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Abstract

Noninvasive recordings of electrophysiological activity have limited anatomical specificity and 

depth. We hypothesized that spatially tagging a small volume of brain with a unique 

electroencephalogram (EEG) signal induced by pulsed focused ultrasound (pFU) could overcome 

those limitations. As a first step towards testing this hypothesis, we applied transcranial ultrasound 

(2 MHz, 200 microsecond-long pulses applied at 1050 Hz for one second at a spatial peak 

temporal average intensity of 1.4 W/cm2) to the brains of anesthetized rats while simultaneously 

recording EEG signals. We observed a significant 1050 Hz electrophysiological signal only when 

ultrasound was applied to living brain. Moreover, amplitude demodulation of the EEG signal at 

1050 Hz yielded measurement of gamma band (>30 Hz) brain activity consistent with direct 

measurements of that activity. These results represent preliminary support for use of pFU as a 

spatial tagging mechanism for non-invasive EEG-based mapping of deep brain activity with high 

spatial resolution.
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INTRODUCTION

Management of neurological injuries and disorders, such as traumatic brain injury, epilepsy, 

depression, as well as control of neuroprosthetic devices, can require monitoring of the 

brain’s electrical activity. Electroencephalography (EEG) exemplifies such monitoring, as it 

facilitates tracking of different stages of convulsive status epilepticus, important for early 

treatment (Maganti and Rutecki 2013). Here, we offer first steps towards a means of 

monitoring focal and deep brain activity through a combination of EEG and transcranially 

delivered pulsed focused ultrasound (pFU). This combination would permit extra-cranial 

monitoring of focal brain function, avoiding invasive procedures such as 

electrocorticography (ECoG).
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Current EEG techniques based on external electrodes can collect electrophysiological data at 

frequencies up to 1kHz (Fedele et al. 2015; Telenczuk et al. 2011; Teleńczuk et al. 2014)), 

with the bulk of measured endogenous activity occurring below 100 Hz (Darvas et al. 2010; 

Darvas et al. 2013; Smith et al. 2014; Dalal et al. 2008; Cheyne et al. 2008; Ball et al. 2008). 

However, extra-cranial electrodes can measure focal EEG signals for only superficial brain 

structures, with variable resolution and localization accuracy (Darvas et al. 2004). This 

leaves deep brain function inaccessible to external monitoring (Maganti and Rutecki 2013; 

Wennberg and Cheyne 2014). Barriers include signal non-uniqueness (superficial 

electrophysiological signals can arrive simultaneously with signals from deep brain), noise 

induced by motion artifacts, and the intrinsically weak nature of deep brain signals. The 

alternative, ECoG, an intra-cranially placed electrophysiological monitoring system, solves 

this problem but at obvious cost.

Ultrasound has been used to temporarily and non-destructively activate or inhibit central 

neural circuits. Using a cat model, the Fry brothers (e.g., Fry, 1958) demonstrated that 

unfocused 1MHz ultrasound reversibly and repeatably suppressed electrophysiologically-

measured brain activity. This result is consistent with a contemporary and more exhaustive 

study (Ballentine et al., 1960), as well as the work of Vykhodtseya and Koroleva (1986) who 

generated cortical spreading depression in rat brain using ultrasound. Recently, Tyler and 

colleagues (Tyler et al., 2008; Tufail et al., 2010, 2011) demonstrated that pulsed, low 

intensity and low-frequency (0.5 MHz) unfocused ultrasound could activate neural circuits 

in mouse brain, through several means: direct measurement of action potentials within brain 

slice preparations, in intact brain, and direct observation of peripheral motor function. King 

et al. (2013, 2014) and Younan et al. (2013) produced comparable observations through a 

greater range of ultrasound frequencies. Yoo et al (2011) observed that transcranial pFU (at 

0.69 MHz) could create functional changes in rabbit brain, including excitatory effects when 

applied to motor cortex, measurable with fMRI.

More recently, we (Mehić et al, 2014) used a high-frequency (2 MHz) system capable of 

focused delivery of very low-frequency ultrasound (‘modulated focused ultrasound [mFU]), 

as well as pFU, to demonstrate spatial variability of transcranial activation of brain circuits 

in mice on length scales of one millimeter, observed through induction of repeatable 

peripheral motor function. Also Deffieux et al. (2013) demonstrated reversible changes in 

macaque visual function after application of pFU at 0.32 MHz to their prefrontal cortex. 

