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Abstract--The fundamenta/ goa/ of  u/trasound therma/ therapy is to provide proper 
thermal lesion formations for effective tumour treatment. The quality of the therapy 
depends most ly on its positional precision. To date, most ultrasound thermal therapy 
treatments have focused on the formation of power or temperature patterns. The 
non-linear and time-delay effects of thermal dose formation prohibit  direct control of  
the thermal dose distribution. In the paper, the control of  thermal lesions by regulation 
of the temperature of a pi lot point is proposed. This scheme utilises the high 
correlation between temperature elevation and thermal dose at the forward boundary 
of thermal lesions. To verify the feasibility, a 2D ultrasound phased array system was 
used to generate thermal lesions of various sizes, and the temperature elevation 
required to generate a thermal dose threshold was investigated. Results showed that 
the required temperature elevation was found to be a reasonably constant value of 
52.5°C under differing conditions when the focal area was small. When the focal area 
under consideration was large, the required temperature elevation became a mono- 
tonic function of blood perfusion rate, ranging from 49.2 to 52.5 ° C. When the reference 
temperature of the pi lot  point was set at a conservative value (52.5 ° C), the thermal 
lesions were controlled precisely under a wide range of blood perfusion and power 
pattern changes, tested by using a more realistic model  that takes into account 
thermal-induced attenuation and blood perfusion changes. This changed the 
complex thermal dose control problem into a simple temperature regulation 
problem, which makes implementation of thermal lesion control easier, giving the 
scheme a high potential for application to current ultrasound thermal therapy systems. 

Keywords--Pi lot  point  temperature, Thermal lesion control, Ultrasound thermal ther- 
apy, 2D phased array 
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1 In t roduct ion  

THE TECHNIQUE of ultrasound thermal therapy uses focused 
ultrasonic energy to ablate the tumour region while preventing 
damage to the surrounding normal tissue (TEN HAAR, 1995; 
VISIOLI et at., 1999; CHAN et  at., 2002). To achieve this, the 
boundary of the thermal lesions formed should be controlled to 
conform well to the target turnouts. 

To define the thermal lesion boundary effectively, one of the 
most widely accepted approaches is to use the concept of thermal 
dose (SAPARETO and DEWEY, 1984). In general, tissue that 
receives a thermal dose value over a certain threshold can be 
considered to be completely necrosed, and this has been verified 
through several experimental reports (DAMIANOU et al., 1995; 
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MCDANNOLD et aL, 2000). Therefore the thermal lesion deter- 
mination problem can be transformed into a thermal dose control 
problem. 

Controlling the thermal dose is difficult owing to the 
following two problems. First, the accumulation ofthelmal dose 
is a function of temperature and time and is highly non-linear 
(SAPARETO and DEWEY, 1984). Secondly, after the heating 
power is turned off, the thermal dose keeps accumulating, and 
this accumulation depends on different positions, blood perfusion 
rates and heating strategies (LIN et al., 2001). For these two 
reasons, previous studies only focused on the issues of off-line 
optimisation of the thelmal lesion formation (HUTCHINSON and 
HYNYNEN, 1996; DAUM and HYNYNEN, 1999; WAN et  al., 1999; 
LIU et al., 2003). These optimised results could exhibit a 
substantial error compared with the actual results owing to 
improper assignment of tissue parameters or temperature-depen- 
dent property change (Daum and Hynynen showed that even 
using identical power and heating time can induce thermal lesions 
with 100% volume change in their experiments (DAUM and 
HYNYNEN, 1999)). 
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ARORA et al. (2002) proposed a model predictive control 
structure to attempt to achieve on-line control of the thermal dose 
at a single point. However, they only showed the results for a 
simplified 1D thermal model and neglected the 3D thermal 
conduction effect. The large amount of computation with this 
approach is another potential problem in implementation of this 
scheme into a real 3D problem. 

Besides observing the input power to alter the thermal lesion, 
an alternative is to explore the relationship between the thermal 
lesion boundary and the required temperature elevation. One of 
the advantages is that the complex dynamics, including those 
from power to temperature, and then to thermal dose, can be 
reduced to simply dynamics from temperature to thermal dose. 
Moreover, the temperature is easily acquired and monitored. 
GRAHAM et al. (1999) proposed a similar idea that attempted to 
quantify the tissue damage using the temperature information 
from an MR thermal-sensitive image. Their study showed that, 
using a spherical transducer as the heating source, the thermal 
coagulation could be detected by observing the temperature 
within a 1 mm square spatial region. This strongly supports the 
belief that the preceding conclusion is still valid when different 
power patterns are generated using other heating transducers (for 
example, a 2D phased array system that can generate multiple 
foci to alter the focal region with different sizes), and has 
potential to control the thermal lesions by regulating the elevated 
temperature. 

