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Abstract

Focused ultrasound (FUS) has been proposed for a variety of transcranial applications, including
neuromodulation, tumor ablation, and blood brain barrier opening. A flurry of activity in recent
years has generated encouraging results demonstrating its feasibility in these and other
applications. To date, monitoring of FUS beams have been primarily accomplished using MR
guidance, where both MR thermography and elastography have been used. The recent introduction
of real-time dual-mode ultrasound array (DMUA) systems offers a new paradigm in transcranial
focusing. In this paper, we present first experimental results of ultrasound-guided transcranial FUS
(tFUS) application in a rodent brain, both ex vivo and in vivo. DMUA imaging is used for
visualization of the treatment region for placement of the focal spot within the brain. This includes
the detection and localization of pulsating blood vessels at or near the target point(s). In addition,
DMUA imaging is used to monitor and localize the FUS-tissue interactions in real-time. In
particular, a concave (40-mm radius of curvature), 32-element, 3.5 MHz DMUA prototype was
used for imaging and tFUS application in ex vivo and in vivo rat model. The ex vivo experiments
were used to evaluate the point spread function (psf) of the transcranial DMUA imaging at various
points within the brain. In addition, DMUA-based transcranial ultrasound thermography
measurements were compared with thermocouple measurements of subtherapeutic tFUS heating
in rat brain ex vivo. The ex vivo setting was also used to demonstrate the DMUA capability to
produce localized thermal lesions. The in vivo experiments were designed to demonstrate the
ability of the DMUA to apply, monitor, and localize subtherapeutic tFUS patterns that could be
beneficial in transient blood brain barrier opening. The results show that, while the DMUA focus
is degraded due to the propagation through the skull, it still produces localized heating effects
within sub-millimeter volume. In addition, DMUA transcranial echo data from brain tissue allow
for reliable estimation of temperature change.

l. Introduction

The use of FUS for targeting fine structures within the central nervous system (CNS) goes
back to the 1950s with the pioneering work reported by Prof. William Fry and colleagues at
the University of Illinois [1]- [5]. Francis J. Fry and co-workers published results from
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several ex vivo and in vivo studies investigating and demonstrating the feasibility of
localized application of “transkull” ultrasound [6]-[9]. In [9], for example, they have
demonstrated that intense, 1-MHz focused ultrasound beams, through a formalin-fixed
human skull overlay, produced lesions in (craniectomized) cat brain in vivo. These lesions
were characterized as having the histological appearance of lesions produced without the
human skull overlay. These results lent strong support to the idea of performing a range of
therapeutic and subtherapeutic applications of transcranial focused ultrasound (tFUS),
including neuromodulation, tumor therapy, epilepsy, etc. However, the lack of reliable, real-
time image guidance of tFUS continued to be a challenge, which hindered the progress
toward the many significant clinical applications that awaited at the time.

Advances in diagnostic imaging and real-time image guidance methods, especially MRI,
renewed interest in tFUS applications. Hynynen and co-workers [10], [11] and Fink and co-
workers [12], [13] have investigated numerical methods for transcranial focusing of
ultrasound with experimental demonstrations. These efforts, and those of other groups, have
demonstrated the feasibility of transkull focusing when accurate CT or MR imaging is
available to account for distortions through the skull. In addition, research on opening of the
blood brain barrier using FUS has exploded in recent years (e.g. [14]-[29]), mostly in rodent
in vivo models and utilizing ultrasound contrast agents. Furthermore, the work of Tyler and
co-workers [30], [31] has also renewed interest in neuromodulation using tFUS [32]-[37].

A critical review of the majority of the publications on tFUS show that either the FUS
transducer or the monitoring technique or both are lacking the localization of the therapeutic
effect. This does not lessen the significance of the findings and conclusions of these studies.
However, it may present an obstacle towards more complete understanding of the FUS-
tissue interactions leading to the desired therapeutic endpoint for a given treatment. This is
especially important in small-animal pre-clinical models widely used in brain research.
While it is generally accepted that the beam distortion through the mouse skull is minimal at
a range of frequencies, it is not the case for larger animals including rats [38].

