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Abstract

Purpose—To analyze clinical data indicating a reduction in the induced energy-temperature
efficiency relationship during transcranial focused ultrasound (FUS) essential tremor (ET)
thalamotomy treatments at higher acoustic powers, establish its relationship with the spatial
distribution of the focal temperature elevation, and explore its cause.

Methods—A retrospective observational study of patients (N = 19) treated between July 2015-
August 2016 for Essential Tremor (ET) by FUS thalamotomy was performed. These data were
analyzed to compare the relationships between the applied power, the applied energy, the resultant
peak temperature achieved in the brain and the dispersion of the focal volume. Full ethics approval
was received and all patients provided signed informed consent forms before the initiation of the
study. Computer simulations, animal experiments, and clinical system tests were performed to
determine the effects of skull heating, changes in brain properties and transducer acoustic output,
respectively. All animal procedures were approved by the Animal Care and Use Committee and
conformed to the guidelines set out by the Canadian Council on Animal Care. MATLAB was used
to perform statistical analysis.

Results—The reduction in the energy-efficiency relationship during treatment correlates with the
increase in size of the focal volume at higher sonication powers. A linear relationship exists
showing that a decrease in treatment efficiency correlates positively with an increase in the focal
size over the course of treatment (P < 0.01), supporting the hypothesis of transient skull and tissue
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heating causing acoustic aberrations leading to a decrease in efficiency. Changes in thermal
conductivity, perfusion, absorption rates in the brain, as well as ultrasound transducer acoustic
output levels were found to have minimal effects on the observed reduction in efficiency.

Conclusions—The reduction in energy-temperature efficiency during high power FUS
treatments correlated with observed increases in the size of the focal volume and is likely caused
by transient changes in the tissue and skull during heating.

Introduction

Magnetic Resonance (MR)-guided transcranial focused ultrasound (FUS) is a non-invasive
therapeutic modality for brain disorders and diseases. By employing either the mechanical 1
or thermal 2 effects of ultrasound, it is possible to induce a range of biological effects in the
brain tissue 3. Clinical and pre-clinical work has been conducted to investigate transcranial
FUS for the treatment of a variety of diseases and disorders, including the ablation of brain
tumors 4, the delivery of therapeutics beyond the blood-brain barrier > 6, and the treatments
of neuropathic pain 7 and obsessive compulsive disorder 8.

A particularly successful ongoing clinical application is FUS thalamotomy for the treatment
of Essential Tremor (ET). A multi-institutional study into the effectiveness of FUS in
treating ET has recently been completed with promising results . In this study and prior
feasibility studies, it was shown that the patient’s tremor score could be significantly
reduced upon treatment %11,

During the course of the FUS treatment, multiple ultrasound sonications are performed to
cause a small focal thermal coagulation of brain tissue at the anatomically-determined
location of the VIM nucleus 19. The power of the repeated sonications is gradually increased
over the course of treatment to achieve focal ablation of the targeted brain tissue. From the
Pennes bioheat equation 12, it is expected that the temperature will rise linearly with
increasing acoustic power, since these short-duration sonications would not be substantially
influenced by changes in the blood perfusion 13. However, we present clinical data where the
high power sonications during many ET treatments do not follow the expected linear
relationship and the total increase in temperature per Joule of applied energy, which we call
here energy-temperature efficiency, decreases over the course of the treatment.

It is hypothesized that this reduction in energy-temperature efficiency is the result of
changing acoustic parameters along the path of the beam as a function of increasing
temperature, on top of the expected aberrations due to variations in skull thickness and
density, which de-phase the acoustic beam at the focal volume. In this study, we have
quantified these effects and explored the causes of the temperature saturation. Understanding
this reduction in efficiency may lead to more effective thalamotomy treatments in the future.
In addition, the ability to prevent the expanse of the focal volume would improve the degree
of control the operator has over the treatment. These results could have an impact on a wide
range of current and future clinical FUS brain therapies.