The purpose of this study was to quantify the temperature 
required to form the thermal lesion boundary in the sense of 
reaching the thermal dose threshold at the forward lesion 
boundary, and also to examine the feasibility of controlling the 
thermal lesion dimension by using temperature regulation. A 2D 
ultrasound phased array system was used to generate power 
depositions to form different sizes of thermal lesion. 

First, the temperature required at the front boundary of 
tumours to achieve the thermal dose threshold was investigated 
using the linear thermal model, without consideration of 
temperature-dependent changes of parameters. Some important 
factors that affect this temperature level were analysed, 
including the thermal lesion size, thermal conduction, blood 
perfusion rate and the heating rate. Then, based on this analysis, 
a complete procedure to control the thermal lesion boundary was 
proposed. A non-linear thermal model considering the tempera- 
ture-dependent attenuation, absorption and blood perfusion 
effects was used in this part. Some examples are provided to 
illustrate the accuracy and limitation of this scheme. 

2 Method 
2.1 Ultrasound f ie ld calculation 

To calculate the ultrasonic pressure field, the transducer was 
modelled as a grid of point sources. Then, the Rayleigh- 
Sommerfeld integral was used to sum up the contribution of 
each point source r' to the point of the field at r (O'NEIL, 1949). 
The integral is given as 

ipck [ ue (~+ik).(~ /) 
P(x, y, z) . . . .  -, dS (1) 

27z J~ r - r  

where p = tissue density (1050 kg m-3), c = the speed of sound 
(1500ms-i) ,  k= the  wave number (2rt/2, where 2 is the 
wavelength), u = the complex surface velocity of the source, 

1 1 and e = attenuation (constant value of 4.1 Np m-  MHz- after 
the curved boundary at z = 4 cm, unless otherwise mentioned). 
in an attenuating medium, the absorbed power density q is given 
as (NYBORG, 1981) 

q = 2el  ( 2 )  
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with 

p2 
I =  

2pc 

where l(x, y, z) is the intensity of the field. The computations of 
the acoustic pressure and the resulting absorbed power deposi- 
tion were performed with a source grid size of 2/6. To simplify 
the calculation, the non-linear, refraction and scattering effects 
of wave propagation were not included. 

2.2 Power pattern generation by 2D ultrasound 
phased array 

To test the feasibility of the proposed strategy, a 2D ultra- 
sound phased array was used, as shown in Fig. 1. The array, 
containing 400 spherically sectioned elements (20 x20), is 
capable of generating foci 2 cm off the centre with sufficiently 
small side lobes (FAN and HYNYNEN, 1996). The driving 
frequency, diameter and radius of curvature were 1 MHz, 
15 cm and 12 cm, respectively. 

As the cross-sectional diameter of single foci is small (only 
0.1-0.2 cm in diameter), a pseudo-inverse method and temporal 
switching technique were utilised to generate a large focal area. 
First, a multiple-foci power pattern was synthesised by actuating 
the elements with designed amplitude and phase signals using 
the pseudo-inverse method (EBBINI and CAIN, 1989). Secondly, 
several multiple-foci power patterns were designed to steer the 
foci to different locations at the focal depth. Then, these 
multiple-foci power patterns were sequentially actuated in a 
circular pattern to scan the focal area at the focal depth (DAUM 
and HYNYNEN, 1998). 

The selected multiple-foci power pattern in our study was 
based on the design of Daum and Hynynen and is shown in 
Fig. 1, where the only difference is the restriction of the 
simultaneous foci number to four (compared with eight). The 
focal spacing in a single power pattern was at least 0.4 cm, which 
is suggested by FAN and HYNYNEN (1996) to reduce the 
constructive interference in the near field. The switching 
frequency between successive power patterns was set to be 
20 Hz in this study and was fast enough to reduce the tempera- 
ture fluctuation during scanning (DAUM and HYNYNEN, 1999). 
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The focal area was selected as a squared region located at 
z = 12 cm, the size of  which ranged from 0.4 × 0.4 to 2 × 2 cm 2 
with a 0.4 cm increment. After cyclically driving the multiple- 
foci power patterns, the focal area could be scanned by foci with 
a 0.2 cm focal spacing, which is enough to provide sufficient 
thermal dose accumulation between foci (DAMIANOU and 
HYNYNEN, 1993). 

2.3 Temperature and thermal dose calculation 

The tissue temperature response T was calculated using the 
well-known bio-heat transfer equation (PENNES, 1948) 

OT 
pc, ~ = k V 2 T  - wbcb(T -- T.~) + q (3) 

where ct and cb are the specific heats of  tissue and blood (both set 
to be 3770 Jkg- l °c -1 ) ,  k is the thermal conductivity of tissue 
(0.56 Wm-I°C-1) ,  wb is the blood perfusion rate, and T,r is the 
arterial blood temperature (37°C). This equation was solved 
using a numerical finite difference method (KOLIOS et al., 1995), 
with all boundary and initial conditions set to 37°C. The time 
step and the grid spacing in the x-, y- and z-directions were 
50 ms, 0.5 mm, 0.5 mm and 1 mm, respectively. 

