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The enhanced heating effect during the combination of high-intensity focused ultrasound (HIFU)

and low-optical-fluence laser illumination was investigated by using an in vivo murine animal

model. The thighs of murine animals were synergistically irradiated by HIFU and pulsed nano-

second laser light. The temperature increases in the target region were measured by a thermocouple

under different HIFU pressures, which were 6.2, 7.9, and 9.8 MPa, in combination with 20 mJ/cm2

laser exposures at 532 nm wavelength. In comparison with conventional laser therapies, the laser

fluence used here is at least one order of magnitude lower. The results showed that laser illumina-

tion could enhance temperature during HIFU applications. Additionally, cavitation activity was

enhanced when laser and HIFU irradiation were concurrently used. Further, a theoretical simulation

showed that the inertial cavitation threshold was indeed decreased when laser and HIFU irradiation

were utilized concurrently. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4968509]

High-intensity focused ultrasound (HIFU) is a non-

invasive procedure that works through rapidly depositing

high intensity acoustic energy into a small region to induce

cell necrosis primarily by hyperthermia.1,2 Besides thermal

effects, mechanical effects such as acoustic cavitation also

arise during a HIFU treatment.3 Acoustic cavitation during

the HIFU treatment is caused by the creation or motion of a

vapor cavity due to a large negative pressure in the tissue or

an elevated tissue temperature (boiling cavitation).4 The

rapid expansion and collapse of a cavitation bubble can gen-

erate high instantaneous pressures that will cause physical

damage and enhance HIFU heating effects.5–10

Previously, we reported that the concurrent use of diag-

nostic laser and HIFU radiation could result in an enhanced

cavitation activity.11,12 The important feature was that the

laser fluence needed to enhance cavitation was less than

50 mJ/cm2 when laser and HIFU radiation were combined,

which was lower by at least one order of magnitude than the

optical fluence needed for optical breakdown or vaporiza-

tion.13,14 In the current study, we further investigated the

enhanced heating effect when a diagnostic laser system was

used concurrently with HIFU in an in vivo animal model.

Laser light, whose fluence was limited by the safety standard

recommended by American National Standards Institute

(ANSI),15 was used to illuminate the thighs of murine ani-

mals during the HIFU treatment. The enhanced cavitation

activity and temperature rise were monitored by a passive

cavitation detector (PCD) and a thermocouple, respectively.

In addition, a potential mechanism based on photoacoustic

(PA) cavitation was proposed to explain the enhanced cavita-

tion activity during the concurrent use of low-optical-fluence

laser and HIFU radiation.

A detailed schematic of the system16–18 is shown in

Figure 1. A tunable optical parameter oscillator (OPO) laser

(Surelite OPO PLUS, Continuum, Santa Clara, CA) pumped

by a Q-switched, Nd:YAG laser with a pulse repetition rate

of 10 Hz (�3 ns pulse width) was used as the light source.

The laser light was directed by two prisms and a conical lens

to form a ring-shaped illumination pattern. The laser beam

was then focused by a condenser lens to make the laser

beam confocal with a 5 MHz transducer (SU-108-013, Sonic

Concepts, Bothell, WA). The 5 MHz transducer (35 mm

focal length, 33 mm aperture size, and focal zone size:

0.32 mm� 2.95 mm) was located in the center of the con-

denser lens. A 10 MHz focused ultrasound transducer (V315,

Olympus NDT, MA) that had a 37.5 mm focal length was

used as a PCD. The PCD was positioned to be confocal with

the HIFU transducer and the laser beam.

In this study, we used rats (Sprague Dawley, 200–250 g,

male or female) for all of the in vivo experiments. All animals

were handled and cared for in accordance with the Guide for

the Care and Use of Laboratory Animals, and the procedures

were approved by the Institutional Animal Care and Use

Committee at the University of Kansas. During an experi-

ment, an animal was initially anesthetized with a mixture of

ketamine (87 mg/kg body weight) and xylazine (13 mg/kg

body weight). The subsequent anesthesia was maintained

with the inhalation of 1.0%–2.0% isoflurane mixed in pure

oxygen. After the hair was removed from the region of inter-

est, the anesthetized animal was fixed on a custom-designed

animal holder, and the body temperature was maintained

with a water circulating pad. A T-type thermocouple was

inserted into the animal’s leg through a fine needle. The tip of

the thermocouple was located 0.5 mm away from the HIFU

focal point. The animal was then coated with ultrasound gel

and placed under an acoustic coupling membrane at the bot-

tom of a water tank that was filled with degassed water. The

heartbeat and blood oxygenation of the animal were moni-

tored with a pulse-oximeter.

