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Abstract—Ultrasound thermal effects have been hypothesized to contribute to ultrasound-assisted thrombolysis.
To explore the thermal mechanism of ultrasound-enhanced thrombolysis with recombinant tissue plasminogen
activator (rt-PA) for the treatment of ischemic stroke, a detailed investigation is needed of the heating produced
in skull, brain and blood clots. A theoretical model is developed to provide an estimate for the worst-case scenario
of the temperature increase in blood clots and on the surface of cranial bone exposed to 0.12- to 3.5-MHz
ultrasound. Thermal elevation was also assessed experimentally in human temporal bone, human clots and
porcine clots exposed to 0.12 to 3.5-MHz pulsed ultrasound in vitro with a peak-to-peak pressure of 0.25 MPa and
80% duty cycle. Blood clots exposed to 0.12-MHz pulsed ultrasound exhibited a small temperature increase (0.25° C)
and bone exposed to 1.0-MHz pulsed ultrasound exhibited the highest temperature increase (1.0° C). These experi-
mental results were compared with the predicted temperature elevations. (E-mail: nahirnvm@email.uc.edu) © 2007
World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Recent studies of ultrasound-enhanced thrombolysis
have indicated the possibility of using lower exposure
levels (�2.5 W/cm2) in combination with thrombolytic
drugs for restoration of blood flow in the arteries in the
heart, legs and brain (Rosenschein et al. 1997; Atar 2001;
Atar et al. 2001; Atar and Rosenschein 2004; Pfaffen-
berger et al. 2005; Alexandrov et al. 2004). Also, lower-
intensity therapeutic ultrasound applications are under
investigation to promote gene transfection and enhanced
drug delivery (Bekeredjian et al. 2003; Taniyama et al.
2002).

Recombinant tissue plasminogen activator (rt-PA)
is moderately effective in lysing thrombi in ischemic
stroke patients and improves neurologic deficits if given
within three hours after the onset of stroke symptoms
(Wolpert et al. 1993). Unfortunately, thrombolytics also
can cause intracerebral hemorrhage. Thus an adjuvant
therapy that lowers the systemic dose of rt-PA or in-
creases its thrombolytic efficacy would represent a sig-
nificant breakthrough.
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Effective methods of enhancing thrombolysis have
been examined in an attempt to reduce the dosage of the
thrombolytic agent and reduce the risk of hemorrhagic
events. Kudo (1989) extended the use of therapeutic
ultrasound to increase the efficacy of systemic rt-PA.
They delivered transcutaneous 200-kHz continuous
wave ultrasound to enhance rt-PA–induced fibrinolysis
in a canine femoral arterial thrombus model. Lauer et al.
(1992) demonstrated that 1-MHz intermittent ultrasound,
with an exposure interval of 2 s followed by a quiescent
interval of 2 s, increased the percent mass loss in a whole
human blood clot model in vitro. They proposed that
acoustic streaming alone, without cavitational effects,
was responsible for the increased thrombolysis. Careful
investigations by Francis and his coworkers suggest that
ultrasound accelerates enzymatic fibrinolysis by increas-
ing transport of reactants through a cavitation-related
mechanism (Francis et al. 1992; Blinc et al. 1993;
Francis et al. 1995). However, experiments using ultra-
sound exposure of clots in a hyperbaric chamber re-
vealed that other mechanisms in addition to inertial cav-
itation were present (Everbach and Francis 2000).

Several investigators have utilized transcranial,
low-frequency, low-intensity ultrasound to accelerate
thrombolysis (Akiyama et al. 1998; Behrens et al. 1999;

Shaw et al. 2001a, 2001b) and Holland et al. (2002)
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provided experimental evidence in vitro that ultrasound
can be used in combination with rt-PA to increase throm-
bus dissolution in porcine and human clot models. Such-
kova et al. (2002) explored ultrasound-enhanced fibrino-
lysis at low kilohertz frequencies (27–100 kHz) in an
attempt to minimize ultrasonic heating and concomitant
adverse bioeffects (McDannold et al. 2004; Duckett et al.
2004; Vella et al. 2003). In addition, clinical trials con-
ducted by Alexandrov et al. (2004) have shown efficacy
of ultrasound-enhanced thrombolysis in the treatment of
ischemic stroke in patients.

Mild heating of only a few degrees can increase the
enzymatic activity of rt-PA and can contribute to the
enhanced thrombolysis (Shaw et al. 2006). The rates of
particle diffusion and biochemical reactions are both
temperature dependent (Cheng 1981). Also, an increase
in temperature can affect membrane permeability, active
transport processes and metabolic rates (Nyborg and
Ziskin 1985). Enzymatic biochemical reaction rates in-
crease with rising temperature to a specific temperature
threshold, where the enzyme becomes denatured and the
reaction rate subsequently declines (Cheng 1981). Thus
one would expect that a thermal mechanism could con-
tribute to enhanced thrombolysis in the presence of ul-
trasound hyperthermia.

