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Abstract

Background—Transcranial focused ultrasound (FUS) has emerged as a new brain stimulation

modality. The range of sonication parameters for successful brain stimulation warrants further

investigation.

Objective—The objective of this study was to examine the range of FUS sonication parameters

that minimize the acoustic intensity/energy deposition while successfully stimulating the motor

brain area in Sprague-Dawley rats.

Methods—We transcranially administered FUS to the somatomotor area of the rat brain and

measured the acoustic intensity that caused excitatory effects with respect to different pulsing

parameters (tone-burst duration, pulse-repetition frequency, duty cycle, and sonication duration) at

350 and 650 kHz of fundamental frequency.

Results—We observed that motor responses were elicited at minimum threshold acoustic

intensities (4.9–5.6 W/cm2 in spatial-peak pulse-average intensity; 2.5–2.8 W/cm2 in spatial-peak

temporal-average intensity) in a limited range of sonication parameters, i.e. 1–5 ms of tone-burst

duration, 50% of duty cycle, and 300 ms of sonication duration, at 350 kHz fundamental

frequency. We also found that the pulsed sonication elicited motor responses at lower acoustic

intensities than its equivalent continuous sonication.
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Conclusion—Our results suggest that the pulsed application of FUS selectively stimulates

specific brain areas-of-interest at an acoustic intensity that is compatible with regulatory safety

limits on biological tissue, thus allowing for potential applications in neurotherapeutics.
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Introduction

Brain stimulation methods, such as transcranial magnetic stimulation (TMS) (1) or direct

current stimulation (DCS) (2), allow for non-invasive evaluation and modulation of the brain

function. These non-invasive techniques contributed to the expansion of our knowledge

about the brain by probing spatiotemporal characteristics of specific neural substrates.

However, the lack of spatial specificity and penetration depth due to the inductive nature of

magnetic stimulation (in the case of TMS) or electrical current conduction in in vivo tissue

(for DCS) leaves margins for substantial improvement. Recent developments in optogenetic

brain stimulation method (3) provide superior spatial specificity compared to other brain

stimulation methods; however, they require cell-level genetic alterations to express light-

activated ion channels as well as invasive procedures to introduce the light source to the

specific brain anatomy, preventing its immediate application to a widespread human study.

The demand for methods enabling non-invasive brain stimulation with superior spatial

specificity and penetration depth, therefore, has been warranted, and focused ultrasound

(FUS) has emerged as a new modality that shows exceptional promise in the field of brain

stimulation and subsequent functional brain mapping. FUS typically utilizes a single (4) or

multiple ultrasound transducers that are actuated independently (5–6) to deliver highly-

localized acoustic energy to a specific focal location-of-interest. Using a lower acoustic

frequency (<1 MHz) than those used for diagnostic imaging (on the order of 1–15 MHz),

FUS can be administered through the intact skull in a focal manner (6–8). FUS-based brain

stimulation may provide several distinct advantages over other brain stimulation methods. It

allows for spatial specificity (on the order of a few millimeters, depending on the

fundamental frequency and transducer configuration) and superior penetration depth without

requiring invasive surgical procedures or genetic alterations.

The neuromodulatory potentials of FUS were suggested by the pioneering work of Fry and

colleagues (9), which demonstrated that FUS administered to the lateral geniculate nuclei of

the thalamus reversibly inhibited the visual pathway in cats. These potentials were further

seen by monitoring electroencephalography (EEG) recordings in cats, which demonstrated

attenuated seizure activity (10). The application of FUS to excised rodent hippocampal

tissue was also shown to enhance or suppress electrically-evoked neural field potentials (11–

12). Recently, studies on intact rodent and rabbit brain tissue confirmed the excitatory and

suppressive neuromodulatory properties of FUS for not only the central nervous system but

also the peripheral nervous system (13–15). Several research groups have also reported that

the modulation of neural activity is feasible through the application of short bursts of

ultrasound pulses (14–18), demonstrated by using a wide range of pulsing schemes having
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variations in duty cycle (DC), tone-burst duration (TBD), pulse-repetition frequency (PRF),

sonication duration (SD), acoustic intensity (AI), and fundamental frequency (FF). On the

other hand, continuous ultrasound waves have also been shown to modulate the brain neural

activities (9, 19–21); however, the question remains as to which one is more effective in

achieving the desired modulation.

