

⎪

⎨

⎪

⎩

pA

(

1 + cos [ω(t − δ)]

2

)n

, |t − δ| ≤
π

ω

0, |t − δ| >
π

ω

(3)

where pA is the peak negative pressure, ω is the angular

frequency of the sound wave, δ is a time delay, and n is

a curve-fitting parameter, which was set to 3.7 so that the

shape of the simulated waveform p− closely matched the

shape and duration of the p− from the histotripsy waveform

used experimentally. Using this theoretical waveform, previous

studies have shown good agreement between simulated and

experimentally observed bubble dynamics [19], [20]. For this

study, we assume the surrounding medium to have homoge-

neous properties and that the bubble contains air and remains

spherical. These assumptions allow us to use a numerical

model developed in-house for simulating spherical bubble

dynamics in general viscoelastic media [48]. To model water

in this study, we assume a viscous medium with no elasticity.

We consider bubble dynamics governed by the Keller–Miksis

equation [49]
(

1 −
Ṙ

c

)

RR̈ +
3

2

(

1 −
Ṙ

3c

)

Ṙ2

=
1

ρ

(

1 +
Ṙ

c
+

R

c

d

dt

) (

pB − p∞(t) −
2S

R
−

4µṘ

R

)

(4)

which depends on the medium’s sound speed c, density ρ,

and surface tension against air S. Here p∞(t) is the absolute

forcing pressure, r is the radial coordinate, and overdots ( ˙ )

denote derivatives with respect to time t . The absolute forcing

pressure p∞(t) is the sum of the atmospheric pressure (patm =
101.325 kPa) and the time-dependent forcing pressure pa(t).

It is commonly assumed that the air within the bubble has a

spatially uniform pressure given by the polytropic relationship

pB = p0(R0/R)3κ where κ = 1.4 is the ratio of specific heats

for air, R0 is the initial bubble radius, and p0 = p∞(0) +
2S/R0 is the initial bubble pressure. For the purposes of this

study, however, we employ a full thermal model that solves the

partial differential equations for temperature fields inside and

outside of the bubble [50], [51]. The Keller–Miksis equation is

coupled to the energy equation inside the bubble (5) through

the internal bubble pressure pB

ṗB =
3

R

(

(κ − 1) K
∂T

∂r

∣

∣

∣

R
− κpB Ṙ

)

(5)

κ − 1

κ

pB

T

[

∂T

∂ t
+

1

κpB

(

(κ − 1)K
∂T

∂r
−

r ṗB

3

)

∂T

∂r

]

− ṗB

= ∇ · (K∇T ) (6)

where T is the radially varying temperature of the air

inside the bubble, which has ratio of specific heats κ . The

thermal conductivity of air inside the bubble is given by

K = K AT + K B , where K A and K B are empirical

constants, with K A = 5.28e−5(W/m · K2) and K B =
1.165e−2(W/m · K). The prescribed conditions at the bubble–

liquid interface relate the temperature inside the bubble

to the temperature of the liquid medium outside of the

bubble, TM : T |r=R = TM |r=R and K |r=R(∂T /∂r)r=R =
KM (∂TM/∂r)|r=R . This medium is assumed to have a constant

thermal conductivity (KM ), thermal diffusivity (DM ), specific

heat (Cp), and density (ρ∞). The energy equation outside of

the bubble

∂TM

∂ t
+

R2 Ṙ

r2

∂TM

∂r
= DM∇2TM +

12µ

ρ∞Cp

(

R2 Ṙ

r3

)2

(7)

includes a viscous dissipation term (12µ/ρ∞Cp)(R2 Ṙ/r3)2,

where µ is the viscosity of water. Two final boundary condi-

tions complete the system: The temperature of the medium is

assumed to approach an ambient temperature T∞ as r → ∞
and, due to bubble symmetry, the internal temperature has
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Fig. 3. Cavitation threshold curves. Example probability curves (n = 3) for distilled degassed water samples heated to 10 °C, 20 °C, 40 °C, 60 °C, 80 °C,
and 90 °C. Results show a significant decrease in the intrinsic threshold pHIT with increasing temperature.

a gradient of zero at the bubble center. A more detailed

discussion of the numerical implementation of this model has

been outlined in previous studies [48], [50].