Sakharov et al. (2000) and Shaw et al. (2003) have
explored the contribution of enhanced thrombolysis as a
result of mild hyperthermia in the absence of ultrasound
exposure. The effects of a 6° C temperature rise above
37° C on the lytic rate in a human plasma clot model
were measured in vitro by Sakharov et al. (2000). A 6° C
temperature increase caused a doubling in the percent
lysis after a 30-min exposure to this elevated tempera-
ture. Similarly, Sakharov et al. (2000) explored the
contribution of stirring on the observed enhanced throm-
bolysis. Sakharov et al. (2000) hypothesized that the
acceleration of enzymatic plasma clot lysis as a result of
ultrasound exposure was caused by the effects of both
heating and acoustic streaming. However, neither of
these ultrasonic effects was observed or measured di-
rectly. Because the thermal effects do not account solely
for the observed enhancement of thrombolysis, many
authors have concluded that this enhancement is the
result of a combination of mechanical and thermal mech-
anisms (Dick et al. 1998; Francis et al. 1992; Lauer et al.
1992; Blinc et al. 1993; Harpaz et al. 1993; Olsson et al.
1994; Sakharov et al. 2000).

In this study, we explore the extent of heating with
ultrasound parameters in the range used for ultrasound-
enhanced thrombolysis studies (Holland et al. 2002;
Shaw et al. 2001a, 2001b; Alexandrov et al. 2004) by
deriving an analytic model of hyperthermia in clotted
blood exposed to 0.12-MHz, 1.0-MHz and 3.5-MHz

pulsed ultrasound. For such a model to be developed, the
acousto-mechanical and thermal properties of clotted
blood must be well characterized. We rely on the previ-
ous study of the acousto-mechanical and thermal prop-
erties of clotted blood as inputs for this model (Na-
hirnyak et al. 2005, 2006).

The investigation of the transcranial transmission
losses through a human skull demonstrated mild attenu-
ation (22.5%) of the ultrasound beam at 120 kHz (Cous-
sios et al. 2002). A larger amount of heating at the
surface of the cranial bone would be expected at higher
frequencies. To investigate this concern, we performed
numerical estimates for the temperature rise on the front
face of human skull using the results of the theory
developed by Nyborg (1988).

The thermal elevation was also assessed experimen-
tally in clotted blood and human temporal bone exposed
to pulsed ultrasound in vitro with the same range of
center frequencies (0.12 MHz, 1.0 MHz and 3.5 MHz).
These experimental results were compared with the pre-
dicted temperature elevation in clotted blood and bone.

METHODS

Theoretical model
Absorption of ultrasound can cause a temperature

increase in soft tissue and bone. By knowing the intensity
of ultrasound in the tissue and the physical properties of
the surrounding material, it is possible to calculate the-
oretically the expected thermal elevation in both soft
tissue and cranial bone for the in-vitro case investigated
in this work. For this purpose we need, namely, the coef-
ficient of acoustic absorption, density, specific heat and
thermal conductivity of clotted blood and cranial bone.

To determine the spatial and temporal dependence
of temperature elevation T�R� , t� in our experimental
blood clots exposed to pulsed ultrasound, we chose to
solve the bio-heat transfer equation for an idealized
spherical tissue insonified by plane waves (see Figs. 1
and 2). The bio-heat transfer equation in the tissue char-
acterized by thermal conductivity K, density � and spe-
cific heat, Cm, ignoring perfusion, is given by the fol-
lowing equation (Nyborg 1988):

�r
2T �

1

�

�T

�t
� �

2�I

K
� �4� 	(r�, t), (1)

where � �
K

�Cm
is the thermal diffusivity of tissue, � is

the amplitude absorption coefficient in the blood clot, I is
the spatial average, temporal average intensity in the
incident ultrasonic wave, 	�r�, t� is the heat source func-
tion, r� is the radius vector from the center of the clot and
t is time. Only a radial term appears in the expression for
the Laplacian operator, because in our model we con-

sider the clot as an absorbing sphere of radius a, where



f the

Ultrasound-induced thermal elevation in clotted blood and cranial bone ● V. NAHIRNYAK et al. 1287
the absorption of acoustic energy occurs only within the
limits of the blood clot:

	(r�, t) �
�I

2�K
for r 
 a, and

	(r�, t) � 0 for r � a. (2)

The amplitude absorption coefficient, �, is defined by the
following expression for the spatial dependence of the
time-averaged intensity of an acoustic wave in a medium
with no scattering (NCRP 1992):