During each HIFU treatment, the source signal was

generated by a function generator (HP33250A, Agilent

a)Author to whom correspondence should be addressed. Electronic mail:

xmyang@ku.edu

0003-6951/2016/109(21)/213702/5/$30.00 Published by AIP Publishing.109, 213702-1

APPLIED PHYSICS LETTERS 109, 213702 (2016)

http://dx.doi.org/10.1063/1.4968509
http://dx.doi.org/10.1063/1.4968509
http://dx.doi.org/10.1063/1.4968509
mailto:xmyang@ku.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4968509&domain=pdf&date_stamp=2016-11-22


Technologies, Santa Clara, CA) and amplified by a 50 dB

radio frequency (RF) amplifier (350 L, ENI Technology

Inc., Rochester, NY) before being delivered to the HIFU

transducer. The laser pulses were delivered to the same

region during the HIFU treatment. Cavitation signals

detected by the PCD were amplified by a pre-amplifier

(5072PR, Olympus NDT, Waltham, MA) and collected by a

data acquisition card (GageScope, CS21G8256MSn Gage,

Lockport, IL). A 10 MHz high-pass filter was used to remove

contributions from the HIFU fundamental and second

harmonic frequencies. The temperature increase was mea-

sured by the thermocouple through a measurement system

(Omega, OMB-DAQ-2416, Stamford, CT) that collected

data at a 10 Hz rate.

The experiment was conducted under three HIFU focal

pressures (6.2 MPa, 7.9 MPa, and 9.8 MPa). At each HIFU

pressure, we used 5 rats to collect five data points for averag-

ing. On each rat, HIFU with laser irradiation was tested on

one hind leg, and HIFU without laser irradiation was tested

on the other hind leg. The corresponding HIFU focal pres-

sures were obtained from a finite difference time domain

(FDTD) algorithm19 using acoustical properties of soft tissue

(1540 m/s and 0.3 Np/cm at 5 MHz). The wavelength of the

laser light was 532 nm.

Figure 2(a) shows an example of the measured tempera-

tures with standard deviation (STD) from five HIFU sonica-

tions with and without laser illumination. With laser

illumination, the temperature rise induced by HIFU was

much higher, with a maximum of �14 �C difference between

HIFU with laser and without laser. The corresponding cavi-

tation signals received by the PCD are shown in Figures 2(b)

and 2(c). Cavitation emissions were clearly enhanced while

implementing HIFU with concurrent laser illumination.

To compare the temperature enhancement between dif-

ferent HIFU pressures, a temperature enhancement rate

(TER) is defined as R¼Tpkw/Tpkwo, where Tpkw is the peak

temperature (in �C) with laser illumination, and Tpkwo is the

peak temperature (in �C) without laser illumination. TERs

for different HIFU pressures are shown in Figure 3. The larg-

est TER, �1.4, was at 6.2 MPa, while the TER at 9.8 MPa

was approximately 1, indicating no enhancement. This result

may be due to the shielding effect of cavitation in the

pre-focal region when HIFU pressure becomes large, which

prevented acoustic waves from propagating to the focal

region.6 As a result, the addition of laser light might not

enhance the temperature rise at the focal region at 9.8 MPa,

where temperature was measured.

Laser irradiation has been widely used to initiate cavita-

tion in clear media with high optical fluence.13,14 In this

study, however, we showed that, with the combination of

laser and ultrasound, cavitation was enhanced at a very low

optical fluence. The applied optical fluence complies with

laser safety limits for human skin exposure recommended by

ANSI.15 At this optical fluence, optical breakdown and

vaporization are unlikely. The temperature increase induced

by the short-pulsed laser with a 3-ns pulse duration can be

FIG. 1. The detailed schematic of the

combined laser and HIFU therapeutic

system.

FIG. 2. (a) In vivo measured tempera-

ture resulting from HIFU with and with-

out laser exposure. (b) An example of

cavitation signals detected by the PCD

with HIFU only. (c) An example of cav-

itation signals detected by the PCD with

HIFU and laser exposure. HIFU was

applied at a pressure of 6.2 MPa in the

focal region that was 9 mm deep

(through a layer of chicken breast), and

the sonication duration was 2 seconds.

For laser exposure, 532 nm wavelength

light with 20 mJ/cm2 surface fluence

was used, which would produce about

2 mJ/cm2 at the focal region.
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simply estimated by using the Pennes bioheat transfer equa-

tion (BHTE).20 Because the heating process occurs on the

time scale of nanoseconds, which is much faster than thermal

diffusion, the thermal confinement condition applies.21 Then

the temperature rise can be estimated by qCpDT ¼ W, where

DT is the temperature rise, q is the density of the medium,

Cp is the specific heat of the medium, W ¼ laF is the energy

deposition per unit volume due to the absorption of laser

energy, la is the optical absorption, and F is the optical flu-

ence. Under thermal confinement, the induced temperature

is only �1 �C when using F¼ 20 mJ/cm2 at 532-nm light.