The thermal dose TD, in terms of equivalent minutes at 43 °C, 
was used to estimate the necrosed tissue volume and was 
calculated using the following equation (DEWEY, 1994; 
PEARCE and THOMSEN, 1995; SAPARETO and DEWEY, 1984) 

it! Z R(T 43)At (4) TD = R (T 43)dt 
Jto t o 

where R = 2 for T >  43°C, R = 4 for 37°C < T<43°C, At is the 
time step, and to and ~-represent the initial and the final times, 
respectively. The TD value required for total necrosis ranges 
from 25 to 240 min for brain and muscle tissues, respectively 
(DAMIANOU et al., 1995; DEWEY, 1994). in this study, a value of 
TD = 240 min was chosen as the threshold for complete heating. 

2.4 Temperature required to reach thermal dose threshold 
and its application in thermal lesion control 

To investigate the feasibility of  controlling the thermal lesion 
using temperature information, the temperature elevation 
required to reach the thermal dose threshold was systematically 
analysed first. A 2D phased array was used to generate power 
patterns of  various focal areas. We focused the analysis on the 
pilot point position of the lesion, which is defined as the front 
boundary of the lesion, along the central z-axis. The reason was 
that the extension of the thermal lesion in the skin direction 
exhibits large variations when different levels of  power are 
applied (FAN and HYNYNEN, 1996). Moreover, monitoring the 
extension of thermal damage towards the skin to avoid the 'near 
field heating' problem is an important issue for external ultra- 
sonic heating (FAN and HYNYNEN, 1996; LIU et al., 2003). 
Possible factors affecting the required temperature include 
thermal lesion sizes, thermal conduction, blood perfusion rates 
and heating rates (high power-short duration or low power-long 
duration), and a complete analysis is given in Section 3.2. 

The required temperature level quantified in the preceding 
analysis was used to control the thermal lesion dimension. The 
overall control procedure included three steps. The first step was 
to set a pilot point at the front boundary of the target tumour 
along the central z-axis. The second step was to select a suitable 
power deposition, with the focal area large enough to cover the 
cross-sectional area of  the target tumour, by using the power 
synthesis method introduced in Section 2.3. The third step was to 
heat the tumour by delivering the selected power deposition with 
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the maximum allowable power, until the temperature elevation 
of the pilot point reached the set level. 

To demonstrate the control effect with consideration of non- 
linear thermal property change, the attenuation, absorption and 
blood perfusion rate were designated to be thermal dose- 
dependent. The change of the attenuation as a function of 
thermal dose was modelled according to KOLIOS et al. (1999), 
based on the experimental data of  DAMIANOU et al. (1995) 

~(x, y, z) = ~1 + (~2 - ~1) " l°gm° (TD) - 2 
7 - 2  ' 

~2 
logmo (TO(x, y, z)) <_ 2 

2 < log10 (TD(x, y, z)) _< 7 (5) 

log10 (TD(x, y, z))> 7 

where ~1=4.1 and ~ 2 = 9 N p m - l M H z  -1. The ultrasonic 
absorption was assumed to be 90% of the attenuation value 
(GERTNER et aL, 1997) throughout the entire temperature range. 
On the other hand, the blood perfusion rate was set to be a simple 
monotonic decrease with thermal dose, according to KOLIOS 
et al. (1999) 

Wbo 

w(x,y,z)= wbo. (l lOglo(TD(x,y,z))- 1 

0 

log10 (TD(x, y, z)) <_ 1 

1 < log10 (TD(x, y, z)) <_ 2.5 (6) 

log10 (TD(x, y, z)) > 2.5 

where Who is the initial blood perfusion rate. To solve (3) with 
consideration of non-linear tissue attenuation, absorption and 
blood perfusion change, the method described in PATANKAR 
(1980) was used. The free-field beam intensity was assumed not 
to be significantly distorted, and the attenuated beam could be 
calculated by integration of the attenuation coefficient over 
the axial distance traversed. The time and spatial grid were set 
to be identical to the above constant absorption and blood- 
perfusion cases, rather than the grid size being changed to 
accelerate the calculation used in KOLIOS et al. (1999). 