I(z) � I0e
�2�z for z � 0, (3)

where I0 is the initial ultrasound intensity.
Because of heat conduction from the heat source,

there is heat flux away from the clot or bone into the
surrounding medium (assumed to be water). In our
model, we disregard heat convection as a result of per-
fusion, which may contribute to the loss of heat gener-
ated inside the insonified tissue. The solution to eqn (1),
with homogeneous boundary conditions, T�0, 0� � 0 and
T�, t� � 0, is given by the following integral equation
(Morse and Feshbach 1953):

T(R� , t) � �
0

t

�
V0

	(r�, �)G(R� ,t | r�, �) dV0 d�, (4)

where the volume, V0, within the clot boundaries is
shown in Fig. 1 and � is the temporal integration vari-
able. The Green’s function for eqn (1) is:

G(R� , t | r�, �) �

exp���R��r��2

4�� �
2�1 ⁄ 2�1 ⁄ 2�3 ⁄ 2 u�t�. (5)

Fig. 1. The geometry used to model the hyperthermia o
insonified with ultrasound. Density, �, specific heat Cm a

clot and surrounding fluid. The intensity o
where u(t) is a step function.
For the spatial and temporal dependence of the
temperature rise we have:
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exp��
R2 � r2 � 2Rr cos�

4�� �r2 sin� dr d� d� d�,

for t � 0, (6)

where � and � are the spherical angular coordinates. Be-

herical blood clot of radius, a, surrounded by fluid and
mal conductivity K were assumed to be identical for the
incident infinite plane acoustic wave is I.

Fig. 2. Photograph of a blood clot sample. Whole blood clots
were prepared from either fresh porcine or human blood by
aliquoting 1.5 or 2.0 mL into 10-mL glass tubes (Vacutainer),
immersing the tubes in a 37° C water bath for three hours and
storing the clots at 5° C for at least three days before assess-
ment of the properties, which ensured complete clot retraction.
The typical size of the clot samples was about 7 to 10 mm in
f a sp
nd ther
diameter with a mass of about 0.5 g.
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cause the error function is odd, i.e., erf(��) � �erf(�), we
may write the final expression for the temperature rise in the
following form:

T(R� , t) �
2�I�3 ⁄ 2

�1 ⁄ 2K

1
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At the center of a clot �R � 0�, we have:
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where �h �
a2

4�
is the time constant for heating.

For small values of the time, eqn (8) reduces to the
following expression for the temperature rise inside the clot:

T(R� , t) �
2� I

�Cm
t, (9)

which corresponds to simple adiabatic heating of a clot
by ultrasound (Nyborg 1978).

Equation (8) gives the values for the steady state
temperature increase at the center of the blood clot after
a long period of insonification (t � �):

T(0, ) �
�Ia2

K
. (10)

The temperature elevation at the center of a bone disk,
Tbone(0,0,t), insonified with a spatial peak temporal av-
erage intensity, ISPTA, can be calculated by the following

formula (Nyborg 1988; Nyborg and Wu 1994):
Tbone(0, 0, t) �
1

8�Ksk
�
0



qv(r, z)F(r, t ) dV, (11)

where qv�r,z� is the volume rate of heat generation from
the absorption in skull bone characterized by the coeffi-
cient of thermal conductivity, Ksk, V is the cylindrical
volume of the skull disk exposed to ultrasound and
F(r, t) is a function proportional to the temperature rise
from a small volumetric heat source. Because perfusion
is neglected in our model, the function F�r, t� reduces to
2 for large values of time (Carstensen et al. 1990). We
also assume that the heating of the skull bone occurs
within the limits of –3 dB beam width (BW). Then, the
steady state temperature elevation is given by the inte-
gral:

Tbone(0, 0, ) �
1

2Ksk
�
0

h

�
0

BW
2

qv(r, z) dr dz, (12)

where integration is carried out over the ultrasound beam
radius, BW/2 and the thickness of the bone disk, h, and r
and z are the spatial integration variables. Finally, we
have the expression for the temperature at the center of
the bone disk:

Tbone(0, 0, ) �
�ISPTABW

8Ksk
[1 � exp{�2�skh}], (13)

where the coefficient � accounts for the portion of acous-
tic energy absorbed by the skull wall after reflection of
the ultrasonic wave, and �sk is the coefficient of absorp-
tion in a skull.

To compare our theoretical prediction of ultrasound
hyperthermia with those measured experimentally in
vitro, we estimated the contribution of the reflection of
acoustic energy from the interface between either blood
clot, or cranial bone, and water. The coefficients of
reflection for both types of clots were estimated from the
acousto-mechanical properties of human and porcine
clots (Nahirnyak et al. 2006). The density of human and
porcine clots is 1.076·103 kg/m3 and 1.058·103 kg/m3,
respectively, and the speed of sound is 1.6·103 m/s for
both types of clots. The intensity reflection coefficient
(Kinsler et al. 1982) from the interface between human
or porcine clot and water is 5.2 · 10�3 and 4.0 · 10�3,
respectively. Therefore, the reduction of amplitude as a
result of reflection from the clot surface may be ignored.

