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Thermal Dose Optimization Via Temporal
Switching in Ultrasound Surgery

Douglas R. Daum and Kullervo Hynynen

Abstract—Temporal switching has been simulated and
implemented in vivo experiments as a method to optimize
thermal dose in ultrasound surgery. By optimizing the ther-
mal dose over a tissue volume, the peak temperature is de-
creased, less average power is expended, and overall treat-
ment time is shortened. To test this hypothesis, a 16 ele-
ment, spherically sectioned array has been constructed for
application in ultrasound surgery guided by magnetic res-
onance imaging. A simulation study for the array was per-
formed to determine an optimal treatment from a set of
multiple focus fields. These fields were generated using the
mode scanning technique with power levels determined nu-
merically using a direct weighted gradient search in the
attempt to create an optimally uniform thermal dose over
a 0.6 X 0.6 X 1.0 cm® tissue volume. Comparisons of the
switched fields and a static multiple focus field indicate
that the switching technique can lower power requirements
and decrease treatment time by 20%. More importantly,
the peak temperature of the sonication was lowered 13°C,
thus decreasing the possibility of cavitation. The simulated
results of the 16 element array were then experimentally
tested using MRI to noninvasively monitor temperature el-
evations and predict lesion size in rabbit thigh muscle in
vivo. In addition, the results show that the switching tech-
nique can be less sensitive to tissue inhomogeneities than
static field sonication while creating contiguous necrosis re-
gions at equal average powers.

I. INTRODUCTION

HERAPEUTIC phased array ultrasound transducers are
T advantageous in the treatment of large tumors because
they are capable of generating larger lesions than their
non-phased counterparts [1]-[5]. The creation of these le-
sions is possible through the use of multiple focus intensity
patterns which distribute power and create temperature
elevations over regions much larger than those from a sin-
gle spot focus. For multiple focus therapy to be successful,
however, care must be taken to reduce near field heating
[3], [6], [7] and secondary temperature elevations [2]. An
earlier study demonstrated that the rate limiting factors to
necrose large tumors include both the deposition of power
in the tumor volume and the cooling period necessary be-
tween sonications [3]. If proper cooling times are not used,
sequential sonications could damage prefocal tissue [4]-[7]
or be blocked by thermally induced cavitation between the
transducer and the tumor volume [7]-[10]. Thus, although
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multiple focus patterns have been shown to yield faster
necrosis rates than single focus sonications, the phased ar-
ray treatments may still require extensive cooling times to
produce a continuous necrosed tissue volume [5], [11].

To shorten the treatment duration and improve perfor-
mance of phased array ultrasound surgery, this research
investigates a method to rapidly switch between multiple
focus patterns such that the thermal response of the array
is more uniform, thus lowering peak temperatures using
less average acoustic output power. This technique is sim-
ilar to the temporal switching simulated for hyperthermia
treatment [12], [13], but differs in several key aspects. First,
this switching technique is designed for the short duration
sonications required in ultrasound surgery. Therefore, an
important consideration for implementing this technique
is the rate at which the patterns are switched. Second, the
primary goal of this research is to increase the tissue treat-
ment volume rate without producing undesirable thera-
peutic conditions. These conditions include excessively el-
evated temperatures in the tissue and high transducer out-
put power. Third, while previous research has simulated
and tested temporal switching in a water bath, this re-
search experimentally tests a temporal switching technique
in vivo for ultrasound surgery using temperature sensi-
tive mapping provided by noninvasive magnetic resonance
imaging (MRI) [15].

II. METHODS AND MATERIALS
A. Phased Array Design

A spherically sectioned array introduced by Ebbini and
Cain [16] and similar to the one described by Fan and
Hynynen [3] was designed and constructed for application
in MRI guided surgery (Fig. 1). The array had 16 elements,
was sectioned from a single PZT-4 polycrystal, and was
matched to 50 € near its resonance at 1.64 MHz using
simple inductor-capacitor circuitry. The array was powered
by a newly constructed phased array driving system with
8-bit phase resolution and self leveling 0-60 W/channel
power control.

B. Acoustic Measurements

The elements yielded acoustical efficiencies ranging
from 70% to 80% at 2.5 to 3.5 W/cm? as measured by
a radiation force technique [17]. Beam plots in a water
bath were measured using a thermistor with a 0.25 mm
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Fig. 1. Spherically shaped square element array geometry.

silicone bead or by using a 0.5 mm hydrophone (NTR,
Seattle, WA).