3 Results 

3.1 Verification o f  the accuracy o f  the theoretical model 

To verify the accuracy of the ultrasound thermal model, we 
compared our theoretical model with published experimental 
and simulated data for a 2D phased array system (DAUM and 
HYNYNEN, 1999). Their 2D ultrasound phased array contains 
256 elements with a driving frequency of 1.1 MHz. The diameter 
and the radius of curvature are 12 cm and 10 cm, respectively. 
The focal area produced in porcine thigh muscle is 1 × 1 cm 2 
(containing 24 totally temporally switched, scanned foci), and 
the focal depth is about 5 cm beneath the skin. 

Here, we repeated the same case using our theoretical model 
under the same conditions and compared the spatial distribution 
and the time response of the temperature with the reported 
experimental results. Figs 2a and b compare the measured and 
simulated temperature distributions at the end of sonication 
(t = 20 s), and Figs 2c and d compare the temperature responses 
at the focal depth and the pre-focal area. 

These Figures show that our simulation results were quite 
close to the published simulated data (maximum deviation <5°C 
in front of  the focal depth and <2°C at the focal depth) and 
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correlate well with the experimental data, both in spatial 
distribution and temporal response. In the temporal response, 
their reported and our simulated results both decay faster than the 
measured ones, especially in the pre-focal area shown in Fig. 2d. 
This can be caused by overestimation o f  the blood perfusion rate 
(1 kg m -3 s -1) in the simulation (DAUM and HYNYNEN, 1999). 

3.2 Analysis o f  temperature required to reach thermal 
dose threshold along power  transmission direction 

Before use o f  the temperature regulation o f  the pilot point to 
control the thermal lesion boundary, the effects o f  various 
conditions should be analysed. These consist o f  different 
thermal lesion sizes, blood perfusion rates and heating rates. 
To perform this, we simply monitored the elevated temperature 
at the pilot point o f  thermal lesion under different conditions and 
then recorded the results. 

3.2.1 Effect o f  different thermal lesion sizes: The first factor to 
be characterised was the thermal lesion size. Here, five power 
patterns were used, with focal areas from 0.4 x0.4 cm 2 to 
2 x 2 cm 2 generated by scanning 4-33 multiple foci patterns at 
a depth o f  z 12cm. Details o f  the settings are listed in 
Table 1. Fig. 3 shows the time-averaged absorbed power 
distributions of  the five settings, defined as the sum of  the 
scanned multiple-foci power distributions over the total power 
pattern number, and Fig. 4 shows the respective formed 
TD 240 min regions with maximum temperatures o f  65, 75 
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Table 1 Five power patterns with diffbrent focal widths from 0.4 
to 2cm. Total foci number--total driven ultrasonic foci at 12cm 
depth (multiple foci were driven simultaneously); total switched 
number--total switched number to drive overall uhrasonic foci; 
qmax -- maximum absorbed power density o f  power pattern at focal 
depth. Im~x - maximum instantaneous intensity at focal depth 

Power patterns A B C D E 

Focal width, cm 0.4 0.8 1.2 1.6 2.0 
Total foci number 9 25 49 81 121 
Total switched number 4 8 15 25 33 
q . . . .  Wcm 3 19.3 8.8 5.28 3.2 2.4 
Imax, Wcm 2 1000 1000 1000 1000 1000 

and 85°C under the blood perfusion rate o f  0.5 k g m  3s 1 ill 
the field. 

Fig. 5 shows three examples (power patterns A, C and E for 
reaching a maximum temperature of  75°C) o f  finding the 
temperatures required to reach TD = 240 min. The monitoring 
points were set at the front boundary o f  the lesion on the z-axis. 
Fig. 6 shows the required temperature as a function o f  focal width 
under different peak temperatures. Here, to consider the measured 
point position uncertainty in practical use, we observed the 
temperature needed to reach TD = 240 min at locations within 
a -4- 0.2 cm shift off the central z-axis, and the bars in the figures 
represent the range of  the variations, it shows that the temperature 
elevation decreases as the focal area of  the power pattern increases 
(from 53.8-4-2°C to 49.1-4-0.2°C, with the focal area from 
0.4 x 0.4 to 2 x 2 cm2). This is because the thermal conduction 
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effect is relatively strong when the focal area is small and can 
dissipate energy quickly, it also implies that, to form a smaller 
thermal lesion, the regulated temperature at the forward boundary 
o f  lesions will be higher than that for a larger lesion. 

Compared with the change in focal area, the effect o f  different 
heating durations was relatively small (within 2 ° C in most cases) 
and seems less critical. The influence of  the measured position 
shift was also small in most cases in Fig. 6. The bending that 
occurred in the case of  the 70°C maximum, as well as occasional 
crossing between curves may be caused by the positional 
uncertainty associated with each case, which can result in 
various indentations of  the different power patterns. 