The aim of the study is to analyze clinical data indicating a reduction in the induced energy-
temperature efficiency relationship during transcranial FUS ET thalamotomy treatments at
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higher acoustic powers, establish its relationship with the spatial distribution of the focal
temperature elevation, and explore its cause.

Materials and Methods

Clinical data were obtained with approval from the Research Ethics Board at Sunnybrook
Health Sciences Centre (Toronto, ON, Canada) and all patients provided free and informed
consent prior to their participation in the study. In addition, all animal procedures were
approved by the Sunnybrook Research Institute Animal Care and Use Committee and
conformed to the guidelines set out by the Canadian Council on Animal Care.

MATLAB (R2016b with Statistical Toolbox, The Mathworks, Inc., Natick, MA, USA) was
used to perform all statistical analyses. The multivariate Pearson correlation coefficients
were computed in MATLAB to determine correlation coefficients and their respective P
values. A P value of 0.05 was used for significance.

Clinical Data

Nineteen patient treatments were analyzed retrospectively. These patients were treated
between July 2015 and August 2016 at Sunnybrook Health Sciences Centre in Toronto,
Ontario, Canada and consisted of the entire cohort treated for a clinical trial of focused
ultrasound for the treatment of ET FUS thalamotomy. The treatment procedures and
inclusion/exclusion criteria followed previous ET FUS thalamotomy studies 11,

All patients were treated with a hemispherical, 30-cm-diameter ultrasound phased array
operating at a frequency of 670kHz. The array consisted of 1024 transducer elements with
independent phase and amplitude control (ExAblate 4000, 670 kHz; InSightec, Haifa,
Israel). All hair was removed and a stereotactic frame was affixed to the head for
immobilization during the treatment. The patient was then placed on an MRI system patient
table and the transducer array placed around the head. A flexible membrane was secured
around the head and fixed to the opening of the array such that a water tight volume was
formed between the array and the patient’s head. Cooled, degassed water was then circulated
in this space to provide skin and skull cooling and to provide a coupling medium for the
ultrasound propagation between the array elements and the skin. T2-weighted MRI was used
to localize the brain landmarks for targeting and to allow prior CT scans of the skull bone to
align with the patient setup. The CT scans were used to correct the beam distortions induced
by the skull bone such that a sharp focus was achieved 14-16,

Treatment sonications were performed under the direction of a neurosurgeon (M.L.S.). Low
power (100-250 W) sonications were performed first for targeting accuracy. The power was
then gradually increased until the peak temperature reached ablative temperatures
(approximately 54-60°C), if it was possible. The 2-dimensional (2D) axial temperature map
and temporal temperature profile for a single sonication are shown in Figure 1, as well as a
schematic of the hemispherical phased array used to perform the FUS thalamotomy,
emphasizing the traversal of the different beam paths through skull and brain tissue. The
temperature maps were taken at 3.7 s intervals and contained noise of approximately
+0.5°C.
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Image Processing

The temperature rise for each sonication was measured in one of the axial, coronal, or
sagittal planes. To control for the natural diffusion effects of longer duration heating, the
image slice at the 9 s timepoint was used during the analysis. To reduce the impact of noise,
the mean temperature over 3 x 3 voxels at the focus was taken as the temperature rise.
Temporal filtering of each voxel was performed using a moving average filter with a window
size of 11.1s (3 time points) over the course of treatment. Low power sonications where the
focus was not resolvable from the noise and aborted sonications were excluded from the
analysis. The total number of sonications and the number of included sonications is outlined
in Table 1. A list of all performed sonications for each patient can be found in
Supplementary Materials.

The focal size was defined as the 50% area around the peak temperature voxel for each
sonication. To determine the 50% area, the temperature map was normalized to the peak
temperature, and the local 2 cm x 2 cm area around the focus was thresholded and
segmented.