Here, q¼ 1000 kg/m3, C¼ 4187 J/(kg K), and optical absorp-

tion la¼ 244/cm were used. This result is consistent with the

conclusion in PA imaging studies, where similar levels of

light intensity have been used. Since the induced temperature

rise by laser pulses alone is small, its effect on cavitation is

negligible. Therefore, the enhanced cavitation and heating

effect showed in this study is due to the combined effect of

laser and ultrasound irradiation, not laser irradiation alone.

The enhanced cavitation effect may be explained by

examining the PA cavitation effect. Traditionally, PA cavita-

tion refers to cavitation produced directly by PA waves with-

out adding nanoparticles.22–24 In recent years, another type

of PA cavitation has been referenced in the literature, which

is the generation of laser-induced vapor bubbles around plas-

monic nanoparticles followed by applying an external ultra-

sound field.25–29 The mechanisms of these two types of PA

cavitation are very different. The former depends on strong

PA waves generated through the PA effect (usually a con-

verging PA wave), and the laser-induced temperature is

much lower than the boiling temperature (therefore, termed

cold cavitation). The latter relies on the photothermal effect

to produce vapor bubbles (hot cavitation) on the surfaces of

plasmonic nanoparticles. The current study is likely based on

the traditionally defined PA cavitation, where cavitation may

be produced directly by PA waves, with the assistance of

ultrasound pulses and without using exogenous agents.

Paltauf et al.22 have experimentally shown that cavita-

tion can be induced when PA waves converge at the center

of a spherical optical absorber. Their numerical results also

demonstrated that, when the produced PA wave by a spheri-

cal optical absorber converged at the center of the absorber,

a strong, nearly negative-only acoustic pulse was produced.

The rarefaction pressure of the acoustic pulse strongly

depends on the size and optical absorption of the target as

well as the pulse width of the laser beam. The resulting peak

rarefaction pressure can easily exceed 10 MPa. One estimate

made by Sun and Gerstman30 showed that the peak rarefac-

tion pressure could be as high as 1000 MPa in melanosome,

an extremely strong optical absorber in soft tissue. Given

these huge rarefaction pressures, cavitation is likely in blood

vessels and melanoma cells.

To understand how laser-produced PA waves affect cav-

itation when combined with HIFU, we employed a bubble

dynamic model to investigate the behavior of a bubble when

a synchronized external ultrasound field is applied with a

laser pulse. The generation and propagation of PA waves can

be modeled by the following wave equation:21

r2p� 1

c

@2p

@t2
¼ � b

Cp

@H

@t
; (1)

where p is the acoustic pressure, c is the sound speed in the

medium, b is the thermal expansion coefficient, Cp is the

specific heat capacity at constant pressure, and H is the heat-

ing function.

Given that stress confinement and thermal confinement

are satisfied during PA wave generation, the initial pressure

distribution can be expressed by21 p0ðrÞ ¼ laCFðrÞ, where

la is the optical absorption coefficient, C is the Gruneisen

constant, and F(r) is the local optical fluence. At body tem-

perature (37 �C), the Gruneisen parameter C is around 0.20

for blood. The absorption coefficient of blood at 532 nm of

wavelength is assumed to be 244 cm�1. If the laser light had

a fluence of 20 mJ/cm2, as we used in the experiments, the

calculated initial PA pressure would be 0.98 MPa at the

surface.

Based on the wave propagation equation,23,24,30 when a

cylindrically shaped blood vessel is illuminated by a laser

pulse, significant rarefaction pressures can be produced at its

center region through PA wave propagation. Figure 4(a)

shows the simulated PA wave observed near the center

(r¼ 1 lm) of a 200-lm diameter blood vessel when it was

illuminated by a 3-ns laser pulse.

To study the subsequent bubble dynamics, the

Keller–Miksis equation is used, which has the following

form:31,32

1�
_R

c

� �
R €R þ 3

2
1�

_R

3c

� �
_R

2

¼ R

qc

d

dt
pB½ � þ

1

q
1þ

_R

c

� �
pB � p1 � p tþ R

c

� �� �
;

(2)

where dots denote time derivatives, R is the bubble radius,

t is the time, c is the speed in the surrounding medium, q is

the density of the surrounding medium, p1 is the pressure at

infinity, and pB is the pressure at the surrounding medium

side of the interface between the medium and the bubble.

pB is given by the following formula: pB ¼ pg � 2r
R �

4l
R

_R,

where pg is the pressure inside the bubble, r is the surface

tension coefficient, and l is the viscosity of the fluid.

With the Keller–Miksis equation, we calculated the

change in bubble radius when a cavitation nucleus with a

FIG. 3. Temperature enhancement rates at three HIFU focal pressures.
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size of 50 nm was present in the PA wave field. Figure 4(b)

shows that the spike-like radial motion was produced, which

essentially followed the shape of the original PA wave. If a

5-MHz ultrasound pulse with an amplitude of 1.5 MPa was

utilized to drive the same cavitation nucleus, the change in

bubble radius was around 40%, as shown in Figure 4(c).