3.2.2 Ef fec t  o f  di f ferent  b lood  p e r f u s i o n  rates." The above 
results show that the temperature elevation at the target 

point can be changed under different thermal lesion sizes 
(especially changing the scanned focal area) owing to the 
various influences o f  the thermal conduction effect. Besides 
the thermal conduction effect, the blood perfusion change is 
another important factor. To investigate its influence the value 
o f  the blood perfusion rate was changed from 0.5 to 
10 kg m 3s 1 while the maximum temperature was kept at 
80°C. The variation o f  the required temperature to reach 
TD 240 min at the front boundary o f  the thermal lesions is 
shown in Fig. 7. 

As the scanned focal area became small, the required tempera- 
ture elevation was found to vary only slightly and remained high 
(53.8 -4- 0.6°C for different blood perfusion rates). However, as 
the scanned focal area became large, the required temperatures 
became a monotonic function o f  the blood perfusion rate. This can 
be explained, in the case o f  a large focal area, by the thennal 
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conduction not being very strong, so that the blood perfusion 
becomes the major factor affecting the temperature elevation. 
This observation is consistent with the conclusions in our pre- 
vious works (LIN et al., 2001; LIU et al., 2003). 

3.2.3 Effect o f  different heating rates: The above results show 
that the thermal conduction and the blood perfusion dominate 
the temperature required to reach TD 240 min alternately, 
when the focal area is varied from small to large. However, the 
validity of this characteristic under different heating rates 
should be verified (for example, in a high-power, short- 
duration mode compared with a low-power, long-duration 
mode). 
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Temperature required to reach TD = 240 min at front bound- 
ary o f  thermal lesion as function o f  Jbcal area under diffbrent 
peak temperatures. Bars" represent range o f  variation under 
measured position shift along x-y-direction (up to ± 0.2 cm). 
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Temperatures" required to reach TD = 240 min at front bound- 
aries" of  thermal lesions as function o f  focal area under 
diffbrent blood perfusion rates" from 0.5 to lOkgm Ss z. 
Bars" represent range of  variation under measured position 
shift along x-y-direction (up to ±0.2cm); w e = (  . . . . .  .) 
0.5kgm 3s" z; (___) 2kgm S s z; (_ . ._ )  5kgm S s 1; 
(--) lOkgm Ss z. Maximum temperature=80°C 

To perform this test, absorbed power densities were varied 
from 2.4 to 19.2Wcm -3, and heating durations were varied 
from 120 to 15 s, while the absorbed energy density was 
kept fixed without exceeding the threshold for transient cavita- 
tion (bubble expansion and violent collapse caused by high 
ultrasonic intensity, typically at a threshold of 1000 W cm 
under the frequency used). Power patterns B and D were used to 
represent the power patterns of small and large scanned focal 
areas, respectively. 

Results are shown in Figs 8a and b. in the results for pattern B, 
the thermal conduction effect is still the major factor, as the 
temperature elevation does not alter when the blood perfusion 
rate is varied. On the other hand, in the results for pattern D, 
the temperature elevation behaves as a monotonic function 
of the blood perfusion rate, showing that the blood perfusion 
is the major factor. The required temperature elevation is found 
to be nearly independent of different heating strategies, giving 
the same conclusion presented in Section 3.2.2. 

3.3 Control examples 

From the results of Figs 7 and 8, it can be observed that, for 
small lesions, the temperature required to achieve the thermal 
dose threshold in the case of a small focal area was about 52.5 °C. 
in the large focal area case, the required temperature ranged from 
49 to 52.5°C when the blood perfusion rate changed. Hence, to 
insure complete necrosis of the target mmours and to simplify 
the control procedure, the elevated temperature at the front 
boundary of the target region was controlled to reach 52.5°C. 

in the following, we show the control results under two 
conditions. The first was for tumours that are of rectangular 
shape and similar to the thermal lesions of single exposure. The 
second was for mmours that are not rectangular in shape, in this 
part of the simulations, non-constancy of the thermal property 
was taken into account. The attenuation and absorption coeffi- 
cients in the simulated field were varied according to the 
relationship of (5), and the blood perfusion rates in the field 
were also altered according to the relationship of (6). 

3.3.1 Tumours coverable by single thermal lesions." in the first 
condition, three target tumours (all centred at z 12 cm), with 
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Temperatures" required to reach TD = 240 min at front bound- 
aries" of  thermal lesion as function o f  heating strategy 
(absorbed energy density fixed) under diffbrent blood perfu- 
sion rates" while using (a) power pattern B and (b) power 
pattern D. Bars" represent range of  variation under measured 
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w e = (  . . . . . .  ) 0.5kgm S s z; ( __ )  2kgm S s z; ( _ . . _ )  
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lengths of  1, 2 and 4 c m  and widths o f  0.5, 1 and 2cm,  
respectively, were assumed to demonstrate the case that 
tumours can be covered by single thermal lesions. Meanwhile, 
different initial blood perfusion rates Wb0 of  0.5, 5 and 
1 0 k g m  3s 1 were assigned. 