For the safe use of ultrasound in brain stimulation, using the lowest possible acoustic

intensities (represented by spatial-peak pulse-average intensity - Isppa and spatial-peak time-

average intensity - Ispta [W/cm2]) and energy density (Esppa [J/cm2]) (22) is desired to

prevent unwanted mechanical or thermal damage to the tissues during and after the

sonication. To our knowledge, there are a few systematic investigations that probed the

efficacy of ultrasound sonication over various combinations of pulsing parameters, including

a comparison with continuous US sonication (18, 23). In the present study, we were

motivated to examine FUS sonication parameters that would minimize the AIs to elicit

successful brain stimulation and associated motor responses in Sprague-Dawley rats. We

measured the threshold Isppa (associated with the degree of acoustic pressure) and Ispta

(indicating the rate of energy deposition in the tissue) using various combinations of

discretized pulsing parameters. The pulsing scheme, which elicited motor responses at the

lowest AIs among the tested parameters, was compared to continuous sonication that had an

equivalent amount of acoustic energy deposition.

Methods and Materials

Animal preparation

All animal experiments described in this study were approved by the Harvard Medical Area

Standing Committee on Animals. The Sprague-Dawley rat (all male, n=37) was anesthetized

using an intraperitoneal injection of a 80:10 mg/kg, ketamine/xylazine mixture. After a

sufficient level of anesthesia was achieved, the rat scalp was depilated with household razor

blades. As shown in Figure 1a, the rat was then positioned, using ear bars and a teeth holder,

on a fixation frame (SRP-AR, Narishige, Japan) that can be moved in all directions using a

3-axes mechanical platform. The FUS transducer was immersed in a cone-shaped plastic bag

containing degassed water, and the bag was positioned over the rat’s head. The bag

containing the degassed water uses the water as the media that acoustically couples the

transducer to the skull. The degassing process is required to minimize the absorption and

distortion of acoustic pressure waves in the water bag. Hydrogel (Aquasonic, Parker

Laboratories, Fairfield, NJ, USA) was also applied to promote the acoustic coupling

between the scalp and the water bag.

Sonication setup and characterization of FUS transducer

The schematics of the sonication control system and data acquisition for the detection of the

tail motor responses are described in Figure 1b, with an illustration of sonication parameters

in Figure 1c. The bursts of pulsed waves, each sinusoidal, were generated using two serially

connected arbitrary function generators (33210A, Agilent, Santa Clara, CA), whereby the

first function generator (FG1 in Fig. 1b) controlled the PRF, SD and inter-stimulus interval

(ISI) by triggering the operation of the second FG (FG2 in Fig. 1b), which controlled the
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ultrasound FF, TBD and AI. For continuous mode sonication, a single function generator

(FG2 in Fig. 1b) was used to control the FF, SD, AI and ISI. For both pulsed and continuous

sonication modes, a fixed ISI of 2 s was adopted. The corresponding duty cycle (DC), which

is the percentage of sonication that is active compared to the continuous sonication (i.e. DC

of 100 %), can be described as the product of TBD (in ms) and PRF (in kHz) as a percentage

value.

The generated sinusoidal waves were then amplified by a linear power amplifier (240L, ENI

Inc., Rochester, NY) before being transmitted to the FUS transducer. Two air-backed,

spherical segment FUS transducers (6 cm in diameter, 7 cm in radius-of-curvature, each

operating at the 350 or 650 kHz FF) were used. The acoustic pressure field at the focus

generated by the transducer was measured in a rubber-laid, degassed water tank using a

needle-type hydrophone (HNR500, Onda, Sunnyvale, CA) attached to the 3-axes robotic

platform (Bi-Slides, Velmex, Bloomfield, NY). The location of the focal plane

perpendicular to the incident acoustic beam path, 7cm radius-of-curvature away from the

transducer surface, was first estimated using the time delay between the actuation of the

transducer and the detection of the pressure wave (DSO-X 2012A, Agilent Technologies,

Santa Clara, CA). The acoustic pressure was then measured in a space spanning 2.5 × 2.5

cm2 with 0.5 mm steps in the transversal plane, and 7 × 3 cm2 with 0.5 mm steps in the

longitudinal plane relative to the sonication path. The Isppa was estimated by dividing the

pulse intensity integral (PII) by the pulse duration in compliance with the American Institute

of Ultrasound Medicine (AIUM) standards (24), resulting in the equation A2/2ρc, whereby