C. Numerical Simulation

Throughout this research, ultrasound fields were sim-
ulated using the Rayleigh-Sommerfeld integral over a set
of geometrically superimposed point sources as described
by Zemanck [18]. The temperature elevations were calcu-
lated numerically using the Pennes bio-heat transfer equa-
tion [19], and the dose distributions were calculated from
a numerical integration of the Sapareto and Dewey model
[20]. In all simulations, the spatial resolution was at least
0.25 mm in the transverse axis and 0.50 mm in the longi-
tudinal axis and the temporal resolution was smaller than
0.02 s. All calculations were performed on a multiprocessor
IBM PVS computer.

D. Optimization Routine

The goal of the optimization routine was to create a
uniform dose over a region of interest during a single soni-
cation time period. To accomplish this, six patterns which
covered the possible region of sonication for the given array
geometry were chosen as inputs to the power optimiza-
tion routine (Fig. 2). The driving signals for these pat-
terns were calculated using the mode scanning technique
which reduces near field heating by causing destructive
interference along different axial planes of the transducer
[1], [12], [21]. For example, pattern (b) of Fig. 2 was cre-
ated by driving all of the elements with equal amounts of
power, but by varying their phases with rotational sym-
metry. In this case, the center 4 elements (clockwise) are
driven with phases of {0°,90°,180°,270°} while the outer
12 elements (also clockwise) are driven with 30° increments
{0°,30°,...,270°,330°}. This creates a destructive field
pattern on the longitudinal axis of the array because el-
ements opposite from each other are driven out of phase.
Other patterns are created by varying the phase increment
in the rotation or by adjusting the element phases across
any axis to create destructive interference (see Table I for
the phase distributions of the patterns in Fig. 2). This tech-
nique has been shown to decrease the required treatment
time for a single sonication of a multiple focus pattern as
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Fig. 2. Simulated fields for optimization generated using the mode
scanning technique [21].

TABLE I
THE ELEMENT PHASES (IN DEGREES) USED TO CREATE THE FIELD
PATTERNS FOUND IN FIG. 2 (SEE FIG. 1 FOR ELEMENT NUMBERING).

Element (Fig. 1) (a) (b) (¢) (d) (e) ()

1 0 90 0 0 0 180
2 0 120 180 270 270 180
3 0 150 0 90 0 0
4 0 180 180 180 270 0
5 0 60 180 90 90 180
6 0 90 0 180 180 180
7 0 180 180 0 90 0
8 0 210 0 270 180 0
9 0 30 0 270 0 0
10 0 0 180 0 270 0
11 0 270 0 180 0 180
12 0 240 180 90 270 180
13 0 0 180 180 90 0
14 0 330 0 90 180 0
15 0 300 180 270 90 180
16 0 270 0 0 180 180




210

w ——)

Fig. 3. Switching technique diagram. On the left are the pressure
plots for the six input patterns. The power levels for these patterns
(P1-P6) are determined through a gradient optimization and rapid
switching is then used to create an effective field as seen on the right.

compared to other methods of pattern synthesis [11]. The
patterns were selected so there was a distribution of foci
throughout the proposed treatment volume without exten-
sive sidelobes (greater than 10% of desired foci) outside of
the three dimensional region of interest.

Fig. 3 illustrates how the six patterns were used in the
switching technique. Basically, the driving signals rapidly
changed between the six input fields to imitate a con-
tinuous wave (CW) signal with more uniformly dispersed
power in the region of interest. The power levels for each
individual field (P1-P6) were determined using a direct-
weighted gradient search routine (50 iterations) [22] to find
the “global” minimum of a mean-squared cost function
comparing the simulated dose (Dgjy) to a uniform ther-
mal dose (Digeal) over a region (V) slightly larger than
the power deposition patterns.

Cy - \/ [ (Dinte.9.2) = Duscate .22 .

In this case the region had a volume of 0.6 x 0.6 x 1.0 cm?.
The ideal thermal dose of 5000 equivalent minutes at 43°C
was chosen so the threshold value for tissue necrosis (240
equivalent minutes) [20] was exceeded by a factor of 20,
thus reducing the chance of nonnecrosed tissue within the
region of interest. The switched sonication duration was
set at 10 seconds so the simulations matched the time nec-
essary for the MRI to gather several temperature images
during the heating cycle (longer sonications were avoided
to decrease perfusion dependence [23]). Several minutes
passed between consecutive sonications to avoid any ef-
fects of near field heating.