To address the feedback and localization issues, we have designed and began an
experimental validation study of a new dual-mode ultrasound array (DMUA) system for
forming, monitoring, and characterization of subtherapeutic pulsed tFUS fields in the in vivo
rat model. In this paper, we present both ex vivo and in vivo results that demonstrate the
capabilities of the DMUA in image-guided placement of tFUS beams as well as monitoring
their interactions with brain tissue. The results shown provide experimental validation of the
ability of DMUA imaging to capture important landmarks to allow targeting specific regions
within the brain. In addition, we present experimental results demonstrating the use of
DMUA-based, real-time transcranial ultrasound thermography (UST) in monitoring and
localizing the thermal response to subtherapeutic application of tFUS. The UST estimation
is validated using thermocouple measurements in ex vivo experiments. Transcranial in vivo
UST data obtained before, during and after tFUS clearly demonstrate the localized nature of
the heating patterns.
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ll. Methods
A. Dual-Mode Ultrasound Array System

The DMUA prototype (Imasonic, Voray sur I'Ognon, France) shown in Figure 1 was used to
obtain the results shown in this paper. Figure 1(a) shows the physical enclosure with array
aperture defined by the dark-colored region. Figure 1(b) shows a schematic representation of
the array geometry. The array has 32 elements on a spherical shell with a 40-mm radius of
curvature. The array elements linearly sampled a 60° aperture opening in the lateral (x)
direction with a center-to-center spacing of 1.4 mm. The array aperture in the elevation (y)
direction was approximately 45°. An axial line connecting the apex of the array and the
geometric center is shown. Figure 1(b) also provides a visualization of the skullcap's
position with respect to the DMUA. The coordinates of the skullcap (shown as a wire mesh)
are typical for the experiments described below. The figure also shows the intensity profile
of the DMUA geometric focus in a homogeneous medium. Compared to the system
described in [39], our system has higher focusing gain and smaller focal spot, which is
beneficial in terms of minimizing the collateral damage in and around the skull.

1) DMUA Imaging Modes for Guidance and Monitoring—The DMUA was used in
synthetic-aperture (SA) imaging mode for guidance and in single-transmit-focus (STF)
mode for monitoring. These imaging modes are described in [40] and [41].

Image Guidance: SA imaging employs focusing on both transmit and receive for every
pixel providing the highest possible contrast and dynamic range [41]. For the DMUA
prototype described in this paper, each imaging frame requires 32 different transmissions;
one transmit element and 32 simultaneous receiving elements. Our system currently
supports real-time SA frame rates of approximately 30 frames per second (fps). The
limitation is due to the use of a gigabit Ethernet to upload the element data for processing by
the GPU-based beamformer [42].

The point spread function of SA imaging was evaluated numerically [41] and
experimentally [42]. A fractional bandwidth of 50% was used for the simulation (based on
data from the manufacturer and testing in our laboratory). A center frequency of 3.5 MHz
was assumed in the simulation. The axial 6-dB resolution was equal to 340 um while the
lateral resolution was equal to 280 um. The corresponding measured values in water tank
using a 50-um wire were 440 um axial and 352 um lateral.

We have also characterized the imaging field of view (FoV) [40] of the DMUA, which is the
region around the geometric focus where SA imaging produces spatially-accurate, high-
contrast maps of the object. The FoV for this DMUA extends by +10 mm and 8 mm in the
axial and lateral dimensions, respectively. Outside this region, grating lobe effect
significantly reduces the image contrast.

Monitoring of tFUS Using ST F-based Ther mography: STF imaging utilizes a single-
transmission per frame, where focused transmit beam is used (with dynamic receive
beamforming). The advantages of this mode in image-guided FUS applications are
described in [40], [42], [43]. The element excitations in STF mode are sub-microsecond
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pulses (0.75 - 2 cycles) at the center frequency of the transducer. The delay profiles are
typically obtained from the phases of the tFUS beam being monitored. This allows for the
characterization of tFUS-tissue interactions, e.g. characterize the reflections from the scalp
and skull. Up to 1000 fps can be supported in real-time STF mode using our existing DMUA
system. This is sufficient to capture the fast tissue deformation dynamics, including
breathing, pulsations and mechanical responses to the acoustic radiation force effects of
tFUS. When tFUS is applied, STF frame rates of 400 fps are used to minimize the
corruption of the imaging data by reverberations from the therapy bursts.