Finally, Legon et al. (2014) showed modulation of the function of human primary 

somatosensory cortex with transcranial pFU delivered at 0.5 MHz, with further analysis of 

the associated EEG signals reported in Mueller et al. (2014) and discussed below. Lee et al. 

(2015) found results similar to that of Legon et al.

Of note, none of these studies report adverse events, determined through assay of 

histological or electrophysiological changes of brain or changes in grossly observed 

behavior. This is true despite the fact that several of these studies (e.g., King et al; Mehic et 

al; Trufall et al; Yoo et al) used, among several protocols, ultrasound with a spatial peak and 

temporal average intensity value greater than that given by FDA guidelines for diagnostic 

ultrasound, and then applied that ultrasound multiple times to the same location of brain 

(e.g., Yoo et al). This is likely due to the fact that while some of these protocols embody 
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ultrasound above those FDA guidelines for intensity, those protocols fall well below that 

used without acoustic contrast agents to create blood-brain barrier disruption (e.g., ∼ 80 

W/cm2 spatial and temporal average intensity applied for 0.2 seconds, as found by Mesiwala 

et al, 2002).

All of the studies cited above that used EEG did so in order to measure brain activity 

generally at less than 50 Hz induced by application of ultrasound to the brain. In contrast to 

the present work, no studies to our knowledge have reported measurements of brain activity 

at the high frequencies associated with ultrasound application, here at the 1050 Hz pulsed 

repetition frequency of our ultrasound, let alone sought to extract low-frequency brain 

activity from those signals. Such analysis is of interest here because we seek, long term, to 

facilitate use of external EEG to monitor deep, focal brain function by ‘tagging’ that activity 

with a unique, detectable, high frequency electrical signal generated by application of pFU 

to the brain volume of interest. Here we describe completion of a first step towards this goal: 

successful demonstration that transcranially delivered pFU could generate from within rat 

brain a unique, high-frequency EEG signal measured extra-cranially, whose analysis yields 

measures of low-frequency brain activity consistent with their direct, extra-cranial 

measurement.

Materials and Methods

Methods –Tissue phantom and EEG Implantation

Here we sought to test the interaction between our ultrasound delivery system and the EEG 

electrodes in vitro, before in vivo studies. The medium used consisted of saline-based 4% 

alginate gel with mechanical properties (density and ultrasound attenuation) similar to rat 

brain while also being comparably conductive. We inserted 8 steel needle tip thin wire EEG 

electrodes (Ambu Neuroline Subdermal 27G, Cadwell, Kennewick, WA) into the gel in the 

same positioning and pattern by which we would insert them in a rat head (Figure 1) with 

approximately 3–4 mm between electrodes in the rostral/caudal direction, each line 

approximately 4 mm from midline. We also placed reference and ground electrodes. After 

electrode insertion, five locations were chosen for application of ultrasound: both outside, 

and within the two rows of electrodes, as well as beside, or directly above the electrodes. 

Using this in vitro experimental setup, we mirrored our in vivo ultrasound trial protocol with 

50, instead of 100 trials, consistent with the low variance of our results. We also performed a 

test in which we decoupled the transducer from the alginate gel, in order to only allow any 

electromagnetic fields associated with the transducer to affect the electrode montage.

Methods – in vivo

All animal procedures were approved by the University of Washington Institutional Animal 

Care and Use Committee (IACUC), IACUC protocol number 4084-06.

Overview—We worked with four Sprague Dawley rats, weighing approximately 270g and 

aged 8 weeks. Isoflurane anesthesia was used at a 5% induction rate and then kept at 2%, 

with two liters/min oxygen flow at 100%. Toe and tail pinches were administered to insure 

adequate depth of anesthesia. After recording baseline brain activity without application of 
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ultrasound, we then apply ultrasound to the brain while recording brain activity. Next, we 

injected the animals with a lethal overdose of a combination of pentobarbital sodium and 

phenytoin sodium (Beuthanasia®-D, Merck Animal Health, Madison, NJ) while continuing 

the application of ultrasound and measurement of brain activity. This allowed use of the 

same setup to test for differences in the effect of pFU on live brain activity vs. inactive brain. 

Data was recorded post-injection for several minutes until death of the animal was 

confirmed by observation of a cessation of breathing and heartbeat, discoloration of the 

extremities, and nascent stiffening of the limbs.