To compare the effects of temperature (10 °C–90 °C)

on the cavitation threshold, the ambient temperature (T∞),

viscosity (µ), and surface tension (S) of water were varied.

The values of viscosity and surface tension as a function of

temperature were taken from [32] and [33] and are listed

in Table I. The maximum bubble radius was plotted as a

function of the peak negative pressure for an initial bubble

of 1.94 nm, which was chosen to match the experimental data

at 20 °C. In addition, a further simulation was conducted to

investigate the range of nuclei corresponding to the experi-

mentally measured thresholds using the values of viscosity

and surface tension listed in Table I.

III. RESULTS

A. Intrinsic Threshold Versus Temperature

The intrinsic threshold for all samples was compared using

the curve fitting method and statistical analysis described

above. Comparing the effect of temperature on the histotripsy

intrinsic threshold demonstrated a similar function of cavi-

tation probability versus pressure at all temperatures, with

pHIT decreasing as the temperature increased (Fig. 3). pHIT

decreased from 29.8 ± 0.4 MPa at 10 °C to 14.9 ± 1.4 MPa at

90 °C (Table II). In general, the standard errors in the estimate

of the intrinsic threshold were small compared with the

variance between samples at a given temperature. In addition,

results showed a trend of increasing σmean with increasing

TABLE II

THRESHOLD RESULTS

temperature, as observed in previous studies [24], with σmean

ranging from 0.7 ± 0.2 MPa at 10 °C to 3.5 ± 0.1 MPa

at 90 °C (Table II). The effect of temperature on the intinsic

threshold was further analyzed by plotting pHIT as a function

of temperature, with linear regression analysis demonstrat-

ing that the change in pHIT with temperature was signif-

icant via the Pearson correlation (r = 0.99, R2 = 0.98,

p < 0.05) (Fig. 4).

B. Optical Images of Cavitation Bubble Cloud

Cavitation bubbles were observed on the high-speed camera

when a certain negative pressure was exceeded (Fig. 5).

As the pressure was further increased above the threshold

value at each temperature, the bubbles were visualized in

an increasingly larger area with a greater number of bubbles
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Fig. 4. Intrinsic threshold comparison. Scatter plot shows pHIT measured
for all samples in this work as a function of temperature. Linear regression
analysis demonstrated that the change in pHIT with increasing temperature

was significant via the Pearson correlation (r = 0.99, R2 = 0.98, p < 0.05),
with a best fit line of pHIT = −0.19T + 32.24.

present in the focal region (Fig. 5), similar to the behavior

of intrinsic threshold bubble clouds observed in previously

studies with the bubble cloud matching the portion of the

beam profile above the intrinsic threshold [17]–[20], [37].

Fig. 5 shows representative images of bubble clouds gener-

ated at all temperatures for selected peak negative pressure

values ranging from 16.6 to 30.1 MPa. Although the bubbles

covered a larger area at higher pressure, the diameter of the

bubbles that could be individually identified appeared to be

consistent between pressure levels at the time point captured

by the camera, potentially due to bubble–bubble interactions

suppressing the growth of adjacent bubbles or bubble-induced

pressure saturation caused by energy loss into each bubble as

it forms, as previously proposed [20], [52]. When increasing

the temperature, the pressure at which cavitation was first

observed was reduced (Fig. 5). Due to this decrease in

threshold, the size of the bubble clouds at a given pressure

level increased at higher temperatures. However, well-defined

bubble clouds appeared at all temperatures with similar-sized

bubbles throughout the cloud with a maximum bubble radius

of ∼100–200 µm (Fig. 5).

C. Passive Cavitation Detection

In addition to high-speed imaging, cavitation was moni-

tored using one of the therapy transducer elements for PCD

following a previously established method [18], [19], [37],

with results showing close agreement between optical imaging

and PCD detection methods. For example, Figs. 6 and 7

show example optical images and PCD signals taken for

samples heated to 20 °C and 80 °C, respectively. When

cavitation occurred on high-speed images, the PCD signal was

a multicycle burst of significantly increased amplitude with a

center frequency near the therapy transducer frequency. When

no cavitation was observed on the camera, the PCD signal

amplitude was small. At higher temperatures, the PCD signal

arrived at the transducer sooner than at lower temperatures due

to the increased speed of sound in water at 80 °C versus 20 °C.