In this paper, STF was used to obtain ultrasound thermography images before, during, and
after the application of subtherapeutic tFUS beams. The GPU-based realtime UST algorithm
described by Liu and Ebbini [44] was modified to use with the DMUA prototype instead of
a diagnostic ultrasound probe. The results shown in this paper are obtained using the
imaging equation given in the Appendix (Eg. 4). As in our previous formulation in [45], the
temperature change depends on the local values of the speed of sound (cg) and its thermal
coefficient (/), together with the coefficient of thermal expansion (). In addition, the
imaging equation depends on a parameter (yg) that accounts for the spatial memory of the
temperature rise. For brain tissue, we used ¢g = 1520 m/s, #=1x 1073 °C~1 and ¢ = 1.21 x
1074 °C~L. The parameter yj is chosen to control the bandwidth of the recursive echo strain
filter (RESF) [46]. The choice of yj affects both the bandwidth and the gain of the RESF and
needs to be accounted for when making quantitative temperature imaging measurements
based on (4).

Strain Imaging: Note that the second term in the RESF imaging equation (4) is a discrete-
space approximation of an axial derivative operator of the echo shifts. This derivative
operator is also used in our original formulation of UST, which we refer to as the
infinitesimal echo strain filter. Therefore, the estimation of temperature change is similar to
the strain imaging problem [45]. Other authors have recognized the similarity between UST
processing and elastography [47], [48].

2) Therapeutic FUS Output—The acoustic output of the DMUA prototype was
measured at low driving power levels using an ultrasound power meter (Ohmic Instruments,
Easton, MD). Several exposure levels were measured at 0.25, 0.55, 1.0, 1.56, 2.25, 4.0, 6.25,
9 W acoustic. These produced focal intensity values (in water) in the range of 100 - 3500
W/cm?2. The focal intensity values were calculated based on the geometric focusing gain of
the concave aperture. Note that the DMUA is capable of producing much higher intensities
than these values, but we typically limit our measurements to this range for repeatability.
Also, this range was selected based on previous experience in performing subtherapeutic
heating in soft tissue. For example, accounting for reflection, attenuation, and defocusing
through the skull, a 1-sec, 2.25 W tFUS beam focused at a point 5-mm below the skullcap is
expected to produce a focal temperature rise on the order of 1 - 2°C.

We have determined the therapeutic operating field (ThxOF) [40] for the DMUA, which is
the region around the geometric focus where the focusing gain is within 3-dB of the
maximum focusing gain at the DMUA geometric center. Simulation and experimental
measurements were consistent and showed that the ThxOF extends by £2.5 mm axially and
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+3 mm laterally. Outside the ThxOF, the focusing gain drops very quickly, limiting the
ability of the DMUA to produce localized therapeutic effects at the desired focus location.

B. Ex Vivo Studies

1) Spatial Resolution of Synthetic-aperture DMUA Imaging—For the resolution
study, the skull of the animal was transected in the coronal plane with a bone saw (Mar-Med
Inc., Cleveland, OH). Opening of the skull allowed an open access to the brain, where five
segments of 50 um wire were inserted orthogonal to the DMUA imaging plane to serve as
point targets. The locations of these are shown in Figure 2(a). The transected plane was
mounted on a holder attached to a 3D servomotor positioning system with the skullcap
facing the DMUA as shown in Figure 2(b).

Spatial Compounding of SA Imaging: Due to the limited FoV of SA images, spatial
compounding was used to obtain images with multiple targets. Five SA images were
acquired to represent the 5-wire target shown in Figure 2(a). Each SA image was acquired
with one of the wires appearing approximately at the geometric center of the DMUA. This
was accomplished by positioning the sample in front of the DMUA as in Figure 2(b) and
moving it laterally. The central wire was visible in all five images appearing at
approximately (=5, 40), (2.5, 40), (0, 40), (2.5, 40), (5, 40) mm in each of the five acquired
images. Please note that the SA images were formed on a rectilinear grid. The composite
image allows for a visual comparison of the DMUA point spread functions at several
locations.

2) Characterization of tFUS Heating Localization—Subtherapeutic tFUS shots were
used to target different locations within the brain with and without thermocouple (T/C)
reference measurements. A 200-um T-type copper-constantan thermocouple (Omega,
Stamford, CT) was inserted through the transected brain and was easily visible on SA
imaging. The 3D servomotor stage was used to locate the thermocouple junction (in the
elevation direction) by selecting the position that produced the maximum heating rate due to
a short tFUS pulse.