E. Switching Rate

Theoretical simulations were performed to find the ef-
fect of switching rate on the effective dose distribution. To
accomplish this task, the dose field was calculated for a
10 second sonication which consisted of various switching
cycle times ranging from 50 to 900 ms for six and for three
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input fields (the cycle time is defined as the time to cycle
through all of the input fields once). The results of the
simulation were then compared to a simulation which had
as its input an arithmetically averaged power deposition
pattern which was created by directly weighting the pre-
viously cycled input fields. The goal of this study was to
find the theoretical effect of the hardware switching limi-
tation speed on the generation of an effective continuous
wave field.

F. Experimental Set Up Using MRI Thermometry

The phased array was placed in a submerged 3-
dimensional positioning system within a clinical 1.5 T
Signa MRI (both GE Medical Systems, Milwaukee, WI)
for sonication on the thigh muscle of four New Zealand
white rabbits in vivo [25]. For each rabbit, the thigh
was situated at the natural focus of the array and a se-
ries of higher power sonications both with and without
pattern switching were performed while obtaining tem-
perature sensitive images [15], [24]. These images used a
fast spoiled gradient echo sequence with repetition time
TR = 26.1 ms, echo time TE = 12.8 ms, flip angle = 30°,
bandwidth = 7.2 kHz, resolution 128 x 256, field of view
FOV = 16 cm, and slice thickness = 3 mm. The time to
obtain a single temperature image was 3.3 seconds and
some temperature elevation occurred during data acquisi-
tion. The time sequence of images included a single image
taken presonication, three images during the 10 second
heating, and six images during the 20 second postsonica-
tion cooling period. After the temperature sensitive images
were obtained, proton density and T2 weighted images
(fast spin echo sequence with TR = 2000 ms, TE = 17
and 68 ms, echo train length = 8 FOV = 16 cm, slice
thickness = 3 mm) were taken to demarcate the lesion
areas and evaluate treatment execution.

III. RESULTS

A. Simulation and Water Scanned
Comparison of Array Fields

Phased array operation was initially tested by scanning
the transducer in a water bath. Fig. 4 compares a few of the
theoretical and experimental scans. The four foci pattern
which forms a box in the focal plane demonstrates the off-
axis spatial limits of power deposition for this given array
geometry; therefore, outlining the maximum volume which
can be necrosed without physically moving the transducer.
Discrepancies in the focal width between the simulated
and scanned results may be attributed to transducer el-
ement misalignment and the relatively large thermistor
cross-section (0.25 mm). The temporal switching opera-
tion of the hardware was confirmed by slowly switching
between the different multiple focus fields with the focal
plane of the transducer located at the surface of the water
bath.
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Fig. 4. Simulated and water scanned fields for 16 element phased
array (a, c, e theoretical; b, d, f experimental).

TABLE II
OPTIMIZED SWITCHING POWER LEVELS.

Acoustic pattern:  Optimized power

Fig. 2 (W)
(a) 3
(b) 1
(c) 99
(d) 83
(e) 46
(f) 1

B. Optimization Results

The optimized power levels for the six patterns in Fig. 2
are listed in Table II. There are two main results of the
optimization. First, the optimized power levels for each
field did not directly correspond to the number of foci of
that given field. This is due to an uneven overlap between
the temperature and dose responses to the different power
deposition fields. Second, the optimal driving powers for
three of the patterns {c,d, e} were much larger than the
other three patterns {a, b, f} such that the less substantial
patterns could be eliminated.
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Fig. 5. Normalized mean square error plots for cycle times compar-
ing the temporally switched “effective” field to the theoretical fields
produced by an input field formed by arithmetically averaging the
three or six input fields, respectively. The error was normalized by
dividing it by the optimal dose level.

From a practical standpoint, reducing the number of
switched fields is advantageous because there is a limita-
tion on how fast the hardware can toggle between various
phase and power patterns: 10 Hz was the limitation switch-
ing speed of the system used in this research (the minimum
sonication time per field was 100 ms). In order to create
an “effective” field which represents an arithmetic average
of temporally switched fields as if the field were CW, the
switching frequency must become very fast as the number
of fields increases (see Fig. 5). For example, to avoid large
errors between the “effective” dose response produced by
temporal switching and the theoretical dose response from
the average of the six input fields, the fields must be cycled
faster than 600 ms (the cycle time is defined as the time to
cycle through all of the input fields once). This exceeds the
switching rate of the hardware. The three fields, however,
require a cycle time below the hardware limitation.