EEG Implantation - in vivo

Under anesthesia, we implanted 8 thin-wire EEG electrodes into the rats’ heads, as well as 1 

reference electrode and 1 ground wire, as in our alginate setup (Figure 1). We first measured 

endogenous brain activity without ultrasound application, for approximately five minutes. 

For the next 200 seconds we then applied our transcranial ultrasound protocol, discussed 

below, centered 5 mm below the surface of the skin and into the left hemisphere of the brain, 

two mm away from the closest electrodes. We then compared brain activity during pFU 

application to living (anesthetized) brain versus the brain of an euthanized animal. To do so, 

we administered the rat an overdose (200mg/kg) of pentobarbital via intraperitoneal 

injection, which took approximately thirty seconds. After this injection we continued to 

record EEG, while applying ultrasound, until the animal expired, as measured by 

physiological signs.

Pulsed focused ultrasound (pFU) source

To implement the pFU protocol we used the ultrasound source and supporting electronics 

described in Mehić et al (2014) – also see our Figure 1 – a dual element, coaxial, confocal 

and circular transducer, and associated matching networks (H-148, Sonic Concepts, 

Woodinville, WA, U.S.) with a central opening filled with a passive cavitation hydrophone 

from Sonic Concepts. Two Agilent Series 33220A 20 MHz function generators (Agilent 

Technologies, Santa Clara, CA, U.S.), controlled by a third Agilent function generator drove 

two ENI brand model A150 55dB amplifiers (Electronic Navigation Industries, Rochester, 

NY, U.S.) that in turn powered each of the two elements within the focused transducer. We 

monitored the voltage entering each transducer element with a LeCroy Oscilloscope 

(Waverunner LT344, Teledyne LeCroy, Chestnut Ridge, NY, U.S.). We tuned each element 

of the focused transducer to emit ultrasound at 2 MHz, which together produced a spatial 

peak temporal average (SPTA) intensity of 8 W/cm2– see calibration section below. The 

length and width of the focus of the transducer, measured at the full width half maximum 

value is 7 mm in the axial direction and 1.5 mm (diameter) in the lateral direction, with an 

associated volume of approximately 12.4 microliters. Figure 1 shows a schematic of this 

focal volume projected onto a rat brain.

Ultrasound Calibration

We calibrated our transducers using a calibrated needle hydrophone (HNR-1000, Onda 

Corporation, Sunnyvale, CA, U.S.) placed in a tank filled with degassed and deionized 

water. We put its active tip at the focus of each of the two elements of the dual-element 

transducer, and at the point of its maximum pressure. To ensure that the voltage into each 
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element of the dual-element transducer produced the same pressure (thereby equalizing the 

pressure at the focus from each element of the transducer), we measured the peak positive 

pressure with each element running individually, such that when used together, each of the 

two elements contributed half the total peak pressure at the focus.

Ultrasound Protocol

Ultrasound with a 2.0 MHz carrier frequency was delivered in pulses lasting 200 µs at a 

pulse repetition frequency of 1050 Hz. Its spatial peak temporal average intensity (I_spta) 

measured 11.9 W/cm2 in degassed water with a calibrated hydrophone (HNR-0500, Onda 

Inc, Sunnyvale CA) and 1.4 W/cm2 in degassed water after transmission through the top of a 

rat head (skin, fascia, skull). The pulse train was delivered for 1 second, followed by a 1 

second rest period with no ultrasound. This process lasted 200 seconds (100 trials) before 

animals were injected with Beuthanasia and continued for 5 to 10 minutes after injection 

(Figure 2).

We note that we have tested the safety of the original protocol from Mehić et al during its 

pilot studies, in a preliminary way. For those pilot studies we applied ultrasound with the 

same carrier frequency as here, with a range of intensities (0.2–20 W/cm2 I_spta, in water 

and without transmission through a skull), a pulse duration ranging between 100–300 µs, but 

at a larger pulse repetition frequency (1500 Hz versus 1050 Hz, hence nearly 50% more 

pulses). We did so in four rats in experiments lasting from one to three hours, with some 

breaks of a few minutes between studies as we contemplated the results. This contrasts with 

the present study, where we applied ultrasound for intervals of one second on and one 

second off, for a total of 200 seconds while the animal was alive, and another several 

minutes while the animal expired. Histological studies of the brains of rats collected during 

the pilot study showed no damage. This is consistent with the discussion on the safety of 

neuromodulatory ultrasound as thus far explored.