However, no noticeable differences in the frequency of the

PCD signal were observed at different temperatures.

D. Nucleation Theory Simulation

The effects of temperature on the cavitation threshold

predicted by CNT were investigated with a simulation as

described in Section II (2). CNT results predicted that the

cavitation threshold would decrease with increasing temper-

ature and the corresponding decrease in surface energy, with

the results ranging from pCNT = 29.5 MPa at 1 °C to pCNT =
17.5 MPa at 100 °C (Fig. 8). Comparison of the CNT results

(pCNT) with the experimentally measured thresholds (pHIT)

showed similar trends of decreasing threshold with increasing

pressure (Fig. 8). CNT results demonstrated slightly lower

thresholds (compared with experiments) at 10 °C and 20 °C,

close agreement with experiments at 40 °C and 60 °C,

and slightly higher thresholds (compared with experiments)

at 80 °C and 90 °C (Fig. 8). The largest difference between

pCNT and pHIT was 3.7 MPa, which was observed at 90 °C.

E. Stabilized Nuclei Simulation

The effects of changing the ambient temperature, as well

as the corresponding changes in surface tension and viscosity,

on the cavitation threshold and bubble dynamics for single

nuclei were investigated using a single-bubble numerical sim-

ulation. When the peak negative pressure pA was less than

some threshold value pSIM, bubble expansion was minimal

(Rmax < 2R0). As pA was increased above pSIM, great

bubble growth and collapse were observed (Rmax > 104 R0)

[Fig. 9(A)]. The peak negative pressure corresponding to this

transition was defined as the inertial cavitation threshold pSIM.

Using a 1.94-nm initial bubble, pSIM was observed to decrease

with increasing temperature when using the values for sur-

face tension and viscosity shown in Table I. For example,

Fig. 9(B) shows pSIM decreased from ∼29.5 MPa at 10 °C to

∼24.1 MPa at 90 °C. Although pSIM significantly decreased

with increasing temperature, only small differences in the

maximum bubble radius Rmax were observed at different

temperatures [Fig. 9(C)], similar to experimental observa-

tions which showed individual cavitation bubbles within the

bubble cloud to have a maximum bubble radius between

∼100 and 200 µm at all temperatures (Fig. 5). The similar

values for Rmax for these different conditions are due to the

fact that the initial threshold behavior is dominated by surface

tension (which significantly decreases with temperature), while

the larger expansion behavior and final bubble size are dictated

by several competing terms including the applied pressure and

viscosity of the fluid. In addition to investigating the changes

in the cavitation threshold with changing temperature, the

single-bubble model was also used to estimate the potential

nuclei sizes that would be predicted based on the experimen-

tally observed cavitation thresholds, with the results showing

that the experimentally measured thresholds corresponded to
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Fig. 5. Optical images. Images show representative bubble clouds generated at all temperatures for selective peak negative pressures in the
range 16.6–30.1 MPa.

initial bubble sizes ranging from 1.92 nm at 10 °C to 3.15 nm

at 90 °C [Fig. 9(D)].

IV. DISCUSSION

In this study, the effects of temperature on the histotripsy

intrinsic threshold were investigated, with results supporting

our hypothesis that increasing temperature decreases the intrin-

sic cavitation threshold. A nearly linear decrease in the intrin-

sic threshold was observed as the temperature was increased,

ranging from 29.8 MPa at 10 °C to 14.9 MPa at 90 °C.

At higher temperatures, bubble clouds were generated at

a significantly reduced pressure, but showed no significant

changes in the appearance of the bubble clouds (i.e., well-

defined bubble clouds matching the region of the focus above

the intrinsic threshold). These findings are consistent with our

hypothesis that the histotripsy intrinsic threshold decreases

at higher temperatures partially due to the decreased surface

tension, which has previously been shown to dominate the

initial threshold behavior [18], [19], while having only a

minor influence on the resulting bubble expansion and collapse

behavior [20].