Once the thermocouple junction location was determined, two different experiments were
performed:

i. Profiling the tFUS Beam: Six 1-sec tFUS shots were generated at the geometric
center (40-mm axially and 0-mm laterally). Each shot was delivered while the T/C
and the brain were moved to a different location around the intended focus (200um
between points). This test measured how sharp is the drop in heating rate in the
vicinity of the target point (in both axial and lateral dimensions).

ii. Bracketing the tFUS Heating Rate: The T/C was positioned in the vicinity of the
tFUS focal spot to minimize the viscous [49] heating while maintaining the
sensitivity to the local heating. Five different power settings were used with the
same exposure duration for each shot. The focus location was the same for each
shot. STF imaging frames were collected synchronously with T/C measurements
for each shot. Ultrasound thermography was used to estimate the temperature
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change at the expected tFUS focal spot for each exposure. This test serves to
compare the sensitivity of DMUA-based UST to thermocouple measurements as
well as providing a calibration for expected temperature rise during planned in vivo
experiments where T/C measurements cannot be used.

Calibration of UST Estimates: The echo shift temperature imaging models leading to
Equation 4 or its predecessor in [45] have been validated in phantom studies and ex vivo.
However, there is a need for spatial filtering to minimize the tissue motion and deformation
artifacts in vivo. The filtering can be carefully designed to maintain the spatial information,
but the estimated temperature values will change. The changes depend on the bandwidth of
the filter as well as the underlying raw temperature distribution. In this case, calibration of
the peak temperature change may be necessary. The thermocouple experiments described in
this section provided a means to calibrate the UST estimates in vivo. One calibration factor
was obtained from one exposure and applied to all other exposures.

3) Lesion Formation—Therapeutic doses of tFUS were delivered in sacrificed animals
(normal animals from different procedures) with the aim of establishing the volumetric
extent of typical tFUS-induced lesions produced by the 3.5-MHz DMUA. All procedures
were completed within five hours from the time of death. The experiment setup was similar
to that shown in Figure 2(b). In this case, however, the whole head with the intact skull and
brain was used. Therapeutic tFUS was delivered through the skullcap.

The exposure level and/or duration was varied for therapeutic shots delivered in the left
hemisphere under SA image guidance. In addition, three shots were delivered in each
treatment plane (40 mm axially, -2, 0, 2 laterally) by electronic focusing. Two minutes of
cooling time was allowed between individual shots. STF imaging was used to monitor the
tissue response to tFUS before, during, and after lesion formation (at 400 fps). The right
hemisphere served as the control.

4) Histological Evaluation—Histological Evaluation: After the lesion formation
experiment, the brain was removed and processed for paraffin embedding. Five-micrometer
sections taken at 300-micrometer intervals in the horizontal plane were stained with
hematoxylin and eosin (H&E). Histological evaluation was then performed by a certified
neuropathologist.

C. In Vivo Studies

Three in vivo experiments in three different animals were performed under IACUC
approved protocol (ID# 1401-31222A) to establish the DMUA capability to target and
produce localized subtherapeutic heating under image guidance. A water bolus was used to
couple the DMUA to the subject as shown in Figure 3.

The animals were given an intra muscular injection of Ketamine 9-10 mg and Xylazine 1 mg
per 275-299 gram rat. Each animals was prepped for the procedure by shaving the head with
Oster clippers (40 blade) and applying depilatory cream for approximately a minute to
remove remaining fine hair. For the duration of DMUA imaging procedure, the rats were
sedated using Harvard Apparatus (Harvard Apparatus, Holliston, MA, USA) through
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maintained delivery of Isoflurane and oxygen. The animals were placed in a Stereotaxic
frame (World Precision Instruments, Inc, Sarasota, FL, USA) (experimental setup is seen in
Figure 3(b)). At the time of the procedure, a veterinary technician was responsible for
respiration and body temperature monitoring of the animals. In one experiment, heart rate
and body temperature measurements were collected using a BIOPAC system (BIOPAC
Systems Inc., Goleta, CA, USA).

A typical procedure began with positioning the DMUA under real-time SA imaging
guidance so that the skullcap and the base of the skull are visible at 342 mm and 45+2 mm
axially from the apex of the DMUA. This allows the positioning the ThxOF of the DMUA
centrally within the brain tissue between the skull bones. The ThxOF can be adjusted in the
axial direction by inflating or deflating the bolus. Mechanical movements of the DMUA
(using a servomaotor) in the lateral direction allowed for targeting brain tissue more than 3
mm laterally from the median section of the brain.