A is the peak pressure, ρ is the density of the medium (1000 kg/m3), and c is the speed of

sound in the medium (1480 m/s) (25), and the Ispta was calculated by multiplying the pulse

duty cycle to the Isppa. The corresponding duty cycle (DC), which is the percentage of

sonication that is active compared to the continuous sonication (i.e. DC of 100 %), can be

described as the product of TBD (in ms) and PRF (in kHz) as a percentage value. The

resulting acoustic focus, defined at the full-width-at-half-maximum (FWHM) of the

normalized acoustic intensity profile on the focal plane, was roughly cigar-shaped (6.5 mm

in diameter, 24 mm in length for 350 kHz; 3.5 mm in diameter, 15 mm in length for 650

kHz; Figure 2). The degree of acoustic pressure attenuation through the rat skull at 350 and

650 kHz FFs was measured using freshly-isolated ex vivo rat skulls (n=5). The averaged

pressure attenuation across the five rat skulls was 12.1±2.3% for 350 kHz FF and 16.8±2.1%

for 650 kHz FF. Factoring in the pressure attenuation through the rat skull, the relationship

between the transducer input voltage to the output AIs at the focal area was established up to

28 W/cm2 Isppa in both transducers.

Excitation of the brain somatomotor area and detection of the corresponding motor
responses

Previous investigations revealed that a light state of anesthesia is conducive to inducing

ultrasound-mediated motor responses in rodents ((23),(26),(27)). Guided by this

information, we performed the experiments under a light anesthetic state, and used the onset

of irregular and rapid respiratory motions from the rats (28) as a distinctive physiological

cue to initiate application of the ultrasound. Among the various somatomotor cortical areas

that could be stimulated by sonication (e.g. causing whisker or limb movements),
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stimulation of the tail somatomotor area was selected since the resulting tail motion can be

readily detected via visual inspection and a motion sensor (Piezoelectric Pulse Transducer,

MLT1-1010/D, AD Instruments, CO) (29). In some of the previous studies, EMG had been

adopted to detect peripheral motor responses induced by FUS stimulation (18, 23). EMG

captures subtle corticospinal motor responses elicited by stimulating the somatomotor area

of the brain; however, the resulting EMG signals are often confounded by spontaneous

muscle activities, requiring further corrections to determine the success rates and latencies

from the stimulus onset (23). Since we aimed to measure the presence of the muscle

recruitment and motion that are manifested by the stimulation of motor neural units in the

brain, we selected the actual muscle movement caused by cortical stimulation as a measure

of a successful stimulus outcome. The aim is also in line with a recent observation that

ultrasound-mediated neural simulation is an all-or-nothing event and not correlated with the

magnitude of the EMG signal (23). Referencing the functional atlas obtained by transdural

electrical stimulation on the motor cortex of the rat (30), the somatomotor area of the brain

that elicits tail movement was located (midline, 2 mm posterior to the Bregma). The location

of the sonication focus was guided to the area-of-interest using the visual guidance system

presented in our previous work (31), and adjusted further by maneuvering the 3-axes

platform within a 2 mm distance from the initial location.

Overview of sonication trials

The criterion for a successful stimulation was the detection of sonication-synchronized tail

motions (each stimulus sonication was given in two second intervals) that occurred

consecutively for five times. The threshold AI that elicited stimulation-related motor

responses was determined for different combinations of the sonication parameters. Initially,

we used a set of sonication parameters (0.5 ms TBD, 1 kHz PRF, 300 ms SD, 10 W/cm2

Isppa), which has been previously shown to stimulate somatomotor areas in rats (29). An ISI

of 3 s was used to allow for enough time gaps between the stimulations. Once the tail

movement was successfully elicited, the sonication parameters were then adjusted to the

specific parameters-of-interest (Table 1). AIs were subsequently reduced down to 4 W/cm2

Isppa and incrementally increased about 10% of the preceding Isppa for each step until the

criterion for the presence of tail movement was achieved. The criterion was 3 times the

standard deviation from the baseline (non-excitation state) signal as detected by the motion

sensor. The sequence of sonication trials, employing a different set of sonication parameters

for each trial, was randomized and balanced across the animals to minimize the potential

confounding effects due to the anesthesia level (23, 26). After determining the threshold AI,

another set of test sonication trials were given below and above the threshold to confirm the

finding.

