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I. THEORY 

The thermal pulse-decay method begins with the obser- 
vation that, for focused beams with numerical apertures (the 
ratio of focal length to transducer diameter) greater than 
unity, the focal intensity falloff in the radial (transverse) di- 
rection is many times greater than the rate of intensity fall off 
in the longitudinal axis (axis of insonation). a Also, the radial 
intensity distribution of the mainlobe can be adequately de- 
scribed as having a Gaussian shape, as shown in Fig. 1. We 
will therefore assume that the intensity distribution from a 
focused beam can be approximated as constant along the 
axis of insonation, and Gaussian in the radial direction. Us- 
ing cylindrical corrdinates, with the z axis aligned with the 
axis of insonation, the intensity distribution is described as a 
function of radius r by 

I(r) = Jrmaxe- P/• , (1) 

where the parameter/3 is a measure of the spread of the focal 
region which can be determined by a least squares error 
curve fit applied to any suitable intensity profile. A diagram 
of the orientation of the ultrasonic beam and coordinate sys- 
tem is shown in Fig. 2. 

Let us assume that the distribution given by Eq. (1) is 
produced in an absorbing medium initially at uniform tem- 
perature, for a period of time A t which is short compared to 
the time required for significant conduction effects to take 
place. This occurs for durations such that the dimensionless 
parameter kt//3 < 0.01.7'8 

At the end ofA t seconds, a temperature increase is pro- 
duced by the absorption of ultrasound 

T(r) = Tm•e -'•/•, (2) 
where the proportionality between intensity and tempera- 
ture elevation includes the absorption coefficient 

Tma x =(btAt/pC)Imax ß (3) 

Assuming A t, p, c, and Im• are known, then measurement of 
Tm• yields the value oftt through Eq. (3). Unfortunately, the 
viscous heating effect around the thermocouple creates a 
reading in excess of the temperature rise created by absorp- 
tion alone, and direct measurement of Tm• is not possible. 
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FIG. 1. Intensity of a 2.7oMHz focused beam. Solid line--measured at 0.1o 
mm increments. Dotted line•least squares error Gaussian curve fit. 
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desired solution for the temperature following the ultrasonic 
pulse: 

T(r,t)= {Tmax/[(4k//3)t+ 1lie -r•/14k'+al. (10) 
At time t = 0, Eq. (10) reduces to the initial condition given 
by Eq. (2). In the commonly used case of a focal region cen- 
tered on the thermojunction, the distance r is zero and Eq. 
(10) reduces to 

T(t)-- Tmax/(4kt//3 + 1). (11) 

This physical situation is pictured in Fig. 2, where the ther- 
mocouple and focal region depths are exaggerated for clarr 
ity. 

II. METHODS 

In practice, a focal region is centered on an embedded' 
51-tim thermojunction by mounting the ultrasonic trans- 
ducer onto a three-axis positioning device and moving it in a 
search pattern while pulsing at low power. A maximum tem- 
perature pulse is recorded when the peak intensity is aligned 
with the thermojunction. An intensity profile is then ob- 
tained by recording the magnitude of temperature spikes 
while the focal region is moved in lateral increments across 
the thermojunction. 6'8 The parameter/3 is determined from a 
Gaussian curve fit of the intensity distribution. When the 
sample temperature has regained equilibrium, a single pulse 
of ultrasound (usually no longer than 0.1-s duration) creates 
the initial temperature distribution given by Eq. (2). The 
temperature history is recorded, and a least squares error 
comparison is performed on segments of data, against the 
theoretical temperature decay. 

Approximately 1 s is typically required after insonation 
for viscous heating effects to dissipate. Following this, the 
thermojunction records the decay of temperature caused by 
absorption effects alone. A typical temperature history and 
least squares error curve fit using Eq. (11) is shown in Fig. 3. 
Once the value of Tm•x is recovered, the absorption coeffi- 
cient can be calculated using Eq. (3}. 

III. RESULTS AND DISCUSSION 
. 

A. Comparison with the rate-of-heating method 

Both the pulse-decay and rate-of-heating techniques 
were used to determine the absorption coefficients of soft 
polyethylene and samples of beef liver, muscle, and kidney 
cortex, at frequencies between 0.6 and 2.7 MHz. The two 
techniques were found to agree on measured values within a 
normal data scatter of _ 5%, using focal regions with half 
intensity distances of 3 mm or greater. However, when 
smaller focal regions were used, conduction losses created 
significant drop off in the rate-of-heating measurements. In 
contrast, the thermal pulse-decay technique experimentally 
produced stable results using half power focal widths of 
down to 0.9 mm, since this approach explicitly accounts for 
heat conduction and beam geometry. 

Figure 4 shows the results of both rate-of-heating, and 
pulse-decay measurements on beef liver samples which were 
frozen, then thawed and kept at 20 *C in degassed saline for 
the procedures. The absorption coefficient was measured at 
three frequencies, and at each frequency various lenses were 
used to control the degree of focusing, and therefore the 
beamwidth. Measured absorption coefficients were found to 
be stable with respect to beamwidth using the pulse-decay 
technique. The rate-of-heating method is sensitive to con- 
duction losses, and measured values therefore drop as the 
focal area decreases in size. The abscissa of Fig. 4 is scaled in 
inverse cm for comparison with Ref. 4. 

At frequencies approaching or exceeding 10 MHz, non- 
linear finite amplitude effects can occur at the intensities 
required to generate heat in soft tissues. 9 However, focusing 
can be used to create a high frequency, high intensity region 
while avoiding the onset of nonlinear shock waves. •ø Since 
the 



we also note that the pulse-decay technique requires know- 
ledge of the tissue thermal diffusivity k, as well as the quanti- 
ty pc, whereas rate-of-heating measurements require only 
the latter quantity. This is not a serious disadvantage, since 
the thermal properties of most soft tissues are relatively close 
to those of water. I 1 .• 

B. Use of the pulse-decay technique with narrow 
beamwidths 

When beamwidths on the order of I mm or smaller are 

used in centered pulse-decay measurements, two effects be- 
come important. These are the conduction of heat along the 
thermocouple wires, and the role of the viscous heating ef- 
fect in the observed temperature history. The magnitude of 
heat conducted by the wires during direct insonation can be 
estimated by following the analyses of Fry and Fry. 1 An 
estimation of the viscous heating effect can be obtained by 
assuming that the excess heating around the thermocouple 
wire creates an initial temperature elevation which is long in 
the direction of the wire, and narrow but Gaussian shaped 
across the wire axis into the surrounding medium. This ap- 
proach poses the temperature decay as resulting from the 
superposition of two initial Gaussian line sources; one of 
large radial dimensions {created by the absorptive heating of 
tissues} and a smaller perpendicular source created by vis- 
cous heating effects. 

This model neglects the fact that the viscous heating 
phenomenon occurs only along a finite length of wire within 
the focal region. The model also neglects the presence of the 
wire during the temperature decay, and therefore produces 
an upper bound on the contribution of viscous heating ef- 
fects to the observed temperature decay. 

To proceed, we denote the temperature increase caused 
by absorption alone with the subscript a. Then, using Eq. 
(11 }, the temperature decay of this component at the focal 
point is given by 

Ta (t ) = •a Tamax /(4kt + ]•a )' (12) 

Similarly, the temperature decay of the component 
caused by viscous heating effects is given by 

To(t) = /•o Tomax /(4kt + /•o ), (13) 

proceed, 



C. Off-axis applications of the pulse decay technique 
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