Correlation of Efficiency with Other Treatment Parameters

The efficiency, E, of each sonication was defined as

AT .
E= W Equation 1

where AT is the temperature rise and W is the applied energy, so that E is measured in °C / J.
Assuming a linear response between power and temperature, then, one would expect E to
remain constant for each patient for a fixed sonication duration 17- 18, The percentage
changes in treatment efficiency and focal size between the minimum and maximum acoustic
energies were taken to quantify decreases in efficiency and increases in focal size for each
patient.

Correlations were then assessed between changes in treatment efficiency and the peak
temperatures obtained during the treatment, the peak applied acoustic powers, the peak
deposited acoustic energy, the peak sonication durations, the total number of sonications,
and the changes in focal size. When assessing the correlation between the change in
treatment efficiency and the focal spot size, only those sonications performed in the axial
(perpendicular to the main axis of the array) plane were included, because in all analyzed
patients, most imaging scans were performed in the axial plane and the axial plane provides
the best estimate of the tissue temperature.

Experimental Studies to Explain the Observed Phenomena

To determine the cause of the clinically-observed reduction in energy-temperature efficiency
and focal expansion, a series of experiments was also performed.

There are several competing hypotheses to explain the observed reduction in energy-
temperature efficiency in the clinical cases. First, it is possible that as the skull heats, either
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temporary or permanent thermal damage to the skull and scalp causes the acoustical
impedance to change, resulting in lower acoustic transmission to the bone in regions of high
heating. To test this hypothesis, computer simulations were performed using temperature-
dependent acoustic parameters and the results compared to the clinical data.

It is also possible that after repeated sonication, there are changes in the tissue in the focal
region that cause absorption to decrease, perfusion to change, or the delivery of energy to
already-heated regions to decrease due to changes in acoustic impedance between ablated
and non-ablated tissue. To this effect, rabbit experiments were performed using a single
transducer, replicating the timescales of the clinical treatments.

Finally, it is possible that the transducer array output decreases over time and the energy
being delivered is reduced over longer, higher power sonications. To test this hypothesis,
transducer experiments were performed using the clinical phased array and a hydrophone at
the focus. The pressure measured on the hydrophone was analyzed as a function of applied
acoustic power from the array.

With these experiments performed, the effects of skull heating, tissue heating, and
transducer engineering were analyzed for their independent effects to explain the clinical
observations.

Computer Simulations on The Effects of Skull Heating

If uniformly applied over the skull, temperature changes in the cranial bone would not
explain the observed plateau, since the acoustic phase delays from all elements would
experience the same temporal shift. The skull thickness and density, however, vary spatially
and cause non-uniform skull heating 1° that could result in the observed defocusing. We
sought to explore the effect of this non-uniform heating on the transcranial focusing
problem.

Using previously-developed computer simulations 29 21, the temperature rise in the skull
was simulated for Patient 8 for clinical sonication parameters (600 W power, 24 s duration)
to illustrate the effect of temperature-dependent speed-of-sound and attenuation changes on
the manifestation of the focus. The temperature fields at 1-s intervals between 0 and 24 s
were recorded, assuming constant parameters over each 1-s period. The change in the speed
of sound and attenuation as functions of temperature in the skull bone were taken to be
ratios relative to the standard acoustic measurements taken at room temperature (20°C) 22,
using the mean values over the samples obtained from Nicholson and Bouxsein 23, The
speed of sound and attenuation were therefore taken to be separable functions of both
density and temperature: ¢ = c(p, T) = co(p)p(T) and a = a(p, T) = ag(p)y(T), as constant
factors scaled from a previous study in the calcaneus bone 23. In the case of speed of sound,
B(T) = (1596 — 2.2 T) / 1552, whereas in the case of attenuation, y(T) = (47.15+0.75T) /
62.15, where T was the temperature in Celsius. Figure 2 illustrates the values of cy(p) and
ao(p) for longitudinal and shear waves, taken from a previous study 22.