Delivery of Ultrasound

As described in Mehić et al. (2014) the top of the transducer was screwed to a plastic black 

ring attached to a metal arm. The concave side of the transducer (where ultrasound is 

emitted) was fitted with a hollow plastic cone, with a large opening covered by an 

approximately 100 micron-thick latex. The transducer housing was filled with degassed and 

deionized water, then attached to a metal arm connected to a micro positioner. The metal 

stage acts as a 3D–coordinate grid, where the micro positioner can move the transducer 

housing through the x–y, x–z, and y–z planes in sub-millimeter increments.

EEG recording

EEG was recorded from 8 sub-dermal needle electrodes (see montage in Figure 1) at a 4800 

Hz sampling rate (rat #1) and then at 38,400 Hz (rats #2–4 and the alginate study) with a 

single 16-channel biosignal amplifier (gUSBamp, Guger Technologies, Graz, Austria) in a 

monopolar configuration. We increased the sampling rate after rat #1 to attempt to resolve 

higher frequencies in the EEG signal, but did not utilize the higher sampling rate data for 

this work. Data for rats #2–4 was thus subsequently down sampled by a factor of eight to 

4800 Hz, using the MATLAB RESAMPLE function. Electrode impedance for each channel 
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was recorded before and after the experiment, and found to be less than 20 kohm across 

channels and experiments, except for the first animal, where four channels lost contact 

during recording and had to be discarded. All signals were recorded in continuous DC mode 

for the duration of each ultrasound stimulation experiment.

Onset of the pFU stimulation sequence was recorded with a digital trigger channel on the 

EEG amplifier which is sampled at the same rate as the analog input channels. The digital 

trigger was set high by the function generator controlling the pFU amplifier every time the 

pFU stimulation turned on.

EEG signal analysis - basic EEG preprocessing

In order to reduce contamination by artifacts common across all channels for a given rat, we 

applied a common average re-referencing (CAR) across all recorded channels by subtracting 

the mean across all channels from each channel individually. After filtering the data – details 

below - each data set was then segmented into trials based on the pFU onset trigger. Trials 

were either created in an interval of 1 second prior to stimulation onset to one second post 

stimulation onset, or 0.5 seconds prior to stimulation onset to 1.5 seconds post stimulation 

onset. The latter segmentation was used to show pFU off-on-off transitions. Post recording, 

one channel was removed from the alginate experiment due to lost contact, while we 

retained data from all channels for our in vivo studies. We removed individual trials with 

excessive (>50 uV) voltage spikes for each rat, from ten to 21 trials out of 100 for a given 

channel within a given study, depending on the rat, which is common practice for EEG 

signal analysis (Gevins et al., 1977). We then used all the remaining EEG data from all the 

channels from all the studies per rat in our analysis

EEG signal analysis - analysis of evoked potentials and frequency specific content

To compute evoked potentials (EP), the EEG time series in the 3–40 Hz band was 

specifically averaged in response to the ultrasound stimulation across all trials. To reduce 

noise, the pre-processing band pass filter was a 3–40 Hz 3rd order Butterworth filter. This 

band removed most of the line noise at 60 Hz (−12 dB at 60 Hz) from the signal, while 

retaining the part of the rat’s brain spectrum where most of the power resides (Leung et al. 

1982).

For analysis of evoked potentials before injection of Beuthanasia we used all 200 seconds of 

data, while for analysis of the post-injection recordings, we used the last set of 200 seconds 

(last 100 trials), starting typically five to ten minutes after injection of Beuthanasia. This was 

done to ensure comparison between a pFU activation of a live brain versus a dead one, while 

maintaining the same experimental conditions (electrode montage, position of US transducer 

etc.).

To calculate the power at our applied pulse repetition ultrasound frequency of 1050 Hz we 

first applied a fast Fourier transform (FFT) to the high-pass filtered time series (with a cutoff 

at 3 Hz), to remove the DC offset from the raw EEG signal. We then applied a Hilbert 

transform to the narrowband-filtered signal between 1040 Hz and 1060 Hz to compute the 

trial-to-trial time-varying amplitude of the EEG at 1050 Hz (Tass et al. 1998; Le Van Quyen 

et al. 2001).
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In order to compute an average amplitude time series centered on 1050 Hz, we took the 

absolute value of the narrowband Hilbert transform at 1050 Hz and averaged it across all 

trials, following published guidelines (Darvas et al. 2010; Monto et al. 2008).