The simulated thermal dose for the optimized switching
pattern and a non-switched pattern [pattern (c) of Fig. 2]
of the same average power is found in Fig. 6. It is clear
from the simulation that the nonswitched pattern yields
much higher peaks and lower dips in thermal dose within
the region of interest. One can also see that the switch-
ing technique should create a contiguous lesion while the
nonswitched foci of the same power would leave a cen-
ter volume of nonnecrosed tissue—an undesirable feature
when treating a large volume tumor. In order to create a
completely necrosed region using a simple four focus pat-
tern, the power and postsonication wait duration must be
increased more than 20% as listed in Table III.

Simulations with varying biological parameters tested
the switching technique under higher perfusion and tis-
sue inhomogeneities. First, the simulated perfusion was
increased from 1 kg/m3s to 10 kg/m3s. For a static soni-
cation of 49 W, the dose at its center decreased from 265
equivalent minutes at 43°C to 90 equivalent minutes, indi-
cating that even more power would be necessary to cause
a continuous necrosis (Fig. 7). The center dose of the 38 W
switching technique also dropped but the complete volume
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TABLE III

COMPARISON OF SWITCHED VS. NONSWITCHED FIELDS TO PRODUCE A CONTINUOUS LESION OF 240 EQUIVALENT MINUTES DOSE AT 43°C.

Non-switched pattern (b)

Switched pattern

Average power 49 W 38 W
Treatment duration 71s 59 s
Peak temperature 71°C 58°C
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Fig. 6. Optimization results of simulated dose across the focal axis. Homogeneous Inhomogeneous

The four lines correspond to the thermal dose delivered using a simple
four focus pattern at 38 W (dashed), a four focus pattern at 49 W
(dotted), a switched pattern at 38 W using all 6 fields (solid), and
a switched pattern at 38 W using the three most significant fields
(solid).
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Fig. 7. High perfusion simulation results (10 kg/m3s vs. 1 kg/m3s in
Fig. 6). The 49 W static sonication (dotted) dips below the necrosis
threshold while the 38 W switched sonication (solid) still creates a
continuous necrosis region.

Fig. 8. Comparison of homogeneous tissue and homogenous tissue
with a small section of 80% SAR at lower left foci. Contour lines
correspond to dose of 15, 60, and 240 minutes for 38 W average
sonications.

still exceeded the 240 minute threshold (also Fig. 7). Sec-
ond, inhomogeneous tissue was modeled by creating a low
absorption area (80% absorption as compared to rest of
tissue) with a cross-section of 0.75 x 0.75 mm at the lo-
cation of one of the foci for the static and switched fields.
The cross axial dose contours are graphed in Fig. 8. The
switched contour exhibits a small decrease on the outer
corner of the necrosed region while the nonswitched necro-
sis experiences a dip in thermal dose within its outer bor-
ders.

C. MRI Ezxperimental Results

Fig. 9 contains the temperature contour plots experi-
mentally obtained using MRI through the focal plane of a
switched sequence sonication and a single four focus son-
ication [pattern (c) of Fig. 2] of the same average power
(76 W). One can see from the two plots that the tempera-
ture distribution is more uniform for the switched pattern
than for the simple four focus pattern. Specifically, the cen-
ter of the four focus pattern was thermally “filled in” by
switching between multiple focus patterns instead of rely-
ing on thermal conduction from the four distant outer foci.
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perature increases) measured using MRI.

Fig. 10. Proton density weighted image of thermal necrosis caused
by (a) single four focus pattern and (b) switched focus pattern across
axis.

Both sonications yielded continuous lesions as determined
in postsonication images (Fig. 10).

To show that the switched fields could produce contin-
uous lesions at lower powers than a simple multiple focus
pattern, a second set of 10 second sonications at 68 W
were performed. Fig. 11 was obtained after these lower
power sonications. Note that the switched pattern com-
pletely coagulated the treatment volume while the multi-
ple focus pattern left an unaffected region in its center.
This response may be better explained by considering the
temperature profiles across the sonication regions during
treatment (Fig. 12). The switched pattern yielded a more
uniform temperature distribution and overall lower peak
temperature than the single multiple focus pattern as seen
in simulations.
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Fig. 11. Proton density weighted image of lesions produced using
68 W average power: (a) switched pattern lesion and (b) nonswitched
pattern lesion.