Sonication parameters

The sonication parameters tested are listed in Table 1. A 350 kHz transducer was initially

used due to its superior stimulation efficiency over the 650 kHz transducer (18, 23). The

threshold AIs that elicited the motor responses were examined over the range of TBDs

(0.25, 0.5, 1, 2, 3, and 5 ms) using three different pulse DC groups (n=11, 279±23 g for 50%

DC; n=9, 286±36 g for 30% DC; n=10, 290±21 g for 70% DC) at a fixed SD of 300 ms,

whereby the use of 50% DC elicited motor responses at the lowest AIs (see Results section;
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Figure 3). Then, while maintaining the 50% DC, we conducted experiments on an additional

group of animals to determine the threshold AIs in two additional SD conditions (n=9,

297±35 g for 200 ms SD, n=9, 297±38 g for 400 ms SD). The use of 300 ms SD showed the

lowest threshold in terms of both AIs and Esppa for eliciting successful tail motion (see

Result section; Figure 4). Using 50% DC and 300 ms SD, the threshold AIs that elicited the

movement responses were subsequently examined at 650 kHz FF across a different set of

animals (n=8, 289±12 g) to examine the stimulation efficiency compared to the use of 350

kHz FF. We also used continuous sonication to measure the threshold AIs that generated

motor responses (n=9, 297±12 g), whereby the SD was adjusted to 150 ms, depositing the

same overall acoustic energy as the pulsed sonication (50% DC, 300 ms SD). Repeated

sonication sessions were allowed on the same animal, but with different sonication

parameter sets. A minimum gap of 2 days was maintained between the sessions. There was

no significant difference in animal weights between any of the groups compared (Table 2).

The method of statistical analysis is provided in the Supplement.

Examination of potential thermal effects

To examine the potential thermal effects from the sonication, we estimated the acoustic

intensity that would elevate the tissue temperature by 1°C. To do so, we used the formula

ΔT = 2αIt/ρbCp; where α = the absorption coefficient (0.05 cm−1 at 350 kHz), I = the

intensity of ultrasound in the focal region, t = the ultrasound pulse duration, ρb = the density

of brain tissue, and Cp = the specific heat of the brain tissue, whereby ρbCp is 3.796 J·cm−3·

°C−1 (32–33). We found that an Isppa of at least 189 W/cm2 would be necessary for the set of

sonication parameters that has the highest rate of energy deposition (i.e. 70% DC, 300ms

SD) at 350kHz FF. On the other hands, the acoustic intensity level corresponding to the

allowed Mechanical Index for diagnostic ultrasound device (i.e. 1.9 (34) according to the

FDA-guideline) was 43 W/cm2 Isppa at 350 kHz.

Histological assessment

All experimental animals were allowed to survive for different periods of time (n=11, 0–6

days; n=18, 7–14 days; n=8, 15–26 days) after the sonication to monitor any adverse acute

and long-term biological effects associated with the procedure. Immediately after sacrificing

the animal, systemic transcardial circulation of 10% formalin was applied to fix the brain

tissue. The skull was then extracted and immersed in 10% formalin for an additional 1–2

weeks before the brain tissue was extracted for histological assessment (n=30). Serial

sections were applied perpendicularly to the sonication path along the cortex and

hippocampus, and stained with hematoxylin and eosin (H&E) to examine the presence of

hemorrhaging or tissue damage.

Results

FUS-mediated tail movement

The nature of the tail movement was oscillatory, which occurred only upon each FUS

stimulation event (the motion returned back to neutral position, the motion data as shown in

Fig. 1a). Occasional elicitation of the movement from the hind leg or whiskers that

accompanied the tail movement, which has been observed elsewhere (27), was also detected
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due to proximity of functional areas between tail and hind leg; however, was not included in

the analysis due to lack of objective measurement of the motion characteristics.

Comparison among different duty cycles at 350 kHz FF employing 300 ms SD

The results pertaining to the group-averaged threshold AIs across the six tone-burst

durations for the three different duty cycles (30, 50, and 70%) in the case of sonication

employing 300ms SD at 350 kHz FF are shown in Figure 3. In terms of Isppa (Figure 3a),

significant differences were observed among the three different DCs across all TBDs (one-

way ANOVA; p<0.05). A subsequent Tukey-Kramer post-hoc analysis revealed that there

was a significant difference (shown as a bracket in the Figure 3) between 30% and 50% DC

for all TBDs, and between 30% DC and 70% DC across all TBDs, except 1 ms TBD. No

significant difference was observed between 50% DC and 70% DC for any of the TBDs. On

the other hand, in terms of Ispta (Figure 3b), there were significant differences among the

three different DCs for 1–5 ms TBDs (one-way ANOVA; p<0.05). A Tukey-Kramer post-

hoc analysis showed that there were significant differences between 30% and 70% DC only

for 1 ms TBD, and between 50% and 70% DC for 1–5 ms TBDs. No significant differences

were observed between 30% DC and 50% DC for any of the TBDs. In summary, the data

suggests that the use of 50% DC elicited motor responses at lower AIs, favoring its use in

terms of a lower Isppa (compared to the use of 30% DC) as well as a lower Ispta (compared to

the use of 70% DC), for the range of 1–5 ms TBDs.