However, when the PA pulse and the ultrasound pulse are

synergistically applied together, as shown in Figure 4(d), the

oscillation of the bubble exhibited strong non-linearity, with

a maximum radius of nearly 27 times of the equilibrium

radius.

Fig. 5 shows the maximum bubble radius when the laser

pulse was applied at a specified delay time. For a 5 MHz

ultrasound signal, the maximum bubble radius occurs when

the delay time is �38 ns (Fig. 5(a)), while for a 1 MHz ultra-

sound signal, the maximum bubble radius occurs when the

delay time is 91 ns (Fig. 5(b)). Here, we assumed that the

beginning of the ultrasound pulse was 0 ns. For the 5 MHz

ultrasound signal with the laser pulse at �38 ns delay time,

the negative peak of the PA wave superposes on the ultra-

sound pulse at 32 ns, which corresponds to a phase of

58 degrees. For the 1 MHz ultrasound signal with the laser

pulse at 91 ns delay time, the negative peak of the PA wave

superposes on the ultrasound pulse at 161 ns, which also cor-

responds to a phase of 58 degrees. These optimal delay times

were used for the following calculations.

Figure 6(a) shows the inertial cavitation (IC) threshold

(i.e., the peak negative pressure threshold) calculated under

different laser fluences at 5 MHz for a 200 lm blood vessel.

It shows that the synergistically applied laser pulses can sig-

nificantly reduce the threshold pressure for IC, indicating

that the likelihood of IC will greatly increase. The impact on

the IC threshold reduces as the laser fluence decreases. We

have previously measured an IC threshold of 9.5 MPa

at 5 MHz with HIFU alone.33 This would correspond to a

bubble equilibrium radius of about 8 nm in the simulation.

Based on the simulation, with a laser fluence of 2 mJ/cm2

at 532 nm, the IC threshold will reduce from 9.5 MPa to

9.2 MPa for an 8 nm bubble. However, we currently

observed IC at 7.9 MPa (for 4 out of 5 animals), which is

lower than the theoretical prediction. This discrepancy could

be due to the presence of the thermocouple (metal) near the

FIG. 4. (a) PA signal produced near

the center of a 200-lm blood vessel

due to wave propagation. (b) The

radius of a 50-nm bubble when it was

driven by the PA pulse in (a). (c) The

radius of a 50-nm bubble when it was

driven by an ultrasound pulse. (d) The

radius of a 50-nm bubble when it was

driven by synchronized ultrasound and

laser pulses, where the laser pulse was

applied 38 ns before the ultrasound

pulse at the target. The blood vessel

was illuminated with an optical fluence

of 20 mJ/cm2. The optical absorption

was assumed to be 244/cm. The ultra-

sound driven frequency was 5 MHz

and the driven pressure was 1.5 MPa.

Bubble radius was normalized by the

equilibrium radius, which is 50 nm.

The pressure was normalized by p0.

FIG. 5. The maximum bubble radius

when a laser pulse was applied to a

10-nm bubble at a specified delay time

after a (a) 5-MHz ultrasound pulse

and (b) a 1 MHz ultrasound pulse of

6.5 MPa. The maximum bubble radius

is normalized by 10 nm.
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focal zone, which may also reduce the IC threshold.34

Additionally, more accurate information about the size distri-

bution of cavitation nuclei and blood vessel diameters will

be needed for a more precise theory, which should be pur-

sued in future.

Figure 6(b) shows the IC thresholds for 1 and 5 MHz

ultrasound signals. All thresholds were calculated with the

optimal delay times at the corresponding frequencies. It is

interesting to note that when there is no laser, the IC thresh-

old at 5 MHz is higher than at 1 MHz; with laser, the IC

threshold at 1 MHz is slightly higher than at 5 MH. This indi-

cates that, with the current parameters (laser pulse length

and blood vessel size), PA waves have a greater impact on

the IC threshold at 5 MHz than at 1 MHz. This may suggest

that optimal ultrasound frequency exists for a given PA

wave, which may be worth further investigation.

In conclusion, we have demonstrated that the combina-

tion of low-optical-fluence laser light and HIFU could

enhance HIFU heating in vivo by reducing IC threshold. PA

cavitation may play a significant role in this application. A

limitation of this technique is the treatment depth. Our cur-

rent and previous results demonstrated a maximum treatment

depth of around 1 cm. Deeper treatment depth will require

higher laser fluence at skin surface, or special methods to

deliver laser light, such as using an optical fiber to deliver

laser energy to the target region. Additionally, the size distri-

bution of blood vessels and cavitation nuclei will have sig-

nificant impact on the result and should be studied in future

work.
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