IV. DISCUSSION

The main goal of this research is to use pretreatment op-
timization to improve and experimentally implement the
use of temporal switching for a phased array. As a part
of this goal, this research presents the first quantitatively
measured implementation of a temporally switched ultra-
sound surgery treatment in vivo. Unlike previous switch-
ing techniques, this research did not implement temporal
switching only to increase the effective focal volume of an
array, but also to improve the treatment conditions such
as cooling duration, average power, and peak temperature.
The simulation and in vivo results indicate that this goal
can be accomplished: temporally switched fields can de-
crease peak temperature and create regions of necrosis at
lower average powers than nonswitched fields.

A second advantage of optimizing power among a set
of deposition patterns is to reveal those patterns which
have the greatest effect on the thermal dose delivered to a
given volume. By indicating fields which have lesser effects,
a smaller set of fields can be implemented such that the
required switching rates are not excessively fast. As is ex-
pected, an “average” or effective field can be produced at
lower switching rates when fewer fields are used. A switch-
ing frequency of 10 Hz was fast enough to produce an ef-
fective average field as described in [13] for three fields but
not for six. Therefore, given the hardware limitation, it is
preferable to switch between the smaller number of fields
as long as the deletion of fields from the larger set does
not cause a drastic deviation from the ideal dose response
of the complete set.

A third advantage to pretreatment optimization is the
indication of power levels that are not necessarily depen-
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Fig. 12. Temperature response across 68 W average sonications in
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focus pattern

dent on the number of foci within the pattern. The precise
power levels of a set of patterns, however, is somewhat for-
giving. A variation of powers using the set {(c), (d), (e)} of
Fig. 2 was found to yield similar thermal and dose re-
sponses close to the global minimum. Not surprisingly,
therefore, the choice of deposition patterns appears to be
the most critical feature when designing a treatment—the
gradient search having the ability to highlight those pat-
terns of greatest utility and to indicate the relative power
levels for those patterns. These levels can then be pro-
portionally scaled for in vivo treatments which may have
varying or unknown tissue absorption.

The temporal switching tested in this research could
possibly be further improved in two ways. First, the re-
sults presented in this paper were all performed for a 10
second sonication so that the theoretical and experimental
results could be compared (the limitation being the image
access time of the MRI). The optimization would, there-
fore, have to be repeated for a different sonication times to
correctly optimize the relative power levels. The sonication
time was not optimized. Second, a variation of the switch-
ing technique would optimize both the choice of field and
its relative power for each time segment in the switching
period, imitating an adaptive power feedback control. In
such a case, the use of an ideal “arithmetic average” field
as an “effective” field may not be desirable because the
power levels for each individual field would vary during
the sonication duration.

Both simulated and experimental results indicate that
another reason to use temporally switched fields is to de-
crease the dependency of tissue inhomogeneity and bio-
logical parameters. This is due to the fact that the switch-
ing technique distributes power over a larger volume than
the small number of concentrated foci from a static pat-
tern. For example, in the simulation of the inhomogeneous
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tissue the static dose response dropped more quickly be-
tween the four outer foci than did the dose response of
the switched dose pattern (Fig. 8). Various samples of in
vivo sonications in this research also demonstrated that
the dependency of tissue homogeneity may not be as great
when switching is used instead of static sonication (as an
example, one of the foci in the static sonication of Fig. 11
is greatly reduced). It is hypothesized that a more uni-
form power deposition decreases the chance that a tem-
perature sink such as a blood vessel will seriously effect
the treatment when it spatially overlaps with one of the
static foci as described in [23]. Therefore, while the ability
to spread power distribution in ultrasound surgery over
a large number of foci has previously been found to be
preferable from a treatment time consideration [4], [5], it
may also be preferable to ensure treatment operation.

Lastly, this research again showed that magnetic res-
onance imaging is a powerful tool to detect thermal in-
creases in vivo noninvasively. In particular, the temper-
ature images demonstrate the ability of MR imaging to
detect thermal increases of temporally switched fields, il-
lustrating the feasibility of real time monitoring of a dy-
namically changing sonication pattern. This has important
implications toward real time monitoring of ultrasound
surgery.
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