The experimental results were supported by a CNT simula-

tion, which showed a significant decrease in the threshold as

the temperature was increased from 10 °C to 90 °C, similar to

the trends measured experimentally. Although a slightly larger

change in threshold was measured in experiments, the similar

trends between CNT and experiments once again demonstrate

the ability of a simple CNT calculation to provide a reasonable
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Fig. 6. Cavitation detection: 20 °C. Images show sample PCD and optical imaging results for pulses applied to distilled degassed water heated to 20 °C.
PCD temporal (top) and frequency (middle) signals showed good agreement with high-speed optical images of cavitation (bottom).

Fig. 7. Cavitation detection: 80 °C. Images show sample PCD and optical imaging results for pulses applied to distilled degassed water heated to 80 °C.
PCD temporal (top) and frequency (middle) signals showed good agreement with high-speed optical images of cavitation (bottom).

first-order approximation of the histotripsy intrinsic threshold,

as shown in previous studies in which CNT closely matched

the changes in the intrinsic threshold at different ultrasound

frequencies and media [19], [53]. These results demonstrate

that CNT can provide a good first-order approximation of

the intrinsic threshold if one knows the pulse parameters

(i.e., duration and amplitude of the applied negative pressure)

and the properties of the media (i.e., temperature and sur-

face energy), with lower frequencies and higher temperatures

resulting in a decreased threshold.

In addition to CNT, a single-bubble model was used to simu-

late the effects of temperature on the bubble dynamics of single

nuclei, with results showing a distinct threshold response that

decreased with temperature. Although the pressure threshold
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Fig. 8. CNT simulation. CNT plot showing the predicted effects of
temperature on the cavitation threshold pCNT, as well as a comparison with
the experimentally measured intrinsic thresholds pHIT.

decreased with temperature, only small differences in the max-

imum bubble radius were observed at the threshold pressure,

similar to experimental observations, which showed similar-

sized bubbles generated at different temperatures. This finding

makes sense since the initial threshold behavior is dominated

by surface tension (which decreases with temperature), while

the larger expansion behavior and final bubble size are dictated

by several competing terms including the applied pressure and

viscosity of the fluid. The single-bubble model also showed

that the experimentally observed thresholds correlated with an

initial bubble size ranging from 1.92 nm at 10 °C to 3.15 nm

at 90 °C. While it is possible that this analysis might shed

some light on the critical size of the intrinsic nuclei and

potential changes in nuclei size with temperature, it remains

unclear if the intrinsic nuclei are in fact nanometer-sized

stable bubbles [23], [54]–[56] or spontaneous nuclei that

form bubbles by energy-density fluctuations described by

CNT [40], [42]–[44], [57].

The finding that the intrinsic threshold decreases as temper-

ature increases is of significant importance to the development

of histotripsy therapy and suggests that the intrinsic threshold

in vivo will be predictable based on the local tissue temperature

and pulsing parameters. For example, the results of this study

calculated that the intrinsic threshold near body tempera-

ture using a 1-MHz transducer was ∼24.7 MPa (40 °C).

These results also suggest that the intrinsic threshold could

be modulated by altering the focal temperature (i.e., using

lower amplitude pulses for heating followed by a single large

negative pressure cycle), as it is expected that the effects

of local temperature elevation on cavitation generation will

be similar to the effects of global temperature observed

in this study. The benefits of using the intrinsic threshold

method include generating well-confined bubble clouds and

histotripsy lesions matching the portion of the beam profile

above the intrinsic threshold as well as the ability to pre-

cisely modulate the bubble dynamics by altering the pulse

parameters [17], [19], [20], [58], [59]. In addition to

modulating the intrinsic threshold by altering the focal tem-

perature, the results of this study suggest that the intrin-

sic threshold could be altered using other approaches that

change the properties (i.e., surface tension and boiling

point) of the media at the focus, as previously shown

using perfluorocarbon nanodroplets for nanodroplet-mediated

histotripsy [31], [37], [60].

In addition to intrinsic threshold histotripsy, the results of

this study may also be relevant to generating bubble clouds

in the body at elevated temperatures such as in boiling

histotripsy. For example, the intrinsic threshold observed at

higher temperatures (pHIT = ∼15–18 MPa at 80 °C–90 °C)

is close to the pressure range used for boiling histotripsy

(p– = ∼12–18 MPa) and higher than those used commonly

for HIFU thermal ablation ( p– = ∼4–10 MPa) [61]–[66].