To meet the cross-sectional areas o f  the designed target 
regions for these three cases, power patterns A, B and E were 
selected, according to the lesion estimation from Figs 3 and 4. 
The positions of  the pilot points for these three cases were set to 
11.5, 11 and 10cm along the central z-axis. The regulated 
temperatures at these points were all set at 52.5°C. Fig. 9 
shows the respective temperature and thermal dose responses 
at the set pilot points, and the resulting thermal dose distributions 
are shown in Fig. 10. 

it can be seen that, if power pattern A is delivered, this scheme 
offers a precise thermal dose estimation to reach TD = 240 min. 
The temperature build-ups and decays are faster than in other 
cases and are also insensitive to different initial blood perfusion 
rates. The thermal lesions can be precisely controlled and 
indicated by the pilot point positions. 
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Temperature and thermal dose responses o f  designated pilot 
point ( z= l l . 5 ,  11 and lOcm along z-axis) while power 
patterns (a) A, (b) B and (c) E are delivered under diffbrent 
who=(  . . . . . .  ) 0.5, ( - - - )  5 and (--) lOkgm Ss z. Con- 
trolled temperatures" at designated pilot points" for all cases 
are set to 52.5°C. A: z =  l l .5cm;  B: z =  l l  cm; E: z =  lOcm 

For the case of  larger power patterns B and E, the temperature 
build-up and decay were relatively slow. The accumulated 
thermal dose values exceeded TD = 240min and were more 
sensitive to blood perfusion rates, as shown in Fig. 10. However, 
the estimated position errors to reach TD = 240 min were still 
small and within 2 mm. An exception occurred in the large cross- 
sectional area case under a low blood perfusion rate (about 
0 .4cm in front extension). This is because the regulated 
temperature o f  52.5°C for pattern E was relatively higher than 
the required level (compared with 49°C), and the effect of  blood 
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sub-region's central axis. Between the heating of  two different 
sub-regions, a cooling time interval was introduced to let the 
temperatures in the field all decay to below 43°C and prevent 
near-field overheating caused by thermal dose accumulation 
(LIN et al., 2001). 

The heating sequence of  the four sub-regions, shown in 
Fig. 11, was designed to be able to dissipate the heat energy 
more easily and to shorten the introduced cooling time interval 
(LIN et al., 2001). Fig. 11 shows the two generated thermal 
lesions, and the respective temperature and thermal dose 
responses of  the pilot point are shown in Fig. 12. The generated 
lesions both conformed well to the target regions, and the 
forward lesion boundaries of  both cases were both precisely 
controlled by these pilot points. 

Fig. 12 shows that the temperature of  each pilot point was 
raised to 52.5°C in sequence, and the cumulative thermal dose 
values of  the four positions were identical. This means that 
the cooling period selected to decay the pilot-point temperature 
below 43°C can effectively avoid the thermal damage extension 
towards the skin. 
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Thermal lesions generated with diffbrent power patterns" (,4, 
B and E) and diffbrent blood perfusion rates (0.5, 5 and 
lOkgm 3 s 1) by raising temperature of  pilot points to 
reach 52.5°C. Contours" show regions o f  thermal dose 
higher than 10, 100 and 240min, and to, represents" expo- 
sure time 

perfusion is more apparent in larger thermal lesion cases 
according to the former analysis. 

The maximum temperatures throughout the controlled cases 
were all below 80°C. The maximum attenuation of  
9 N p m - l M H z  -1 and zero blood perfusion rates could be 
reached around the focal regions. Another observation from 
Fig. 10 is that the centre of  the generated lesions shifts towards 
the skin apparently as the lesion extends. 

4 Discussions 

4.1 Significance o f  this study 

in this study, the temperature level required to determine 
the thermal lesion boundary was quantified to satisfy most 
heating conditions and this was also utilised to control the 
thermal lesion by regulating the temperature of  a set pilot 
point. The thermal lesions could be precisely controlled in 
most cases. Moreover compared with the comprehensive 
model prediction control method, this study offers a simple 
and easy-to-implement structure to provide closed-loop 
thermal lesion control. 

pattern B 

i1 ........... i ....................... i ........... 
o A  .. . . . . . . . . .  . . . . . . . . . . .  

11 ............................................... 