Comparison between each pair of tone-burst durations within a group

A set of pair-wise comparisons (paired t-test; two-tailed) for the minimum AIs capable of

eliciting tail movement was conducted between each pair of TBDs, across the three DCs

(Supplementary Table A1). In 30% DC, the minimum threshold AIs were observed at 1 ms

TBD (9.34±1.2 W/cm2 Isppa, 2.8±0.36 W/cm2 Ispta). There were significant differences in

AIs between 1 ms and the other TBDs, except for the 2 ms TBD. In 50% DC, the minimum

threshold AIs were observed at 2 ms TBD (4.91±0.46 W/cm2 Isppa, 2.45±0.23 W/cm2 Ispta),

in which the threshold AIs showed significant differences when compared with those of 0.25

and 0.5 ms TBDs. In 70% DC, the minimum threshold AIs were observed at 0.5 ms TBD

(5.78±1.04 W/cm2 Isppa, 4.04±0.73 W/cm2 Ispta), where the threshold AIs only exhibited

significant differences when compared with those at 0.25 and 5 ms TBDs.

Comparison among different sonication durations using 50% DC

The group-averaged threshold AIs and Esppa, plotted against the six TBDs across the three

SDs are shown in Figure 4. Significant differences in threshold AIs and Esppa among the

three SDs were observed across all TBDs (one-way ANOVA). A subsequent Tukey-Kramer

post-hoc analysis showed that there were significant differences in AIs (both Isppa and Ispta)

between 200 and 300 ms SD for all TBDs, and between 200 and 400 ms SD for 0.5 ms

TBD, and between 300 and 400 ms SD for 1 and 2 ms TBDs (Figure 4a). On the other hand,

from the perspective of Esppa, significant differences existed between 300 and 400 ms SD

across all TBDs, and between 200 and 300 ms SD for 1 and 2 ms TBDs (Figure 4b). In

summary, the use of 300 ms SD elicited motor responses at lower threshold AIs and Esppa

than the other tested SDs (200 and 400 ms) for 1 and 2 ms TBDs.
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Comparison among different fundamental frequencies using 50% DC and 300 ms SD

The results pertaining to the group-averaged threshold AIs when comparing the two

fundamental frequencies (350 and 650 kHz FFs) are shown in Figure 5. There were

significant differences in the threshold AIs and Esppa between 350 and 650 kHz FFs for all

TBDs (one-tailed t-test; p<0.05), whereby the use of 350 kHz FF elicited stimulatory motor

responses at lower threshold AIs and Esppa than the use of 650 kHz FF.

Comparison between pulsed and continuous sonication

The comparison between the pulsed sonication (50% DC, 300 ms SD, 350 kHz FF) and its

equivalent continuous sonication (150 ms SD, 350 kHz FF) showed that the continuous

sonication was able to elicit tail movement in rats at 7.73±0.83 W/cm2 Isppa (Ispta equates to

Isppa due to the use of 100% DC), and 1.16±0.12 J/cm2 Esppa. Significant differences

between pulsed and continuous sonication existed in the range of 0.5–5 ms TBDs in terms of

Isppa and Esppa (one-tailed t-test, Supplementary Table A2), and for all TBDs in terms of

Ispta (one-tailed t-test, Supplementary Table A2). These values were much greater when

compared to the minimum values observed when using pulsed sonication at 2 ms TBD (i.e.

4.91±0.46 W/cm2 Isppa, 2.45±0.23 W/cm2 Ispta, and 0.74±0.07 J/cm2 Esppa). However, this

distinction disappears at 0.25 ms TBD, i.e., no significant differences in Isppa and Esppa were

observed between pulsed and continuous sonication. The results suggest that pulsed

sonication elicits motor responses at lower AIs and Esppa than its equivalent continuous

sonication for the range of 0.5–5 ms TBDs (mean difference values are shown in

Supplementary Table A2). The latency between the application of the FUS and the initiation

of the tail movement was 208±57 ms in case of the pulsed sonication (50% DC and 300 ms

SD), whereas the latency was slightly reduced to 167±78 ms (two-tailed t-test, p=0.04) in

case of the continuous sonication (150 ms SD) with the equivalent overall energy

deposition.

Post-sonication histological assessment

Histological analysis based on H&E staining did not show the presence of any tissue

damage or hemorrhage associated with the sonication (example shown in Figure 6a). One

animal, however, that was exposed to a high AI (22.4 W/cm2 Isppa; 11.2 W/cm2 Ispta) and

high mechanical index (MI) of 1.38 for a short period of time (3 ISIs, i.e. < 9 s using 1 ms

TBD, 50% DC and 300 ms SD) during testing later exhibited several areas containing

hemosiderin, which indicated the potential of local bleeding (arrow in Figure 6b).