It is possible that the boiling bubble is generated when the

temperature at the focus is raised sufficiently high to lower

the intrinsic threshold to the level of the incident p–. If this

process is responsible for nucleation in boiling histotripsy, then

the differences between these two approaches would primarily

be differences in the bubble dynamics (i.e., dense bubble cloud

versus single large boiling bubble) and tissue fractionation

rather than a difference in nucleation [61]–[63]. Many of

these questions would be answered if precise unequivocal

temperature measurements in the media could be made just

prior to the boiling phenomenon, although these measurements

are difficult to obtain (i.e., thermocouples cause cavitation

if placed in the field). From this perspective, the nucleation

process in boiling histotripsy may be properly described as

thermally assisted histotripsy bubble cloud initiation, where

elevating temperature serves the purpose of increasing the

probability of achieving cavitation nucleation at lower pressure

amplitudes. As described above, this form of histotripsy has

many useful manifestations.

While the results of this work suggest that the intrinsic

threshold in water-based soft tissues will decrease at higher

temperatures, changes in the tissue microstructure structure

with temperature (i.e., protein denaturing, contraction, hydrol-

ysis) and the corresponding changes in tissue viscoelastic-

ity [64], [67] may impact on the cavitation threshold and

bubble dynamics in certain tissues. The intrinsic threshold in

water-based soft tissues has been shown to be a property of the

water inside the tissue and is therefore independent of tissue

stiffness. As a result, thermally induced protein denaturing is

not expected to alter the intrinsic threshold (although larger

bubble expansion would be expected due to the decreased tis-

sue stiffness), as long as the fluid environment inside the tissue

is not otherwise changed. However, thermally induced changes

in the tissue microstructure may have an indirect impact on the

cavitation threshold by altering the fluid environment inside

the tissue in cases in which the temperature is raised high

enough (i.e., >80 °C–90 °C) to cause significant protein

contraction [67]. Protein contraction can drive free water out

of tissue and cause local tissue dehydration, which would

be expected to significantly increase the cavitation threshold.

It is therefore possible that the cavitation threshold in certain

tissues will decrease up to a certain temperature (due to the

decreased intrinsic threshold of water shown in this study)
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Fig. 9. Stabilized nuclei simulation. (A) Example radius versus time curves for a 1.94-nm initial bubble subjected to a single-cycle negative pressure waveform
at 20 °C. (B) Simulated maximum bubble radius at 10 °C–90 °C using the values for surface tension and viscosity shown in Table I showing a significant
decrease in the simulated cavitation threshold pSIM with increasing temperature. (C) Example radius versus time curves at 10 °C–90 °C for pressures directly
above pSIM. (D) Initial bubble size at which pSIM matched pHIT increased for 10 °C–90 °C.

and then increase at higher temperatures (due to local dehy-

dration caused by tissue contraction). Since thermally induced

changes in tissue microstructure are highly dependent on

heating parameters (i.e., temperature and duration) and tissue

composition [67], future work will be needed in order to fully

characterize the effects of heating on the cavitation threshold

in specific tissues of interest.

V. CONCLUSION

In this study, the effects of temperature on the histotripsy

intrinsic threshold were investigated by applying 1–2 cycle

histotripsy pulses to distilled degassed water heated between

10 °C and 90 °C using a 1-MHz histotripsy transducer.

Results demonstrated that the histotripsy intrinsic threshold

significantly decreased with increasing temperature, showing

a nearly linear decrease from 29.8 ± 0.4 MPa at 10 °C to

14.9 ± 1.4 MPa at 90 °C. The experimental results were

supported by a CNT simulation, which showed a similar

decrease in the threshold as temperature was increased from

10 °C to 90 °C. A single-bubble simulation was also used,

with results showing that, although the pressure threshold

decreased with temperature, only negligible differences in the

maximum bubble radius were observed, similar to experimen-

tal observations. Overall, the results of this study indicate that

the intrinsic threshold to initiate a histotripsy bubble cloud is

highly dependent on the temperature of the medium, which

may allow for a better prediction of cavitation generation at

body temperature and at the elevated temperatures commonly

achieved in ultrasound thermal therapies.
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