Similarly, the transmission coefficients � for sound
passing through a layer of bone were estimated as a
function of frequency by using the boundary conditions
presented in Kinsler et al. (1982). We have considered

the layer of a bone as an isotropic medium with uniform
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density with the thickness of h � 3.8 · 10�3 m and with
the values for the coefficient of attenuation presented in
Table 1. The values for the density of human skull,
1.7·103 kg/m3, and for the speed of sound, 3.36·103 m/s,
were taken from the literature (Duck 1990; Schwan
1969). The intensity transmission coefficients, �, for the
three ultrasound center frequencies (0.12, 1.0 and 3.5
MHz), are 0.39, 0.61 and 0.65, respectively. Thus, we
included this reduction of acoustic energy in eqn (13).

For our calculations of the temperature increase in
clotted blood, we assume that the density, the specific
heat and the thermal conductivity of human clots were
1.08·103 kg/m3, 3.48·103 J/(kg·K) and 0.59 W/(m·K), re-
spectively, and were 1.06·103 kg/m3, 3.23·103 J/(kg·K) and
0.55 W/(m·K), respectively, for porcine clots (Nahirnyak
et al. 2006). Note that these physical properties were
measured at 20° C. The ultrasound absorption coeffi-
cients for each frequency were assumed to be equivalent
to the attenuation coefficients measured previously by
Nahirnyak et al. (2006). The attenuation coefficients
shown in Table 1 were utilized for the calculations of the
thermal elevation in clotted blood, brain and cranial bone
exposed to pulsed ultrasound. Direct measurements of
both ultrasonic attenuation and absorption coefficients in
soft tissues at low megahertz frequencies have demon-
strated that scattering can be neglected (Parker 1983;
Nassiri and Hill 1986). Thus, for our calculations, we
ignored the contribution from scattering in the attenua-
tion coefficient.

The density, specific heat and thermal conductiv-
ity values used for a cranial bone are 1.7·103 kg/m3,
1.59·103 J/(kg·K) and 1.16 W/(m·K), respectively
(Duck 1990; Lehmann and DeLateur 1982). The val-
ues for frequency-dependent absorption coefficients
utilized for the numerical calculations are presented in
Table 1 (ICRU report 1998; Coussios et al. 2002;
Hueter 1952; Hill et al. 2004; Goldman and Hueter
1956).

A peak-to-peak pressure at the focus of ultrasound
transducers of 0.25 MPa was identical for all frequencies
and in all experiments. Although it seems obvious that
the higher frequency brings about the higher temperature
elevation as a result of higher ultrasound absorption, it is
not true in our case because the temperature elevation
depends also on the spatial average, temporal average
intensity. At higher frequencies, the ultrasonic BW was
less and, as a result, the spatial average, temporal average
intensity was lesser. To proceed with the theoretical
calculations of the temperature increase, the spatial av-
erage time average intensity, ISATA, within the volume of
a clot and across the cross section of the bone disk was
computed for each frequency by using the numerical
calculations of the field produced by unfocused and

focused transducers (Mast and Yu 2005; Hasegawa et al.
1986). The ISATA values for each frequency (0.12, 1.0
and 3.5 MHz) were estimated to be 0.39, 0.31 and 0.14
W/cm2, respectively, for the human clots with an average
diameter of 6.7 � 0.7 mm and 0.38, 0.29 and 0.12
W/cm2 for the porcine clots, with an average diameter of
7.8 � 0.5 mm. The ISATA values across the correspond-
ing BW on the surface of the front face of a cranial bone
disk were 0.11, 0.18 and 0.20 W/cm2, respectively.

The use of ISATA in our calculations as an input pa-
rameter for intensity in eqns (8) and (13) is justified because
the heating rates are low, so that heat will be conducted
fairly uniformly throughout the clot or bone. Thus, the
overall heating should not depend much on the detailed
beam shape, but only on the average heat deposited per unit
time. According to our experimental observations, the
steady state temperature remains the same after the temper-
ature reaches a maximum at the given level of intensity.

Numerical calculations and theoretical estimates
were made using MATLAB (The MathWorks, Inc.,
Natick, MA, USA) and Mathematica (Wolfram Re-
search, Inc., Champaign, IL, USA).