Assigning each voxel representing bone in the 3-dimensional simulation grid to a
temperature-dependent speed of sound and attenuation, the acoustic simulations were then
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re-run in a stepwise fashion, assuming constant temperature for 1 s at a time. The absorbed
power density was then recorded for each timepoint and the temperature rise over the 1-s
interval was simulated using the Pennes bioheat equation 12,

In Vivo Rabbit Experiments to Determine the Effect of Brain Absorption, Perfusion Rates
and Thermal Conductivity

To determine if there were changes in the brain tissue during multiple sonications,
experiments were performed on a New Zealand white rabbit, obtained from Charles River
Laboratories (Sherbrooke, QC, Canada) and weighing between 2.5-3 kg at the time of the
experiment. These experiments were used to compare the energy-temperature efficiencies
after 6 and 15 s of heating, to determine whether brain absorption, perfusion, and thermal
conductivity changed substantially upon the repeated application of ultrasound with
increasing acoustic powers. A craniotomy was performed 9 days prior to experiments for
ultrasound coupling with the brain without skull impediment, so that the effect of brain
heating alone could be analyzed. The animal was anesthetized with a cocktail of ketamine
(50 mg/kg) and xylazine (5 mg/kg) and maintained on isoflurane (2-2.5%) for the duration
of the surgery. The skin over the removed bone was sutured and the wound healed prior to
the experimental procedure.

A concave transducer (f = 1.513 MHz, f-number = 0.8, focal length = 10 cm) was used in the
experiments. The transducer was moved using a 3-axis positioning system and positioned
such that the focus was near to the brain surface, so that skull base heating was of minimal
concern. The experimental setup is illustrated in Figure 3, as well as an illustration of the
temperature rises recorded using MR thermometry for low and high powers. Lower
frequency (f = 0.558 MHz) sonications were also tested. However, due to the longer focus at
0.558 MHz, scalp burning and skull base heating became insurmountable issues in the rabbit
model, and these analyses were not included here.

Transducer Array Power Experiments

It was hypothesized that there could be an effect of the transducer elements or the driving
electronics and their response at higher acoustic powers. To test this hypothesis, experiments
were performed with the clinical system sonicating into degassed water. A 125-um fiber-
optic hydrophone with an active sensor diameter of 10 um (Precision Acoustics, Dorchester,
U.K.) was placed at the geometric focus of the transducer array to measure the acoustic
pressure. In the interest of maintaining hydrophone integrity and accuracy, 30% apodization
of the transducer array was used, such that only 68 elements were sonicating. The
apodization was calculated as a solid angle of the hemispherical array, similar to a previous
study 24. Transducer powers were set to be equal among all array elements. The acoustic
power on each element ranged from 0.37-1.03 W, such that the total acoustic power on the
array ranged from 25-70 W. If the full array were used at this level, then the total array
power would range from 379-1055 W, covering most of the range of the clinical treatments.
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Correlation of Efficiency with Other Treatment Parameters

Table 2 shows the correlation between the reduction in efficiency in the nineteen patients
with various treatment parameters. The results show significant correlation between the
reduction in efficiency observed and the peak temperature achieved (P = 0.02), the peak
power (P < 0.01), the peak energy (P < 0.01), and the peak duration (P < 0.01). The multiple
linear regression has an R-squared value of 0.82 (P < 0.01). This shows that as the peak
power, peak energy, and peak duration increased, the efficiency of the treatment would
decrease. This is to be expected, since a treatment with lower efficiency at higher powers
would typically yield less success, as indicated by the positive correlation between the peak
temperature and the efficiency.

Table 1 summarizes the nineteen clinical cases analyzed in this clinical trial, emphasizing
the energy-efficiency correlation coefficients. In eighteen (18) of the patients, there is
significant (P < 0.05) negative correlation between the applied acoustic power and the
efficiency. That is, in these patients the efficiency decreased as a function of power. For one
(1) patient there was no significant correlation between power and efficiency (Patients 1) and
no significant decrease in efficiency. Interestingly, this patient also had the lowest deposited
energy.