Discussion

In this study, by testing various combinations of pulsed sonication parameters, we derived

pulsed sonication parameters that stimulate brain somatomotor areas and, subsequently elicit

motor responses at the lowest acoustic intensities (both Isppa and Ispta). Among the tested

parameters, the use of 1–5 ms TBD, 50% DC, 300 ms SD, and 350 kHz FF was deemed to

be effective by manifesting stimulation at the lowest possible AIs and energy deposition.

The use of continuous sonication, which was designed to deliver equivalent acoustic energy

as the pulsed sonication, elicited motor responses at higher AIs compared to those of its

pulsed counterpart.
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Effects of duty cycle, tone-burst duration, and sonication duration

We observed that the use of 50% and 70% DC elicited stimulation-mediated motor

responses at a lower Isppa than 30% DC across most of the TBDs tested (Figure 3a). On the

other hand, in terms of Ispta (Figure 3b), the use of 50% DC elicited motor responses at a

lower Ispta than the use of 70% DC for 1–5 ms TBDs. These findings indicate that the use of

an intermediate DC of 50% stimulates the somatomotor area at lower, overall AIs compared

to the use of 30% and 70% DC. In terms of the use of different TBD under each DC (as also

shown in Figure 3), the minimum threshold AIs were observed at 2 ms TBD in the case of

50% DC. For example, at 2 ms TBD, motor responses were observed at 4.91±0.46 W/cm2

Isppa and 2.45±0.23 W/cm2 Ispta. However, there were no significant differences in threshold

AIs between 2 ms TBD and the other TBDs used (i.e. 1, 3, and 5 ms TBDs), except for 0.25

and 0.5 ms TBDs (Supplementary Table A1). This indicates that the use of a lower TBD

(less than 1 ms) significantly increased the threshold AIs compared to the rest of the tested

TBDs. According to the parabolic curves describing the threshold AIs shown in Figure 3,

there was rather a steep increase in AIs when short TBDs, i.e., 0.25 and 0.5 ms, were used.

For example, the use of 0.25 ms TBD elicited motor responses at 6.73±0.56 W/cm2 Isppa,

3.36±0.28 W/cm2 Ispta, and 1.01±0.08 J/cm2 Esppa. Therefore, the use of intermediate TBDs,

on the range of 1–5 ms, operating at 50% DC, would provide the desired brain stimulation at

the lowest AIs, serving as an effective pulsing scheme.

The presence of particular sonication parameters that elicit stimulatory effects at a lower

acoustic intensity than other parameters can potentially be explained by the Neuronal

Bilayer Sonophore (NBLS) model (35) that addresses the mechanism of neuronal excitation

under the exposure of an acoustic pressure field. According to the model, ultrasound

pressure waves induce mechano-electrical effects in the neural cell membrane, and

subsequently produce neural excitation, primarily though the changes of membrane

capacitance as well as transmembrane ion currents. The use of different pulsing schemes

(for example, the use of different TBDs at the same duty cycle) may impose a differential

mechanical impact on the piezoelectric properties of the cell membranes as well as voltage-

dependent membrane potentials, thus possibly contributing to the parabolic features of the

threshold curves identified in this study. For example, the model suggested that an optimal

choice of duty cycle may exist for ultrasound-mediated neural stimulation through non-

linear interactions between charge accumulation across the membrane and one of voltage-

dependent sodium channels. It is also interesting to note that 400 ms SD sonication,

although its first 300ms duration was as same as the 300 ms condition, required a higher

Isppa for eliciting the tail movement. We conjecture that the longer sonication durations

might have recruited inhibitory neural circuits that ended up raising the threshold. The

examination of the possibility for recruitment of inhibitory neural cells (such as interneurons

(36)), along with the validation of the NBLS model in the context of in vivo setting, is

needed to elucidate the mechanism behind the acoustic neural stimulation.