Experimental apparatus
The experimental setup for the measurement of

ultrasound hyperthermia is shown in Fig. 3. Each of three
transducers (unfocused 0.12 MHz, unfocused 1 MHz and
focused 3.5 MHz) were driven separately by a function
generator (Model 33250, Agilent Technologies, Inc.,
Palo Alto, CA, USA) and a radiofrequency amplifier in
an acrylic tank (41 � 21 � 21 cm3) filled with deionized
water. The temperature in the water bath was kept fixed
at 37.0 � 0.1° C with a microprocessor-controlled cir-
culator (Model EX111, Neslab Instruments, Inc., New-
ington, NH, USA). An inline air trap (Terumo Inc.,
Indianapolis, IN, USA) was used to reduce the number of
bubbles entrained in the circulating water. The unfocused
0.12-MHz transducer was driven by a linear amplifier

Table 1. Coefficients of ultrasound attenuation used in
numerical calculations of temperature elevation in human

skull, brain, clotted blood and porcine clotted blood
(in Np/cm)

Frequency
(MHz)

Attenuation coefficient (Nepers/cm)

Human
skull

Human
brain

Human
clotted
blood

Porcine
clotted
blood

0.12 0.12 0.004 0.09 0.10
1.00 1.5 0.07 0.17 0.17
3.50 7.8 0.35 0.23 0.30

The data were compiled from ICRU (1998), Hueter (1952), Hill et al.
(2004), Goldman and Hueter (1956) and Nahirnyak et al. (2006).
(Ultra series 2021LF/HF, T&C Power Conversion Inc.,
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Rochester, NY, USA). The unfocused 1.0-MHz and fo-
cused 3.5-MHz transducers were driven by a second
amplifier (Model 150LA, Ampiflier Research, Souder-
ton, PA, USA). The excitation signals were monitored by
a 500-MHz digital oscilloscope (Model LT372, LeCroy
Corp., Chestnut Ridge, NY, USA). A sheet of absorbing
material was placed at a 45° angle along the far wall of
the acrylic tank to minimize reflections. The resulting
temperature in a clot was registered by a digital ther-
mometer (HH 506-R, Omega Engineering, Inc., Stan-
ford, CT, USA), connected to thermocouples either fixed
to or embedded directly in the samples and recorded on
a personal computer (Dell Inc., Round Rock, TX, USA).

The peak-to-peak pressure output of each ultra-
sound transducer and the axial and transverse beam pro-
files were evaluated in a preliminary calibration protocol
in a water tank at room temperature (20 � 1° C). The
measured focal length and –3 dB BW for each transducer
are presented in Table 2. The position of the focus or
Rayleigh distance corresponds to the position of the last
axial maximum of pressure. During hyperthermia exper-
iments in clotted blood and cranial bone, the peak-to-
peak pressure output was fixed at 0.25 MPa, which is
equivalent to a spatial peak temporal average intensity of
0.4 W/cm2 at the focus of ultrasound transducers and the
80% duty cycle. A duty cycle of 80% was chosen be-
cause experiments with 0.12-MHz ultrasound-assisted
thrombolysis demonstrated maximum thrombolytic effi-
cacy using this parameter (Holland et al. 2002). The
pulse repetition frequency for all experiments was 100

Fig. 3. Block diagram of the experimental setup for the me
temporal bone. Temperature in the water tank was 37° C. T
Hz. This particular exposure level was chosen because
previous studies demonstrated that both stable and iner-
tial cavitation thresholds of clotted blood immersed in
plasma were well above this value (Datta et al. 2006).
Thus at an ISPTA of 0.4 W/cm2, we may exclude cavitation
as a factor contributing to the enhanced thrombolysis.

Sample preparation
Whole blood clots were prepared by aliquoting 1.5

mL arterial porcine or venous human blood into the
8-mm inner diameter glass Vacutainer tubes (Franklin
Lakes, NJ, USA), immersing the tubes in a 37° C water
bath for three hours and storing the clots at 5° C before
use in comparative ultrasound and rt-PA studies, which
ensured complete clot retraction. Human whole blood
was drawn from 10 healthy volunteers by sterile veni-
puncture after local institutional review board approval.
Additional aliquots of blood from each pig or human
were used to obtain a complete coagulation panel from
Antech Diagnostics (Chicago, IL, USA), including D-
dimer, activated partial thromboplastin time (aPTT), fi-

ents of ultrasound hyperthermia in blood clots and cranial
ple holder was placed at the focal plane of each transducer.

Table 2. Spatial characteristics of transducers used in the
measurements of ultrasound-induced heating

Transducer
frequency (MHz)

Transducer
aperture (mm)

�3 dB beam
width (mm)

Focal length
(mm)

0.12 61.4 22.0 74
1.00 25.0 7.0 94
3.50 19.0 2.5 93
asurem
Calibration of transducers was performed at 20°C.
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brinogen and prothrombin time testing, as well as a
complete blood count. Most pigs used as part of this
study were found to be slightly anemic, with hematocrits
in the range of 25% to 35%. Only donors with values in
the range 10 to 900 ng/mL for the D-dimer test, 10 to
25 s for aPTT, 250 to 700 mg/dL for the fibrinogen
concentration and 9 to 13 s for prothrombin time were
considered to be acceptable. The resulting clots shown in
Fig. 2 were normally dark red in color and roughly
cylindrical in shape, with an average diameter of 7 to 10
mm, and a mass of 0.5 g.