Figure 4 shows examples of the energy-temperature efficiency achieved during each of the
sonications during a treatment as a function of applied acoustic power. The examples are
presented for a patient with a relatively constant efficiency over time (Patient 1) and a
patient with a decreasing efficiency over time (Patient 8) to illustrate the patient variability
within the data. The directions of the arrows indicate the order of the sonications in time.
This figure demonstrates that in some patients, the efficiency is decreasing with the power
and number of sonications.

Considering the variation between patients in more detail, the energy-temperature efficiency
was constant between low and high powers for Patient 1, whereas there was a 60% decrease
in efficiency between low and high powers for Patient 8. Clinical MR thermometry images
taken at a timepoint of 9 s are illustrated for these patients in Figure 4, as well as a summary
of the relationships between power and efficiency for all sonications. Figure 5 illustrates the
relationship between the size of the focus and different power levels for Patient 8, where the
focal size increases as the power increases.

In addition, Figure 6 summarizes the relationship between the rate of change in the energy-
temperature efficiency and the focal size as a function of applied acoustic power, for all
nineteen clinical cases. There is a significant negative correlation (P < 0.01). Therefore, the
less efficient the treatment, the more dispersed the focus at higher powers.

Experimental Studies to Explain the Observed Phenomena

Computer Simulations on The Effects of Skull Heating—Figure 7 illustrates the
reduction in focal temperature rise as a function of time with changing acoustic parameters
as a function of temperature, the increase in the focal volume, and the absorbed power

Med Phys. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hughes et al.

Page 8

density over time. The temperature rise is 12% lower and the focal dispersion is 8% higher
over time. Although the general trend is observed in the numerical simulations, the effect
was larger in the analyzed clinical cases. From the clinical case, the temperature rise is 68%
lower and the focal dispersion is 47% higher over time.

In Vivo Rabbit Experiments to Determine the Effect of Brain Absorption, Perfusion Rates
and Thermal Conductivity

Although the Spearman correlation coefficient between acoustic power and efficiency was
-0.40 (P = 0.04), there is only a 2.8% reduction in efficiency at 15 s between 2 and 15 W of
applied acoustic power.

Figure 8 illustrates the efficiency recorded at 6 and 15 s timepoints for transducer powers
ranging between 2-15 W. In this way, the effects of perfusion, thermal conduction, and
absorption on treatment efficiency were analyzed. Although the Spearman correlation
coefficient was —0.40 (P = 0.04), there is only a 2.8% reduction in efficiency at 15 s between
2 and 15 W of applied acoustic power. Since the duration was held fixed in each case, both
the power- and energy-efficiencies are included in subfigures B and C. In both cases, the
temperature rise is linear with power (or energy for a fixed duration). However, as a result of
diffusion over longer duration heating, the energy-efficiency decreases between 6 and 15-s
sonications.

Transducer Array Power Experiments

Figure 9 demonstrates the relationship between acoustic power emitted from each element in
the array, and the pressure-squared. The linear fit corresponds well (R-squared = 0.996) and
shows that the transducer acoustic response is linear with power.

Discussion

With the ongoing development of transcranial FUS for the treatment of a range of diseases
and disorders 4 7-9: 25 it is imperative to understand the relationship between the applied
acoustic energy and the resultant temperature elevation during treatment. From the Pennes
bioheat equation 12, one would expect a linear relationship between the applied acoustic
power of the transducer array and the temperature rise at the focus in a FUS thermal
treatment. Clinical data were presented here to illustrate the unexpected reduction in the
energy-temperature efficiency at higher powers during MR-guided FUS thalamotomies for
the treatment of ET. This reduction in efficiency was then correlated with the observed
dispersion of the focus during treatment. This article presents clinical evidence of power-
dependent focal dispersion, which builds upon previous studies into the focal quality during
transcranial FUS 21. 26,

The natural suspicion when observing reduced energy-temperature efficiency is that there is
an increase in the rate of perfusion at higher powers, due to a larger disparity between the
focal temperature and the blood temperature, as predicted by the perfusion term in the
Pennes bioheat equation 12. A previous study showed that ignoring blood perfusion in a
transcranial model results in a 4% increase in the focal temperature elevation 20, The rabbit
experiments presented here illustrate that perfusion effects causing a decrease in efficiency
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are minimal. However, the rabbit experiments were performed at 1.513 MHz using a single
focused transducer, while the clinical treatments were performed at 670 kHz using a 1024-
element hemispherical array. As a result of these geometric and frequency differences, the

extrapolation of these results may be limited and would require further study.