The subtherapeutic exposure levels tested in the ex vivo experiments described above were
tested in the first animal with each exposure repeated three times. This allowed us to choose
the appropriate exposure level for robust detection and estimation of temperature rise in
vivo. Electronic steering was used to position the focal spot at the desired target location,
e.g. on a pulsating blood vessel as seen on SA and confirmed on STF imaging modes. The
exposure duration was fixed at 1 second in all cases, but the location of the focus was varied
electronically in the axial and/or lateral direction by up to £2 mm. Each subtherapeutic tFUS
shot was repeated at least twice to establish repeatability.

1) Histological Evaluation—Each animal was survived for three days following the
procedure. At the end of the three-day period, they were sacrificed with CO, asphyxiation
for a duration of 4 - 5 minutes. Following sacrifice, the brain was removed and processed for
paraffin embedding. Five-micrometer sections taken at 300-micrometer intervals in the
horizontal plane were stained with hematoxylin and eosin. Histological evaluation was then
performed by a certified neuropathologist.

[1l. Results and Discussion

A. Wire Target Imaging

Figure 4(a) shows a composite image formed by compounding 5 SA images, each obtained
with one of the wires centered approximately at the geometric center of the DMUA. The
five wires embedded within the brain tissue (Figure 2(a)) are clearly visible on the
composite SA image. Four of 5 wires produce echogenicity levels approximately 25 dB
above the echogenicity of the brain tissue. The lower echogenicity of the microwire at
location 4 is probably due to the difficulty in inserting the 50-pm wire and maintaining it
orthogonal to the imaging slice (for maximum echogenicity).

To evaluate resolution values at location 1, we examined Figure 4(b) and Figure 4(c). In
these two figures, axial and lateral traces through the maxima of the wire echo are displayed.
Figure 4(b) depicts axial distance versus echo amplitude, where the wire echo can be easily
identified at 40 mm axially. The tissue trace with the wire removed is depicted in red, and
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allows for easy evaluation of the wire location. A similar technique can be applied in the
lateral dimension. For location 1, the -6 dB axial and lateral resolution values are estimated
at 440 um and 560 um, respectively. The remainder of the resolution values are summarized
in Table I.

The lateral and axial resolution values exhibit some variations that could be attributed to the
location of each wire with respect to the skullcap and the effective angle of entrance of the
imaging beams. These issues will be addressed in future reports, together with refocusing
methods to restore resolution. It should be noted, however, that the level of variation still
allows us to claim sub-millimeter spatial resolution of the system in both axial and lateral
dimensions. Therefore, while we expect the focusing capabilities to improve, the current
values allow for sub-millimeter precision in placing the tFUS focal point within the brain
based on anatomical markers such as skullcap and base of the skull.

B. Characterization of tFUS Heating

The T/C measurements serve to characterize the spatial extent of the heating pattern and
provide ground truth for calibrating the DMUA-based ultrasound thermography data
obtained using STF imaging. To achieve these goals, we inserted the needle thermocouple
into the brain in a similar manner to the wire resolution targets used earlier. The T/C can be
easily seen on DMUA SA imaging as demonstrated by Figure 5(a). The colored dots
indicate the locations of the tFUS focal spots with respect to the T/C junction. The T/C
measurements were obtained during five tFUS shots with the same exposure parameters. For
each shot the T/C junction was slightly moved to demonstrate how sharp is the drop off in
temperature from the center of heating. This is demonstrated by the T/C temperature profiles
shown in Figure 5(b). This result shows the localization of the tFUS heating pattern,
especially in the lateral dimension.

With the T/C junction in place very close to the tFUS focal spot indicated by the blue dot, a
series of subtherapeutic tFUS shots were repeated at the same location with acoustic power
output of 0.25, 1.0, 2.25, 4.00, and 6.25 W and duration of 1 second each. The transcranial
DMUA-based estimates of temperature change are shown in Figure 5(c) and the
corresponding T/C measurements are shown in Figure 5(d). The main difference between
the two measurements is the sharper initial heating and sharper initial decay in the T/C
measurements compared to the UST profiles. This is possibly due to a small viscous heating
component resulting from the proximity of the T/C to the focal point of the tFUS beam. The
exponential rise on the DMUA temperature is better highlighted when the thermocouple
does not interfere with the focal beam. Based on these ex vivo results, we decided to limit
the subtherapeutic exposure in vivo to the range of 1 - 2.25 W. These exposures were high
enough to produce temperature rise above the baseline while being low enough to minimize
adverse effects in the live subjects.