Human fresh-frozen plasma (hFFP) was procured
from a blood bank in 250- to 300-mL units. Each unit
was briefly thawed, aliquoted into 50-mL centrifuge
tubes (Fisher Scientific Research, Pittsburgh, PA, USA)
and stored at –70° C. Aliquots of plasma were allowed to
thaw for experiments, and the remaining amounts dis-
carded after completion of a given experiment.

An acrylic sample holder with a round acoustically
transparent window 70 mm in diameter was used to
position the clot samples at the location of the focus of
each transducer. The windows were comprised of Tega-
derm (3M Health Care, St. Paul, MN, USA) and the
sample holder was filled with plasma surrounding the

Fig. 4. A segment of dry human skull with the thermocouple
attached to the center of the distal surface of a temporal bone.

Table 3. Numerical estimates for the temperature rise i
human brain tissue exposed to pulsed ultrasoun

Frequency (MHz)
T (°C) in

temporal bone T (°C) in p

0.12 0.32 0.58 (�0.
1.00 1.25 0.71 (�0.
3.50 0.71 0.49 (�0.
An estimate of the propagated errors for the theoretical prediction of temp
blood clot. Porcine plasma was used for the porcine clots
and human plasma was used for human clots. The sample
holder had two ports within the side walls: one for
fixation of the thermocouple and the other to allow
entrapped air to be removed from the sample during the
degassing process. The sample holder was placed in a
vacuum chamber connected to a pump (Model 8803,
Welch Vacuum Technology. Inc., Skokie, IL, USA),
which lowered the pressure to that of the vapor pressure
of plasma for approximately 85 min. The pressure was
allowed to return to atmospheric pressure gently, the
bleed valve was closed and the holder was placed in the
focal region of the transducer in the water tank.

Temperature measurement techniques
The ratio of the thermocouple diameter to the

acoustic wavelength was less than 1/25 for all three
frequencies. Under such conditions, we eliminated an
artifactual temperature rise in our measurements because
of viscous heating and absorption in the thermocouple
itself (Hynynen and Edwards 1989; Goss et al. 1977).
The duration of each ultrasound-induced hyperthermia
measurement was 5 min. For the experiments using
120-kHz pulsed ultrasound exposure, a hypodermic
T-type thermocouple (HYP0–33, Omega Engineering,
Stamford, CT, USA) with a tip diameter 203 �m was
employed. For hyperthermia measurements at 1 MHz,
we used a bare wire E-type thermocouple (CHCO-001,
Omega Engineering, Inc., Stamford, CT, USA) with a
diameter of 25 �m. A bare-wire E-type thermocouple
(CHCO-0005, Omega Engineering, Inc.) with a diameter
of 12 �m was used for the temperature measurements at
3.5 MHz. Each thermocouple tip was positioned approx-
imately in the center of the clot sample by marking the
clot radius on the thermocouple and inserting the ther-
mocouple into the clot up to the mark. The block diagram
of the experimental apparatus is shown in Fig. 3.

A 15-cm, 111.6-g segment of a human skull im-
mersed in deionized water, shown in Fig. 4, was de-
gassed in the vacuum chamber described previously for
85 min. The thickness of the skull at the level of the
temporal bone was estimated to be 3.8 � 0.1 mm. Two
bare-wire E-type thermocouples (5TC-TT Omega En-

an cranial bone, porcine and human clotted blood and
A � 0.4 W/cm2) for 300 s at three frequencies

clot T (°C) in human clot
T (°C) in human

brain tissue

13) 0.38 (�0.32, �0.16) 0.02
15) 0.55 (�0.37, �0.19) 0.24
26) 0.33 (�0.25, �0.13) 0.44
n hum
d (ISPT

orcine

20, �0.
22, �0.
48, �0.
erature elevation in clotted blood appears in parentheses.
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gineering, Inc.) with a diameter of 127 �m were glued
to the temporal bone with cyanoacrylate glue. One of
the thermocouples was fixed on the proximal surface
of the bone and the other was fixed to the distal
surface. The thermocouples were positioned in the
focal region of each transducer. The precision of all
thermocouple measurements was 0.06° C.

RESULTS

Using eqns (8) and (13), the predicted values for
ultrasound-induced heating in porcine or human clots
and bone in the frequency range between 0.12 and 3.5
MHz are presented in Table 3. The temporal dependence
of the temperature increase in blood clots exposed to
pulsed ultrasound with an ISPTA of 0.4 W/cm2 is shown
in Fig. 5. The solid lines represent theoretical prediction

Fig. 5. Results of the theoretical calculations (solid) and
in human (left) and porcine (right) clotted blood at thr

represent the propagated er
of the temperature increase and the data points represent
experimentally measured thermal elevation. Experimen-
tal data points represent the average values for the tem-
perature rise obtained in two in-vitro experiments. The
error bars in the theoretical curves were assessed by
combining the effects of the range of acousto-mechanical
and thermal properties measured in the clotted blood, as
well as the size range of the heat source, which depends
on the physical dimensions of the clots.