Pulsed versus continuous sonication and the effects of fundamental frequency

We found that a pulsing scheme provides superior stimulation efficiency (i.e., stimulation

occurred at lower AIs) compared to the continuous sonication. Continuous sonication, which

was designed to deposit the same amount of acoustic energy as the pulsed sonication (50%
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DC, 300 ms SD, 350 kHz FF), elicited tail movement, but at much higher AIs than its

equivalent pulsed sonication across most of the TBDs, except for the shortest TBD tested

(i.e. 0.25 ms; see Supplementary Table A2). Our results are in agreement with recent bio-

piezoelectric modeling of membrane capacitance and successful induction of neural cell

firing due to the ultrasound pulsation (35), which showed that pulsing scheme may lead to

higher stimulation efficiency than continuous sonication. In regards to the comparison of

two FFs, the use of 350 kHz FF elicited stimulatory motor responses at a lower threshold

Isppa and Ispta than the use of 650 kHz FF (Figure 5). The results comparing the use of 350

and 650 kHz FFs agreed with previous studies (18, 23), which showed that the use of a

lower FF is favored for eliciting motor responses in mice using collimated ultrasound

sonication on the brain.

In terms of in vivo testing, our findings are congruent with the findings by King and

colleagues (23), whereby a TBD of 0.2 ms would require a higher Isppa and Esppa than its

equivalent continuous sonication based on the extrapolation of the threshold curves (Figure

3). However, this agreement seems to apply only to the use of a short TBD, whereas the

continuous sonication to the somatomotor area of the brain elicited motor responses more

frequently than its pulsed sonication counterpart in their study (23). The present study,

which examines much wider ranges of pulsing parameters (i.e. various tone-burst durations,

sonication durations, and duty cycles) compared to the study by King and colleagues (23),

showed that the pulsing scheme provides superior stimulation efficiency (i.e., stimulation

occurred at lower AIs) compared to that of the continuous, single-pulse sonication.

However, the discrepancies in the experimental design, e.g. transducer type (non-focused vs.

focused), animal model (mice vs. rat), and efficacy metrics (success rate vs. threshold

acoustic intensity), warrant further investigations.

Stimulation of the tail motor cortex induced by the FUS in the present study was assessed as

an all-or-nothing event based on the tail twitching as manifested by the muscle recruitment.

Similarly, the detection of body parts and the quantification of the success rate of

stimulation has also been adopted by other groups to assess the efficacy of ultrasound

stimulation of the corresponding brain area (23, 27); however, it is important to note that

overall excitability and functionalities of the brain circuitries are the outcome of the intricate

and non-linear interactions among neural substrates, which covers a much wider scope

beyond the dichotic stimulatory events. Therefore, further investigation is needed on non-

linear neural responses due to neuromodulatory FUS, including the examination of the

suppressive effects by the pulsed application of FUS to the brain (13–14).

Biological safety of FUS sonication

In this study, we were able to elicit motor responses at less than 3 W/cm2 Ispta

(corresponding to 6 W/cm2 Isppa, peak pressure of 0.42 MPa, MI of 0.71) by using the

effective sonication parameters described above. An AI of 3 W/cm2 Ispta complies with the

upper limit of ultrasound physiotherapy equipment set by the IEC (International

Electrotechnical Commission) standard (34). According to the histological assessment, we

did not observe any tissue damage or hemorrhage associated with the sonication except in

one animal that was once exposed to a relatively high AI (22.4 W/cm2 Isppa; 11.2 W/cm2
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Ispta). The corresponding peak pressure (0.81 MPa) was still far below the threshold of the

cavitation-related brain tissue damage in the absence of air bubbles (40 MPa) (37). Other

than the H&E staining presented in here, a more detailed histochemistry examination

focusing on inflammatory cells, for example, astrocytes and microglia (38), would be

necessary to probe the presence of less visible perturbations resulting from the sonication.

Long-term EEG monitoring along with other motor evaluation tasks after the sonication

would also be conducive to revealing the potential functional changes that may not have

been histologically evident.

Conclusions

We examined a range of FUS sonication parameters that stimulated the motor cortex of rats

in vivo and found there were ‘sweet-spot’ parameters that elicited neural activation with

minimal acoustic energy deposition to the biological tissues. This result is conducive to

determining the bio-compatible pulsing parameters for functional brain mapping using FUS,

which will confer non-invasive means for probing the region-specific brain functions.

Furthermore, the differential neuromodulatory capability of FUS would incite a new

generation of treatments for various neurological and psychiatric disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The ‘sweet-spot’ in excitatory neuromodulation of pulsed FUS was identified.

• 1–5ms TBD, 50% DC, 300ms SD stimulates the somatomotor area at the lowest

AIs.

• The use of 350 kHz fundamental frequency outperforms 650 kHz.