C. Transcranial Lesion Formation

Figure 6 shows an example thermal lesion formed using the DMUA to generate a 1-sec
tFUS shot at an acoustic power output of 49 W. This output level is approximately 3 times
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the output needed to form a lesion in soft tissue (without the skull in the path of the FUS
beam).

Histological examination of the brain tissue revealed a single lesion located on the left side
of the brain, as seen in Figure 6(a). The cells appeared thermally coagulated, and a sharp
transition was observed from coagulated to normal tissue. A more detailed depiction of the
lesion is seen in Figure 6(b), where the perimeter of the lesion is outlined with a red marker.
The diameter of the lesion cross-section was measured at 689 pm. The lesion was visualized
in two axial histological slices, thus the approximate height of the lesion was less than 900
pum. The control region captured in Figure 6(c) did not reveal the presence of coagulated or
compromised cells.

It should be noted that other therapeutic tFUS shots were attempted in the left hemisphere of
the same brain, but there was no evidence of damage other than the lesion shown.
Nonetheless, this result provides additional evidence of the high degree of localization of
transcranial focusing achieved using this DMUA prototype.

D. Transcranial Imaging and Subtherapeutic Focusing In Vivo

An important goal of this study is to establish that subtherapeutic tFUS can be delivered
safely and repeatably under DMUA imaging guidance. An equally important goal is to
demonstrate the reliability and repeatability of STF-based ultrasound thermography as a
form of feedback for monitoring and localizing the thermal response to subtherapeutic tFUS.

Figure 7 shows the results from the in vivo application of subtherapeutic tFUS in the brain of
Rat A. The objective was to bracket the tFUS exposure at a point within the brain. The target
was at an axial distance of 40 mm and lateral distance of 0 mm. The SA image in Figure

7(a) shows a strong reflection just above the target point. A typical spatial temporal
temperature profile obtained using our UST method to STF data is shown in Figure 7(b)
(2.25 W acoustic power). This result shows pronounced heating and decay pattern between
37 - 39 mm in the axial direction. The temperature rise and peak are consistent with the
tFUS ON and tFUS OFF times (at 1 second and 2 seconds, respectively). The spatial
temporal pattern also reveals the presence of a pulsating artery at an axial distance of 42 mm
above the base of the skull. The pulsation was recognizable and localized on SA imaging

(15 fps). When using STF imaging, it was easily recognizable and was consistent with the
heart rate in the rat (approximately 180 beats per minute in this case). This type of
measurement was confirmed in the Rat C experiment, where the ECG was directly
measured.

The spatio temporal map in Figure 7(b) shows a slight increase of temperature within the
scalp (~33 mm). The maximum temperature within the scalp was less than 0.25°C with a
rise and decay profile similar to the focal heating (at ~ 38 mm.) We note that the time
between tFUS shots was 2 minutes to allow temperature rise to go back to baseline before
each new tFUS shot.

Figure 7(c) shows the result of bracketing the subtherapeutic tFUS exposure for the five
levels of exposure (0.25, 0.55, 1, 1.56, 2.25 W). As with the ex vivo case shown earlier, the
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lowest exposure level did not yield a reliable estimate of the temperature rise while the other
showed a measurable rise above the baseline. Each of these was repeated three times and the
shown profiles reflect the procedure, i.e. 0.25 W X1, 0.55 W X1, 1 W X3, 1.56 W X3, and
2.25 W X3. The standard deviation for each trace is indicated by the bars. The repeatability
of the measurement is well demonstrated by the 1 W and 2.25 W exposures, while a higher
level of variation was observed for the 1.56 W exposure.

Figure 8 shows the results from the in vivo application of subtherapeutic tFUS in the brain of
Rat B. The objective was to test electronically steered tFUS patterns. The target was at an
axial distance of 40 mm and lateral distance of -1 mm. The SA image in Figure 8(a) shows a
strong reflection just above the target point. A typical spatial temporal temperature profile
obtained using our UST method to STF data is shown in Figure 8(b). This result shows
localized heating and decay pattern between 37 - 39 mm in the axial direction as in the
previous case. However, the heating rate at this location is lower. Some artifacts can also be
seen in the spatial temporal profile. For example, apparent temperature changes in the scalp
(~33 mm) and just below the cranium floor (=45 mm) can be seen. These changes may be
related to the tFUS, but their temporal profile is not indicative of temperature rise. These
types of artifacts usually appear in boundary regions with low echogenicity where sensitivity
to motion is quite high. In this case, they appear to reflect a change in the pulsation pattern
in response to the application of tFUS. We have developed compensation algorithms for
these types of artifacts that could be applied to improve the UST results [46]. It should be
noted, however, that the artifacts do not obscure the localized heating produced by the tFUS
beam near the intended target.