To compute the entire power spectrum we first split individual trials into separate time 

series, specifically 1 second prior to turning the pFU on (defined as pFU off), and 1 second 

while the pFU stimulation is ongoing (defined as pFU on). For each trial and channel, a 

Hanning window was applied to trial segments separately, and a FFT was computed for 

pFU-on and pFU-off segments. Spectra were then averaged across all trials, resulting in a 

pFU-on and pFU-off average spectrum for each channel and rat.

EEG signal analysis - grand average over channels and rats

We computed a grand average over all animals and recorded channels. By averaging over all 

channels, we eliminate individual spatial variation of any effects within an animal, but we 

also lose spatial specificity and signal-to-noise ratio (SNR), as we might include channels 

without any effects in our grand average. As such, this is the most conservative and general 

approach.

Note that we apply this grand average to computed quantities only, all of which are derived 

from non-linear transformations (i.e. Z-transform, power spectra, etcetera) from the raw data 

and thus are not affect by our initial average reference operation.

Since individual animals and channels have variable amplitude/power response to the 

stimulus, we applied a normalization scheme to each channel in our selection. In case of EPs 

and computed 1050 Hz amplitude over trials, we used a Z-score transform (Bar et al., 2006) 

to turn the recorded voltages into a SNR based on the 1 second-long pFU off period in our 2 

second-long trial. Specifically, we subtracted the mean-over-time of the signal during the 

time period from (−1s to 0s, i.e. pFU off) from the total signal, and divided by the standard 

deviation over time of that signal for that period. In addition to normalizing the amplitude 

response, the Z-transform also aligns the baseline amplitude to zero. We applied this 

transform to individual channel averages over trials, before using all normalized channels in 

the grand average.

EEG signal analysis - spectral ratio and normalization

For the analysis of power spectra we computed the ratio of the power spectra computed 

during the ‘pFU on’ period divided by the power spectra at that same frequency computed 

during the ‘pFU off’ period. We did so to accommodate variable noise floor offsets across 

different channels and animals. These offsets can depend on the particular electrode setup, 

position of reference, or impedance, but have no direct impact on our hypothesis. Spectral 

ratios were then turned into Z-scores, as described above, where we used the whole ratio-

spectrum to compute a mean and standard deviation across frequencies.

EEG signal analysis - grand average computation

The grand average EP, time-varying 1050 Hz amplitude, and power spectrum were 

computed from all individual channels and all rats using the respective Z-scores.
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EEG signal analysis - analysis of time variation of the 1050 Hz signal after injection

By averaging the 1050 Hz amplitude separately over time during pFU off or on periods 

within each trial, we computed a single amplitude value for each trial, rat, and condition 

(pFU on or off, rat pre, or post-injection). From this trial-wise estimate, we constructed a 

time evolution of the 1050 Hz response of the EEG signal over the course of the experiment 

with a sampling rate of 1 value every 2 seconds (the combined duration of the pFU off and 

pFU on period in each trial). Note that the absolute amplitude at 1050 Hz can be 

substantially influenced by baseline/background noise variation, the particular choice of a 

reference electrode or individual response in animals to the Beuthanasia injection. Sources 

of noise for this baseline are likely not of physiological origin, but stem instead from 

external electrical noise picked up by the montage, most prominently line noise at 60 Hz and 

its harmonics. This contrasts all other measures and results in this study, which are relative 

measures comparing pFU on vs. pFU off on short time scales (one second), and are thus 

invariant to long term (>1s) variations of the baseline. To correct baseline fluctuations in the 

evolution of the 1050 Hz amplitude, we use the power at 900 Hz (the 15th harmonic of the 

60 Hz line noise) as a proxy for any external influences on our EEG signal. Like 1050 Hz, 

900 Hz lies well outside the physiological range of neuronal activity that can ordinarily be 

observed with subdermal needle electrodes outside any event-related setting. Both 

frequencies fall into the noise floor of the electrode montage and thus have, absent of 

external influences, the same power. We subtract the 900 Hz amplitude, (estimated in the 

same way as the 1050 Hz amplitude), from the longer-term time series for the 1050 Hz 

amplitude, thereby reducing baseline variations. We also smooth both signals (1050 Hz and 

900 Hz amplitude) over a period of 1 minute, to eliminate short-term variations, using a 

thirty sample moving average filter.