4 

pattern E 

a b 

14- 
3.3.2 Tumours that cannot be covered by single thermal 
lesions." The second condition was for tumours that cannot ~12- 
be covered by single thermal lesions. To perform this treat- 
ment, the target region can be divided into several smaller sub- 
regions and then heated sequentially. Here, two cubic regions 10- 
of  2 x 2 x 2 and 4 x 4 x 4 cm 3, with centres at about z 12 cm, 
were regarded as the target regions. These two regions were 8 
both divided into four sub-regions, each with volumes of  
1 x 1 x 2 and 2 x 2 x 4 cm 3 (longer in the z-direction), respec- 
tively. The power patterns B and E in Table 1 were used to 
heat the sub-regions. Fig. 11 

For each case, four pilot points were set to control the thermal 
lesion extension within each sub-region, and the regulated 
temperatures were all set to 52.5°C. To cover the target region 
as completely as possible, the pilot points were set 0.2 cm 
shallower than the target region boundary located on each 
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about 49-51°C after comparison with the thermal dose 240 min 
contours and the temperature distributions at the end of the heating 
session. This is also consistent with our observation. 

On the other hand, ARORA et al. (2002) proposed a model 
predictive control structure to control the accumtflated thermal 
dose reaching the hyperthermic level about T D : 3 0 - 4 0 m i n .  
From observation of their controlled cases, the temperature at 
the control point tends to be maintained at a consistent value 
of about 45°C for a period of about 10min. To transfer this 
to reach our treatment requirement of 240 min within 0.5-1 min 
of the heating period for a small lesion, a rough estimation of 
temperature increment using (4) is about 6-7°C (i.e. 51-52°C). 
Although our heating scenario differs from their approach 
(on-and-offcompared with the maintaining of a fixed temperature 
level), it still shows a similar conclusion to generate the required 
temperature level to determine the thermal lesion boundary. 
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Temperature and thermal dose responses at designated pilot 
points, located at z = 10. 8 cm and 9.8 cm, and ahead o f  each 
sub-region in case o f  2 x 2 x 2 and 4 x 4 x 4 cm 3 treatment 
regions, respectively. Initial blood perfusion rates who in 
both cases are set to 5 kgm 3s s, and regulated tempera- 
tures are set to 52.5°C. (a) pattern B; (b) pattern E 

4.2 Comparison with f o r m e r  studies o f  temperatures 
required to discriminate the lesion boundary 

Quantifying the critical temperature to form the thermal lesion 
boundary is important, as the necrosed region can be directly 
estimated through temperature monitoring rather than a compre- 
hensive thermal dose prediction. This study shows that the 
required temperature to reach TD----240min is about 52.5°C 
for small focal area lesions (about 4 mm in width) and becomes a 
monotonic function of blood perfusion rate (ranging from 49 to 
52.5°C for wb = 0.5-10 k g m  -3 s -1, according to Fig. 8). 

In the small lesion case, GRAHAM et al. (1999) used a 
spherical transducer to induce thermal lesions 3-4 mm wide 
and used an MR thermometry technique to perform temperature 
acquisition. The reported optimum discriminated temperatures 
for the necrosed region are about 53 -4- 2°C and 54 -4- 2°C in liver 
and kidney, respectively, which are very close to our proposed 
value in the small thermal lesion case. 

For a larger thermal lesion case, DAUM and HYNYNEN (1999) 
showed that a 2D phased array can effectively induce a large 
thermal lesion over 1 × 1 cm 2 of cross-sectional area in porcine 
thigh muscle (wb = 0.5-1 k g m  -3 s-l),  which was verified both 
using the MR image and MR thermometry. The temperature 
required at the forward boundary of the lesion was found to be 
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4.3 Changes o f  attenuation as a funct ion  o f  temperature 

In this study, to simplify the analysis of  the temperature level 
required to reach the thermal dose threshold, a constant attenua- 
tion and blood perfusion model was used. Then, the temperature- 
dependent changes of the parameters were considered in the 
control examples to show the validity and effectiveness of  the 
control scheme in more realistic conditions. Results showed that 
the thermal lesions can be still controlled precisely in most cases, 
according to the linear thermal model analysis. 

A previous study shows that, at 65°C, the ultrasound attenuation 
coefficient has a 100% maximum increment in muscle tissue, and 
about a 90% increment in liver and kidney tissue (DAMIANOU et 
al., 1997). However, it was also found that there is no attenuation 
increment until the heating temperature reaches 55°C, which is 
proposed in ex vivo muscle, kidney and liver tissues (DAMIANOU et 
al., 1997; WORTHINGTON and SHERAR, 2001; GERNTER et al., 
1997). A reasonable explanation of the high control precision in 
the non-linear thermal model is that the regulated temperature at 
the pilot point is only 52.5°C and is not high enough to induce a 
noticeable attenuation change. 

Even though there is little influence at the pilot point, it should 
be also noticed that the maximum temperature cannot reach 
the tissue boiling temperature of  100°C. The reason is that the 
bubble or cavity induced by the boiling effect would largely 
scatter and block the ultrasonic energy and may induce unex- 
pected lesion formations, such as the significant 'lesion shifting 
effect' or 'tadpole-like lesions' (MEANEY et al., 2000; CHEN 
et al., 2003). 