For Rat B (and subsequent experiments), we only applied a small number of subtherapeutic
tFUS shots to minimize the possibility of creating unintended damage in the brain. In this
case, we applied 3, 1-second tFUS shots focused at -1 mm laterally and 40 mm axially. The
1 W shot produced a measurable temperature rise, but the 1.56 W shot was deemed more
reliable and was repeated twice. The traces in Figure 8(c) demonstrate the temperature rise
and decay consistent with the application of the tFUS shots.

The results from Rat C (three 1-sec tFUS shots at 2.25 W, focused at 39 mm axially and 0
mm laterally) exhibited similar behavior to the examples shown from rats A and B. These
results are not shown here to avoid repetition.

To summarize, subtherapeutic tFUS heating in three rats resulted in localized estimated
temperature rise approximately 1 - 2 mm above the target heating point. Temperature
imaging artifacts did not obscure this focal temperature rise in any of the in vivo heating
experiments with acoustic power levels in the 1 - 2 W range. Furthermore, the estimated
heating rates in vivo are in agreement with the heating rates measured ex vivo and confirmed
using reference thermocouple measurements.

Post-treatment Evaluation—Upon completion of the experiment all animals fully
recovered from the anesthetic and exhibited normal behavior with no apparent loss of
physiological function. The histological examination of the brain tissue also confirmed lack
of cellular damage in all three animals. Furthermore, the ECG signal monitored on one of
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the animals did not exhibit abnormal changes during or after the application of
subtherapeutic tFUS procedures. All of these observations support the notion that
subtherapeutic tFUS resulting in localized, mild increase in temperature for 1 second
appears to be safe, even when repeated at one or more locations within the brain of the rat
model.

E. Monitoring Pulsations Using STF

Finally, we show examples to demonstrate the ability of our DMUA imaging to detect and
localize pulsations at relatively high frame rates. Figure 9 shows two different instances of
pulsation. The first was observed while delivering a subtherapeutic tFUS shot. A strong
pulsation signature was visualized below the cranium floor. Initially, the effect was
visualized at 400 fps, and as seen on Figure 9(a), the strain computed using the UST
algorithm is representative of the arterial pressure curve (see Figure 9(d)). Increasing the
frame rate to 1000 fps enabled us to visualize a greater degree of detail as seen on Figure
9(e). Here the diastolic notch is apparent on each pulsation cycle. Three pulsation cycles that
have been observed are representative of the heart rate of the animal, which was estimated at
approximately 180 beats per minute. In addition to transcranial pulsation imaging, imaging
of the chest cavity was also performed for additional confirmation. Figure 9(c) depicts axial-
temporal dynamics of a beating heart. The image was obtained by positioning DMUA on the
spine of the animal. Strain dynamics seen on Figure 9(f) are representative of a wall of a
ventricle in a rat. These results demonstrate the capability of the DMUA imaging to identify,
localize and track physiological signals that could be useful in image-guided interventions.
For example, these sources of physiological signals could be targeted or avoided by adaptive
beamforming of DMUA tFUS patterns [43]. Furthermore, the physiological signals could
provide a reliable source of triggered tFUS in some applications.

V. Conclusion

The feasibility of real-time image-guided placement and monitoring of tFUS beams using
dual-mode ultrasound arrays was demonstrated in a rat model. Synthetic aperture DMUA
imaging was shown to reliably capture key anatomical features delineating the scalp, skull
and the base of the skull. Furthermore, pulsating arteries within the FoV are often detectable
on SA imaging. This is significant since vessels are often the target of potential transcranial
therapies. The results shown in this paper have also demostrated that real-time transcranial
ultrasound thermography in vivo is capable of detecting and localizing the subtherapeutic
tFUS heating profile with high spatial and temporal resolution. The heating rates estimated
in vivo were consistent with those measured ex vivo using thermocouples during the
application of subtherapeutic tFUS patterns with similar acoustic power outputs. Some
artifacts were observed on spatio-temporal temperature change profiles, but they neither
obscured the actual heating pattern nor limited our ability to localize the tissue response to
tFUS. These preliminary findings are likely to be further strengthened by the application of
planned adaptive refocusing for improved transcranial imaging and therapy with DMUAEs.
Not only will the DMUA approach provide a means to guide the placement of tFUS beams,
it will also provide a highly specific imaging to characterize the tFUS-tissue interactions.
This could be the key to better understanding of the mechanisms at play in major
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applications like neuromodulation, blood-brain barrier opening, and enhanced delivery of
therapeutic agents.
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Appendix A