Spectrogram calculation and demodulation of the EEG at 1050 Hz

In order to test for the presence of low-frequency modulation of neuronal activity at the pFU 

stimulation pulse repetition frequency of 1050 Hz, we employed a quadrature amplitude 

demodulation scheme using Matlab’s built in demod function on all channels in each rat. We 

used 1050 Hz, i.e. the pFU stimulation frequency, as the carrier frequency. We applied the 

demodulation scheme to each trial for both conditions, i.e. pre-injection and post-injection, 

after band-pass filtering the raw EEG between 1000 Hz and 1100 Hz with a 4th order 

Butterworth filter, to preserve sufficient bandwidth in the demodulated signal. Here we also 

used the last 100 trials of stimulation for the post-injection condition. The resultant low 

frequency signals after demodulation were then used to compute a time frequency 

spectrogram covering frequencies from 3 to 40Hz in 1 Hz steps for each trial using Morlet 

wavelets (see e.g. Darvas et al, 2010 for a similar application of the time frequency 

spectrogram). We computed the absolute value for the complex wavelet coefficients for each 

trial and took the median across all trials for each animal. We then normalized the 

spectrogram for each frequency by subtracting a baseline mean, taken over the time period 

from 1 second prior to the pFU on stimulus to 200 ms before pFU onset and then dividing by 

the standard deviation over that baseline period. (We did not use the full baseline to avoid 

edge effects created by use of the wavelet transform.) This produced a normalized SNR 

estimate for each frequency in the spectrogram. We then applied a two-sided t-test to all 28 

channels from 4 rats, where we compared the demodulation spectrogram before and after 
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injection. We ran a non-parametric permutation test (Bullmore et al, 1999) with cluster- 

correction, where we permuted the demodulated normalized spectrograms between pre- and 

post-injection states. We used 10000 permutations, to estimate the maximum cluster 

distribution under the null hypothesis. The cluster size threshold was set at the 95% 

percentile of the t-test with 54 degrees of freedom (from 28 channels), i.e. at t=1.67. Note 

that this test builds a maximum cluster size histogram for the null hypothesis, hence a 

multiple comparison correction across time and frequency is not required and p-levels 

derived from this test can be considered a correction for false positives.

We applied the same calculations (spectrogram, normalization and permutation test) to the 

low frequency (3–40 Hz) EEG signal. We did so, however, by excluding the time period 

from −200 ms to 200 ms flanking the pFU onset from our analysis, as, particularly in the 

post-injection rat, there is a strong stimulation artifact present in the spectrogram during this 

time. This artifact could skew the cluster size distribution in our permutation analysis toward 

larger values. Likewise, we computed and tested a t-statistic between ultrasound on/ 

ultrasound off in the pre-injection rats and in the post-injection rats to test whether any pre/

post-injection differences were due to genuine increases of amplitude while the rats were 

alive.

Results

Alginate Studies - test for EM artifact

Recordings in alginate of stimulation at 1050 Hz without acoustically coupling the pFU 

transducer to the alginate medium showed no detectable EEG response. Likewise, in a 

similar study with a rat post-injection, we could not find a detectable EEG response to the 

pFU stimulation. We therefore conclude that any electromagnetic field that may be created 

by the ultrasound transducer is not strong enough to affect our recordings.

Alginate Studies - test for non-physiological EEG response to pFU stimulation, in vitro

After acoustically coupling the alginate to the transducer, we identified two types of 

responses to the pFU stimulation. When the electrodes were in the pFU focus, we observed 

an ‘EP-like’ response (that is, detectable signals in the EP band at 3–40 Hz) at the start and 

end of the stimulation and a specific response at the ultrasound pulse repetition frequency, 

i.e. at 1050 Hz (data not shown). With the electrodes in the alginate but outside of the focus, 

we observed the same EP-like response at the beginning and end of the stimulation 

persisted, but without any change in EP signal during pFU application, and no noticeable 

signal at the ultrasound pulse repetition frequency of 1050 Hz. We show an example of this 

response in Figure 3, where the blue line on the left shows the grand average EP for the 

alginate pFU stimulation. Due to the 3–40 Hz band pass filter, the EP is smeared out from ∼ 
−100 ms prior to pFU onset to ∼ 100 ms post-pFU onset. Another EP, albeit weaker, can be 

seen at t =1 s, when the pFU is turned off. (The pre-pFU onset part of the EP as observed 

within alginate is an artifact of the filter, and consistent with its impulse response.) The 

black lines in the plot indicate two times the standard deviation (95% confidence interval) 

across channels of the EP. The right panel shows the corresponding narrowband 1050 Hz 