Changes in tissue thermal conductivity could also explain the results presented here. By
analyzing the temperature dependence of various tissues, Valvano et al. developed a linear fit
describing this relationship 27. It was found that the conductivity increased by 0.3% per
degree Celsius, so that in the present context, between 37 and 50°C, conductivity likely
increased by 4%. This linear fit, however, did not cover near-coagulation-inducing
temperature ranges of tissue and therefore may not fully describe the effects presented here.

It is infeasible, however, that as the power is increased, there is a decrease in the absorption
in the tissue of the heated target volume leading to reduced energy-temperature efficiency. It
is expected that the absorption should increase at higher acoustic powers due to the increase
in absorption 28 and the reduced effect of perfusion once the thermal dose 2° at the target
reaches coagulation. In addition, the positive correlation between peak temperature and
change in efficiency presented in Table 1 would suggest that between patients, the higher the
focal heating, the lower the observed reduction in energy-temperature efficiency. It would
appear then that changes in focal absorption at higher powers would not be the cause of the
phenomena observed here. These results suggest that changes in perfusion, thermal
conductivity, and absorption are not substantial causes of the observed efficiency reduction
at higher powers. Whether the treatment-related edema from heating has an effect, however,
remains an open question.

A further explanation was that the skull and brain tissue along the beam paths could heat
under sufficient power levels to cause acoustic parameters to change, and therefore cause the
observed blurring (de-phasing) of the focus and reduction in the treatment efficiency. A
number of previous studies have confirmed changes in the velocity and attenuation of
ultrasound in water 30, bone marrow 31, and bone 23, among others, as a function of
temperature. Although skull heating during FUS treatments is a well-documented ongoing
concern 19:32.33 it would appear unlikely that brain tissue away from the focus would heat
sufficiently to cause any changes in the acoustic parameters, as evidenced by tight
transcranial acoustic focusing confirmed in previous studies 34.

The negative correlation between power and efficiency presented in Table 1 indicates that
skull heating correlates negatively with efficiency since power exhibits a linear, positive
relationship with skull heating. This would lead us to believe that the heating of the skull at
higher acoustic powers is potentially causing additional acoustic aberrations, leading to focal
spot expansion, thereby reducing the energy-temperature efficiency. In addition, the phase
corrections through the skull are computed assuming constant acoustic parameters over time
14 1 the rise in skull heating resulting from increased power causes changes in the
ultrasound speed in the skull non-uniformly, then the focus would disperse, since the ability
to target precisely would decrease. The energy-temperature efficiency would likewise
decrease from this de-phasing. The dispersion of the foci presented here and reduction in
energy-temperature efficiency is consistent with this hypothesis. Because previous studies
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have consistently found the speed of sound in bone to decrease at higher temperatures 23: 3
with the exception of water-filled bone 36, the phase distortion induced by the skull bone
would change during the exposure depending on the local heating of the skull. If skull
heating is the cause of the focal volume de-phasing and decrease in energy-temperature
efficiency observed, then future work could analyze the relationship between temperature
and acoustic properties, following previous studies 22. These results could then be used to
develop time- and power-dependent phased array corrections that consider the changing
acoustic parameters as a function of temperature for better focusing. Future transcranial
therapies could rely on more sophisticated treatment planning software, so that the potential
impact of skull heating on treatment efficiency could be pre-determined.