Note that the theoretical estimates for the thermal
increase in clots as a result of ultrasound exposure to 0.4
W/cm2 pulsed ultrasound (ISPTA � 0.4 W/cm2) do not
exceed 0.88° C for any of the three frequencies. Both the
theoretical and experimental data show an initial temper-
ature increase followed by a steady state temperature
regime. Implicit in the derivation of the predicted ther-
mal increase is a calculation of the reflected and ab-

ed experimental data (dots) of ultrasound hyperthermia
uencies: 120 kHz, 1.0 MHz and 3.5 MHz. Error bars
he theoretical calculations.
averag
ee freq
sorbed ultrasonic energy. Also included in the calcula-
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tion is the beam aperture, which was not identical for the
three frequencies. The 3.5-MHz transducer was focused
and the beam diameter is smaller than that of the 0.12
and 1.0 MHz unfocused beams. Thus the predicted tem-
perature increase at 3.5 MHz in clotted blood is less than
the temperature increase calculated at either 0.12 or 1.0
MHz.

To estimate the maximum temperature rise ex-
pected in human clotted blood and brain, eqn (8), which
uses a heated sphere model, was used to calculate the
temperature elevation values at the center of a sphere of
6.7 mm in diameter. Similarly, eqn (13), which uses a
heated disk model, was used to predict the maximum
temperature increase in cranial bone as a function of
incident intensity. The results of the numerical calcula-
tions for the 0.12-, 1.0- and 3.5-MHz transducers char-
acterized in Table 2 are presented in Table 3. These
temperatures demonstrate that, at 120 kHz, we have the
maximum temperature rise in clotted blood rather than in
cranial bone or brain tissue. Measured values of the
maximum temperature increase in porcine and human
blood clots and in human temporal bone exposed to
pulsed ultrasound (ISPTA � 0.4 W/cm2) are presented in
Table 4. The maximum temperature increase in clotted
blood (0.33 � 0.04° C for both types of clots) was noted
at 3.5 MHz. The temperature rise in cranial bone exposed
to a pulsed ultrasound was greater than the temperature
increase in blood clots at each frequency. Note that any
of the three frequencies, the temperature increase on the
surface of human cranial bone does not exceed 1° C. The
maximum thermal elevation of 1.00 � 0.06° C was
achieved on the proximal surface of the cranial bone
exposed to 1-MHz pulsed ultrasound. No appreciable
difference in the temperature elevations between the
proximal and distal surfaces of the bone were observed
for 0.12 and 1 MHz. However, at 3.5 MHz, the temper-
ature elevation on the proximal wall is somewhat higher
(0.4–0.6° C). The temperature on the proximal and distal
bone surfaces is plotted for one measurement run as a
function of time in Fig. 6. For all ultrasound heating

Table 4. Experimental results for the maximum temperature
rise measured in tissue exposed to pulsed ultrasound

(PRP�10 ms, Pp-t-p � 0.25 MPa, ISPTA� 0.4 W/cm2,
T � 37 °C, t � 300 s) in vitro

Frequency
(MHz)

T (°C) on surface
of temporal bone T (°C) in

center of
porcine clot

T (°C) in
center of

human clotProximal Distal

0.12 0.61 0.45 0.25 0.25
1.00 1.00 0.90 0.28 0.29
3.50 0.85 0.29 0.33 0.33
measurements in both bone and clotted blood, a steady-
state temperature increase was achieved after an initial
30- to 120-s period of insonification.

DISCUSSION

The theoretical prediction of the temperature elevation
at the center of human and porcine clots presented in Fig. 5
tends to overestimate the actual temperatures measured,
sometimes by a factor of two. Several factors could con-
tribute to this discrepancy, including errors in the assumed
size and shape of the clot, the absorption coefficient used or
the position of the thermocouple within the clot. According
to eqns (8) and (10), the temperature increase is linearly
proportional to the square of the radius of a clot, so any
error in the measurement of the clot size is squared. Note
that scattering was ignored and the coefficient of absorption
was assumed to be identical to the coefficient of attenuation.
Note also that the absorption coefficient for human and
porcine clots was measured at 20° C, but our experiments
were conducted at 37° C. Note that these combined errors
contribute to the error bars shown in Fig. 5. In addition, the
positioning of the thermocouple tip inside the clot samples
could have been off center and we did not monitor the
thermocouple placement during the experiments. Because
the temperature is expected to decrease with distance from
the center of a clot, the thermocouple location might con-
tribute to the measurements of the temperature increase
appearing lower than the theoretical predictions. At 3.5
MHz, the experimental data falls within the error bounds in
the theory. Our theoretical model and our experimental
set-up did not incorporate blood perfusion. Thus, actual
in-vivo temperature increases will likely be lower.