• The pulsed FUS outperforms the equivalent continuous sonication.
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Figure 1.
(a) Experimental set-up to test excitatory neuromodulation (tail movement) using focused

ultrasound in rat: (1) single-element FUS transducer, (2) degassed water bag, (3) rat fixation

frame, (4) 3-axes adjustable platform, (5) motion detection sensor, (6) optical-guidance

system (dashed lines represent visible lasers); an exemplar record of the induced tail

movement by pulsed FUS (350 kHz FF, 50% DC – 250 Hz PRF, 2ms TBD, 300ms SD, 2s

ISI) as an inset; we used 3 times the standard deviation (denoted as ‘σ’) of the baseline

signal level as the threshold to estimate the response latency from the onset of stimulation,
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(b) Schematics of sonication control and acquisition system, (c) Definition of sonication

parameters modulated by function generators (FGs): tone-burst duration (TBD), pulse-

repetition frequency (PRF), duty cycle (DC), sonication duration (SD), inter-stimulus

interval (ISI), acoustic intensity (AI), and fundamental frequency (FF).
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Figure 2.
Acoustic intensity profile of (a) 350 kHz and (b) 650 kHz transducer in longitudinal (left)

and transversal (right) plane to the sonication path. The arrows indicate the direction of

sonication. The bars indicate the 5 mm scale.
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Figure 3.
Comparison of threshold acoustic intensities among the three duty cycles across the six tone-

burst durations. For the fixed fundamental frequency (350 kHz) and sonication duration (300

ms), the association of the threshold (a) Isppa and (b) Ispta to the three different duty cycles

across various tone-burst durations is shown. The brackets indicate statistically significant

differences (one-way ANOVA with Tukey-Kramer post-hoc analysis; p<0.05) at the

specified TBD. The error bars indicate ±1 s.e.m.
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Figure 4.
Comparison of threshold acoustic intensities and energy density among the three sonication

durations across the six tone-burst durations. For the fixed duty cycle (50%) and

fundamental frequency (350 kHz), the association of the threshold (a) AIs (Isppa and Ispta)

and (b) Esppa to the three different sonication durations across various tone-burst durations is

shown. The brackets indicate statistically significant differences (one-way ANOVA with

Tukey-Kramer post-hoc analysis; p<0.05) at the specified TBD. The error bars (Isppa and

Esppa) indicate ±1 s.e.m.
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Figure 5.
Comparison of threshold acoustic intensities and energy density between the two

fundamental frequencies across the six tone-burst durations. For the fixed duty cycle (50%)

and sonication duration (300 ms), the association of threshold AIs (Isppa and Ispta) and Esppa

to the two different fundamental frequencies at various tone-burst durations is shown. The

brackets indicate statistically significant differences (one-tailed t-test; p<0.05) at the

specified TBD. The error bars (Isppa only) indicate ±1 s.e.m. It can be seen that the use of

350 kHz could elicit motor responses at lower threshold acoustic intensities.
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Figure 6.
Examples of the histological analysis of the sonicated rat brain tissues. (a) Hematoxylin and

eosin (H&E) staining confirmed that there was no tissue damage or hemorrhage associated

with the sonication in a majority of the animals (n=29 out of 30). (b) Tissue sample from the

one animal, whereby several rounded shapes containing hemosiderin were observed. The

animal was allowed to survive for 26 days after the sonication before being sacrificed.

Several rounded areas containing hemosiderin indicating potential earlier bleeding was

observed (shown in arrow). Both sections were sampled from the brain cortex near the mid-

line.
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Table 1

Combination of sonication parameters used in this study.

Frequency
(kHz)

DC (%) TBD
(ms)

PRF
(kHz)

SD (ms)

350 50 0.25 2.00 300

350 50 0.5 1.00 300

350 50 1 0.50 300

350 50 2 0.25 300

350 50 3 0.17 300

350 50 5 0.10 300

350 30 0.25 1.20 300

350 30 0.5 0.60 300

350 30 1 0.30 300

350 30 2 0.15 300

350 30 3 0.10 300

350 30 5 0.06 300

350 70 0.25 2.80 300

350 70 0.5 1.40 300

350 70 1 0.70 300

350 70 2 0.35 300

350 70 3 0.23 300

350 70 5 0.14 300

350 50 0.25 2.00 200

350 50 0.5 1.00 200

350 50 1 0.50 200

350 50 2 0.25 200

350 50 3 0.17 200

350 50 5 0.10 200

350 50 0.25 2.00 400

350 50 0.5 1.00 400

350 50 1 0.50 400

350 50 2 0.25 400

350 50 3 0.17 400

350 50 5 0.10 400

650 50 0.5 1.00 300

650 50 1 0.50 300

650 50 2 0.25 300

650 50 3 0.17 300

650 50 5 0.10 300

350 100 - - 150
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