In Our test, the maximum temperature evaluated with the non- 
linear thermal model was about 5-10°C higher than the value 
predicted by the linear thermal model, and the maximum 
temperatures in the field were all below 80°C and were still 
safe from tissue boiling. However, it was also found that the 
temperatures increase very fast when the assigned pilot-point 
position moves towards the skin to extend the lesion dimension. 
To avoid building up an unacceptable maximum temperature, 
the range of the pilot point position should be limited. For 
example, in our own tests, delivering pattern A and setting the 
pilot point from 0.5 to 1.5 cm (i.e. lesions of about 1-3 cm in 
length) were found to be satisfactory. 

4.4 Potential errors f o r  this scheme and solutions 

The proposed thermal dose control scheme can be used to 
control precisely the thermal lesion boundary in most cases 
while using a fixed reference temperature level. However, in this 
scheme, there still exist controlled errors resulting from two 
causes: one is the simplified regulated temperature setting of 
52.5 ° C, and the other is the temperature measuring error inherent 
in the thermometry system. 
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First, a simplified, regulated temperature of  52.5°C is suitable 
when treating a small region but could be slightly higher for a 
larger region, especially for a low blood perfusion condition. 
This results in an overestimation of  the formed thermal lesion 
length. To solve this, the controlled temperature elevation can be 
altered to fit different blood perfusion rates, based on the results 
o f  Figs 7 and 8. This can provide a more accurate temperature 
elevation and forms more accurate lesions to conform to the 
target boundaries. 

The influence of  the temperature-measurement error is another 
concern. Nowadays, MR thermometry is a promising technique 
to measure temperature non-invasively. However, the reported 
temperature measurement error can be up to -4- 3°C (GRAHAM et 
al., 1999), and the sampling time for one image frame cannot be 
truly real time (4-7 s) (HHYNYNEN et al., 1999; 2003). This delay 
in temperature measurement may decrease the control precision 
significantly. One alternative is to use the thermocouple to 
perform the temperature acquisition. The advantage is that the 
precision is much higher than in MR thermometry (less than 
-4-0.2°C) (HYNYNEN and EDWARDS, 1989), and it is quite 
suitable for this proposed single point control structure. 
However, to avoid viscous heating by the thermocouple during 
heating, the heating power should be turned off(about  a period of  
2-3 s) (HYNYNEN and EDWARDS, 1989) during the measurement 
interval. The discontinuous nature of  the monitored temperature 
response may also possibly decrease the precision of  the control; 
however, some interpolation algorithms can be added to smooth 
out this acquired temperature response. 

4.5 Extension towards 3D thermal lesion volume estimation 

The proposed pilot point temperature regulation scheme is 
based on a simple temperature feedback to determine the thermal 
lesion dimensions. This offers a great advantage to reduce the 
temperature monitoring points and is easily implemented in inva- 
sive thelmometry systems, for example, using thermocouples. 

When this method is extended to control the entire thermal 
lesion volume, multiple temperature monitoring points should 
be set at the boundary of  the target region, and the same 
temperature regulation scheme should be applied for each 
point. Among these monitoring positions, the ones along the 
cross-sectional direction and power transmission direction are 
both critical and should be monitored. 

in our tests, the 52.5°C temperature contour could had a better 
determination at the forward and backward boundary, but had an 
overestimation along the cross-sectional direction. The reason is 
that the power gradient along the cross-sectional direction is 
rather higher than that along the power transmission direction. 
The thermal conduction, hence, takes away heat much faster, 
and a higher temperature to reach TD = 240 min is required 
(higher than the 54°C from our test). 

in our previous study to optimise the power deposition during 
thermal therapy (LINet al., 2001), the ideal power pattern was 
set, which is uniformly distributed inside a cubic region with a 
sharp power gradient on the cubic boundary. The required 
temperature elevation for a 1 cm cubic case was found to be 
about 55°C, and this matches well with our observation here. 
Therefore to perform a 3D thermal lesion control, it seems a 
possible approach to set the regulated temperature along the 
power transmission direction to 52.5°C, while setting it to 55°C 
along the cross-sectional direction. 

5 Conclusions 

Pilot point temperature regulation for thermal lesion control in 
ultrasound thermal therapy is proposed in this paper. Compared 
with existing open-loop treatment planning, this strategy utilises 
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the temperature feedback of  a certain pilot point to provide 
closed-loop control on the formation of  the thermal lesion. The 
simulation results show excellent control accuracy in lesion 
formation in most cases. The proposed method transforms the 
thermal dose control problem into a temperature regulation one, 
which is much easier to handle and will prove to be more 
effective in clinical treatments. 
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