As shown in Fig. 5, the theoretical prediction of the
initial heating rate of human clots exposed to 3.5-MHz

Fig. 6. An example of the temperature development on both
faces of the human temporal cranial bone during insonification
at 3.5 MHz with an 80% duty cycle at 37° C. The spatial peak,
temporal average intensity was 0.4 W/ cm2. The diameter of the
ultrasonic beam was 2.5 mm.
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pulsed ultrasound (ISPTA � 0.4 W/cm2) was 0.01° C/s. The
slope in the initial heating regime corresponds to an adia-
batic heating rate, where heat conduction is ignored. A
rough estimate of the heating rate in soft tissue exposed to
pulsed ultrasound was presented by Nyborg and Ziskin
(1985) and is given by a simple empirical formula that
depends on the attenuation coefficient and the spatial aver-
age, temporal average intensity. Using the attenuation co-
efficient for clotted blood and a spatial average, temporal
average intensity of 0.4 W/cm2, their formula yields an
estimate of the heating rate of 0.01° C/s, which is consistent
with our data.

Our theoretical results may also be compared with
previous in-vivo experiments on low-intensity ultrasound
exposure of soft tissues. In one study, temperature rise
was quantified in human muscle exposed to 3.0-MHz
pulsed ultrasound with a spatial average, temporal aver-
age intensity of 0.5 W/cm2 for 10 min (Gallo et al. 2004).
A temperature increase of 2.8° C was noted in these
in-vivo experiments. Using eqn (10) and using the expo-
sure parameters of Gallo et al. (2004) and the absorption
coefficient of 0.26 Np/cm for human skeletal muscle, the
predicted temperature increase is 2.5° C, which is con-
sistent with their measured value of 2.8° C. Similarly,
Carstensen et al. (1990) measured the temperature ele-
vation in rat liver exposed to 2.0-MHz continuous wave
ultrasound with an ISATA of 0.57 W/cm2. The maximum
temperature increase measured by these investigators in
rat liver was 1.8° C. Using the same ultrasound exposure
parameters as input to eqn (10) in human liver with an
absorption coefficient of 0.132 Np/cm (ICRU 1998), a
1.3° C temperature increase is predicted, which is also
consistent with their experimental data.

The temperature elevations measured in blood clots
exposed to low-intensity (�0.5 W/cm2) pulsed ultra-
sound were extremely small (�0.2° C) for all three
frequencies (0.12, 1.0 and 3.5 MHz) shown in Fig. 5. In
addition, for the attenuation values assumed here, the
thermal elevation in clotted blood, shown in Fig. 5, will
be higher than in brain tissue for frequencies less then 1
MHz as it follows from Table 3. Enhanced rt-PA throm-
bolysis has been demonstrated in vitro in both human
and porcine clots exposed to low-intensity ultrasound
(Holland et al. 2002) with the same conditions explored
here at 0.12 and 1.0 MHz. Therefore, it is unlikely that a
thermal mechanism will contribute significantly to
thrombolytic enhancement for frequencies less than 3.5
MHz with intensities less than 0.5 W/cm2.

CONCLUSIONS

The temperature rise in human cranial bone and
porcine and human blood clots was determined experi-

mentally at 37° C in vitro in the frequency range between
120 kHz and 3.5 MHz. Ultrasound insonification of
human temporal cranial bone with a spatial peak tempo-
ral average intensity of 0.4 W/cm2 at 1 MHz produces a
maximum temperature rise of 1.0° C on the proximal
side of the skull bone. There was no substantial thermal
elevation at the center of blood clots immersed in plasma
and insonified with the same level of ultrasound intensity
in this frequency range. The theoretical estimates of the
magnitude of thermal elevation during ultrasonic insoni-
fication of the blood clots and cranial bone are higher
than those measured experimentally. Thus temperature
increases predicted by the theory may overestimate the
actual temperature rise. In the presence of perfusion, the
mild thermal elevation within the volume of a clot, on its
surface and on the surface of the cranial bone, would be
even smaller.

Understanding the potential for ultrasound heating
of blood clots during ultrasound-assisted thrombolysis is
an important first step in improving thrombolytic effi-
cacy while minimizing unwanted thermal bioeffects.
These theoretical results can also be used to predict the
temperature elevation in tissue as a function of spatial
average, temporal average intensity. The prediction of
temperature elevations in cranial bone and blood clots
exposed to pulsed ultrasound may be helpful in the
development of high-intensity focused ultrasound and
other therapeutic ultrasound applications.
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