Finally, the acoustic efficiency of transducers using the clinical array sonicating into water
was found to be constant between lower and higher acoustic powers, indicating non-
significant transducer effects. The effect of registration between CT and MR images,
however, was not analyzed.

The use of axial MR images to quantify the changes in the focal size as a function of applied
power has notable limitations. Full analysis would require 3D volumetric MR imaging to
quantify the total deposition of energy in the focal region. As described previously2, should
an oblique focus manifest in the coronal or sagittal planes, the axial quantification of the
focal volume would underestimate the true size of the focus. During analysis of some
coronal images in the 19 patients included in this study, it was found that the focus was
obligue to the main array axis. However, the focal obliquity manifested at both low and high
power sonications. Since Figure 6 included only the percentage decrease in the focal size, it
is possible that the measured change in the focal size would still be accurate should a 3D
volumetric analysis be performed. Future work with a larger volume of coronal and sagittal
images could confirm this hypothesis.

The effect of MR noise was suppressed in this study using a series of filters. The noise,
however, played a noticeable role, particularly at lower power sonications, where the
temperature rise was sometimes on the order of the observed noise in the image. Although
the corrective methods were largely successful, some sonications needed to be excluded
from analysis. Since the effect of noise was more of an issue at lower power sonications, the
size of the foci in some of the lower power sonications could have been overestimated in this
analysis. This, however, would not alter the conclusions of this study. Invasive in vivo and ex
vivo experiments, however, would be required to determine more absolutely the true nature
of the relationships between skull heating, temperature rise, and focal dispersion. Tissue
heating resulting from FUS, causing geometric distortions in the MR temperature maps,
could also contribute to the observed phenomena 37, and was not considered in this analysis.

Conclusions

The reduction in energy-temperature efficiency during high-power focused ultrasound
thalamotomy for Essential Tremor correlated with increases in the size of the focal volume
and is likely caused by transient and semi-permanent changes in the tissue and skull during
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heating. Further studies should be conducted to develop temperature-dependent
compensation methods for improved treatment efficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) A schematic of the hemispherical transcranial focused ultrasound (FUS) device

sonicating in the brain from multiple elements, (B) the temperature rise in the focal region as

a function of time, illustrating the peak (solid line) and average (dotted line) temperature
rises. The change in temperature, AT, the duration, At, and the calculation of energy, W, are

also illustrated to elucidate the calculation of the efficiency metric in Equation 1. (C) The 2D

axial temperature map through the focus, with the focal region magnified in the inset. Scale

bar = 10 mm.
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Figure2.
The longitudinal (solid line) and shear (dashed line) speeds of sound (A) and attenuation (B)

used in the temperature-dependent numerical simulations.
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Figure 3.
The experimental setup during the in vivo rabbit experiments. The rabbit is placed supine

and the transducer (f = 1.5 MHz) is positioned using a 3-axis positioner to sonicate a central
target close to the surface of the brain, to avoid skull base heating. Radiofrequency (RF)
coils are placed close to the target for localized thermometry with a 3T MRI system during
the treatment. Outside of the magnet room, a custom-built computer interface is used to
perform the sonication and provide thermometry feedback. Also illustrated are examples of
low and high power sonication thermometry results overlaid on anatomical MR images.
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Figure 4.
The clinical sequences of sonications as functions of power, with sonication order indicated

by the arrow directions. Patients 1 and 8 are presented. There is no significant reduction in
efficiency over time for Patient 1 (P = 0.06), while there is a significant reduction in
efficiency for Patient 8 (P < 0.01). A comparison of clinical cases of low reduction in
energy-temperature efficiency (top row, Patient 1) and high reduction in efficiency (bottom
row, Patient 8). Axial MR thermometry images are presented for both cases, with low and
high power sonications examined. The purple squares in the power-efficiency plots indicate
the highlighted cases in the thermometry images. In Patient 1, there is minimal change in the
efficiency between low and high powers. In Patient 8, there is a 60% (0.06 — 0.02 / 0.06)
decrease in the efficiency between 150 and 600 W.
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Figure5.
(a) The relationship between the power and the focal size for Patient 8 and (b) another

illustration of the expansion of the focal size across the focus between 150 (light gray) and
600 (black) Watts of applied power.
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% Change in Focal Size