For pulse-echo imaging, the two-way delay of the echo from a scatterer located at depth y is
given by:

d
7(y;0)=2 3% o

where &) = 6y + 50is the temperature profile along the beam trajectory assumed to deviate
infinitesimally from the baseline temperature &,. Using this infinitesimal change model, we
can express the speed of sound as:

(20 (y)) =co (y) [1+8(y) 60 (y)] (2

where Ay) is the thermal coefficient of the speed of sound given by

1 dc (y;6) e
5(y)—60(y) -TIOZGO&%(@/)—C(?J,%)- ®

Accounting for thermal expansion by modifying the limit of the integral in (1) [46], a
recursive discrete-space filter was derived to compute the frame-to-frame temperature
change from the spatial tissue displacement profile in the axial direction:

66 (yi) =a - 66 (yi—1) +b- (07 (yi) — 07 (yi-1)) (4

at — T, (a+p) 2T

a= at+Ts (a+5) T ar+T. (a+p5)
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where « is the coefficient of thermal expansion, Ty is the echo sampling period, and z=
2yolcg is a parameter that defines the extent of the spatial memory of the recursive filter.
This filter, referred to as the recursive echo strain filter (RESF) in [46], accounts for a
nonuniform temperature baseline when computing the spatial temperature change between
two frames. This is a major difference from our previously proposed infinitesimal echo
strain filter (-ESF) approach described by Simon et al [45].

The tissue-dependent parameters in (4) can be accounted for based on known or measured
acoustic and thermal properties of the tissue being heated. This algorithm was validated in
tissue-mimicking phantoms and in ex vivo tissue experiments where these properties can be
reliably estimated/measured.
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(a) DMUA enclosure

Base of the Brain

i
i

(b) DMUA schemitic representation

Fig. 1.
The DMUA prototype used in our in vivo and ex vivo experiments. The location of the

skullcap is shown in (b), together with the intensity profile of the geometric focus.
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(a) Gross brain cross-section

(b) Brain positioned in front of DMUA

Fig. 2.
Ex vivo imaging setup for experimental determination of the psf in synthetic-aperture

DMUA imaging (a) and for direct measurement of tFUS-induced temperature using needle
TIC (b).

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2015 December 18.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Haritonova et al.

(b) Rat positioned for transcranial treatment.

Fig. 3.
Transcranial DMUA imaging and subtherapeutic heating in vivo.

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2015 December 18.

Page 20



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Haritonova et al. Page 21

T [ 0 = =
§ 20 g-m g-zn
o ]
&40 30 3 40",%('4 £ i
=] = 3
545 Rl 2™ 20
é -50 .If P\h
5 10 -5 0 5 10 15 %o 3 [ 5 50 Mg 0 5 0 5 0 15
Lateral Distance (mm) Auxial Distance (mm) Lateral Distance (mm)
(a) SA image of brain cross-section (b) Axial profile through the skull () Lateral profile through the skull

Fig. 4.
Results of transcranial PSF measurements in rat brain.
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(a) Six spatial heating locations

Fig. 5.
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(c) STF-based UST
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for locations in (a)
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DMUA tFUS heating in the vicinity of a thermocouple: (a) SA image with six tFUS spots
(0.3 mm spacing), (b) T/C measurements at dot corresponding to tFUS spot locations, ()&
(d) temperature profiles obtained using UST and T/C measurement (at blue dot).
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(a) Full Section (4X) (b) Lesion (40X) (c) Control (40X)

Fig. 6.
Thermal Lesion formed using DMUA tFUS beam in the left hemisphere with clear
demarcation between HIFU-treated and untreated tissue.
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Fig. 7.
Results of in vivo subtherapeutic tFUS application in Rat A.
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Fig. 8.
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Results of in vivo subtherapeutic tFUS application in Rat B.
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(c) Rat B: Temperature
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Fig. 9.
Pulsation data recorded in Rat B; transskull imaging was done for (a), (b), (d), and (e);
imaging of the heart was performed for (c) and (f).
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