Figure6.
The linear correlation between the percentage decrease in efficiency and the percentage

increase in the size of the focus for all 19 clinical cases. R-squared = 0.52, p-value < 0.01. In
this case, the efficiency was calculated using acoustic power, since the focal spot size was
taken at 9 s in all cases.
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Figure7.
Computer simulations on the effect of skull heating on the temperature rise at the focus and

the focal volume for Patient 8 for (A) a 24-second sonication (black line) and the simulated
temperature rise assuming changing speed of sound (thick red dashes). There is a 12%
decrease in the simulated peak temperature at 24 s when accounting for temperature-
dependent speed-of-sound changes. (B) The increase in the focal volume assuming skull
heating (red dashed line) compared to the focal volume with constant acoustic parameters
(solid black line). There is an 8% increase in the focal volume when including temperature-
dependent acoustic parameters. (C) Normalized temperature (relative to 37°C body
temperature) plotted across the simulated focus assuming skull heating (red dashed line)
compared to the focal volume with constant acoustic parameters (solid black line). (D) The
evolution of the power absorption (W / cm3) measured at the focus for timepoints of 6, 12,
18, and 24 s, showing a decrease in absorption during skull heating.
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Figure8.
An analysis of the effects of blood perfusion, thermal conduction and absorption on the

reduction in the energy-temperature efficiency during treatment using a rabbit model (N =1
rabbits, N = 21 sonications). The 6-s (black) and 15-s (red) efficiency curves as functions of
(A) temperature rise, (B) power, and (C) energy are shown, with the 95% confidence
intervals shown in dashed lines. The Spearman cross correlation between power and
efficiency on the difference between the 6- and 15-s sonications is —0.40 (p-value = 0.04),
indicating that changes in perfusion, thermal conduction, and absorption play a role in
reducing efficiency at higher powers, although it is not described by a linear fit (P = 0.29).
There is only, however, a 2.8% reduction in efficiency at 15 s between 2 and 15 W of applied
acoustic power, indicating that changes in perfusion, conduction and absorption play
minimal roles in the reduced efficiency. Computing the Spearman cross correlation between
temperature rise and efficiency on the difference between the 6- and 15-s sonications, it is
found that there is no correlation (P = 0.11). In addition, (D) illustrates the peak
temperatures and thermal dose achieved in each of the sonications at the 15-s timepoints
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(CEMA43 = Cumulative Equivalent Minutes at 43C). The 5-, 60-, and 240-CEM43 values are
also shown to demonstrate the thresholds for thermal damage, thermal necrosis in brain
tissue, and thermal necrosis in all tissues, respectively. Note the logarithmic scale on the y-
axis.
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Figure.
The transducer power experiments illustrating the linear pressure-squared rise with the

applied power per element in the array (R? = 0.996). The 95% confidence intervals of the
linear fit are indicated by the dashed lines.
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Correlations of various treatment parameters with the percentage change in the energy-temperature
efficiencies, taken for all nineteen (19) clinical cases, listed with their associated P values. Also included is the

Table 2

multiple linear regression over all five variables.

Correlation with Percentage Changein Efficiency

Peak temperature 0.54 (P =0.02)

Peak energy -0.79 (P < 0.01)

Peak power -0.59 (P <0.01)

Peak time -0.81 (P <0.01)

Multiple Linear Regression over all Variables | R-squared 0.82 (P <0.01)
Percentage Change in Focal Size* -0.62 (P <0.01)

The percentage change in the focal size is marked with an asterisk, since in this regression the power-temperature efficiency was calculated, instead
of the energy-temperature efficiency, since all temperature maps were taken at the 9-s timepoint. In addition, the change in focal size only

considered axial sonications.
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