Darvas et al. Page 9

Ultrasound Med Biol. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



amplitude response, averaged across all channels, with the same confidence interval. In all 

our in-vivo studies, we therefore did not allow the ultrasound to strike the electrodes.

In vivo studies - evoked response in the time domain to pFU stimulation at 3–40 Hz and at 
1050 Hz – grand average over all trials, channels, and rats

We calculated a grand average of the normalized average EP, and 1050 Hz amplitude 

response, where responses for all individual channels for all rats are averaged over all trials. 

Figure 3 shows the grand average EP (left panel) and the 1050 Hz amplitude response (right 

panel) for the two states of the rat, i.e. pre-injection (active brain state, orange) and post-

injection (inactive brain state, red). Both states in the rat show the EP induced at pFU onset 

and pFU offset as observed in alginate (blue). There is a location dependence of this EP: it 

can be more pronounced in particular channels, e.g. to the left and right of the pFU 

transducer with reversed polarity. Nevertheless, when we split the EP grand average into left/

right channels, the EP in the rat remains smaller overall than when observed in the alginate 

(data not shown). We did not observe any EP averaged over 3–40 Hz other than at pFU–on 

or pFU–off. We attribute this EP signal at pFU on and off to a stimulation artifact, perhaps 

due to the net impulsive acoustic radiation force at the beginning and end of the pFU 

stimulation time (Mourad, 2012) or transient electrical activity by the amplifiers driving the 

ultrasound.

During the active brain state, we observed a continuous and significant EEG signal at 1050 

HZ throughout the period where the pFU stimulation was turned on, which was not present 

post-injection, during the inactive brain state, nor during baseline measurements, when we 

did not apply ultrasound.

In vivo studies - transient effects of pFU stimulation during the whole recording period

Representative results of the normalized time series of the amplitude of the 1050 Hz signal 

for a single channel in each rat are shown in Figure 4. The entire time series of responses 

shows the evolution of the 1050 Hz amplitude over a time scale of minutes. Prior to 

injection, all animals exhibited a response in their EEG at 1050 Hz to the ultrasound 

stimulation, which was consistently higher during pFU-on than during pFU-off periods. This 

1050 Hz signal was absent during our baseline recordings, when we did not apply 

ultrasound. Across all animals, individual responses to the pFU stimulation vary in their 

dynamic range, covering 16%-49% of the maximum value.

After injection, in all four animals, the pFU-on response, and the pFU-off response 

converged to a lower overall baseline level than at pFU-on during the pre-injection period. 

For all animals, pFU-on and pFU-off conditions reached the same baseline level by 10–18 

minutes post-injection, although individually the convergence times vary ranging from 220 

seconds to 620 seconds post-injection. The overall drop in the pFU-off or baseline level at 

1050 Hz can be attributed to the effects of the Beuthanasia acting to inhibit neuronal activity 

(Random and Barker, 1976), and also to an overall decline in muscle activity, particularly 

breathing.
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In vivo studies - spectral specificity

The grand average normalized ratio spectra shown in Figure 5 demonstrate that the 

amplitude response to the pFU stimulation was specific to the stimulation frequency of 1050 

Hz. These spectra, which integrate the signal over the entire pFU stimulation period and 

normalize its amplitude by spectral data collected during the entire pFU-off period, also 

show that post-injection, there still exists a residual effect to the stimulation, albeit greatly 

reduced in SNR when compared to the effect pre-injection. In both cases, pre- and post-

injection, there were harmonics of the stimulation frequency present at 2100 Hz and 3150 

Hz, the latter manifesting at 1650 Hz due to wrap-around at the sampling frequency of 4800 

Hz. The spectra also show that no event-related synchronization or desynchronization 

occurred during the whole stimulation time period of 1 second, as we did not observe a 

significant change in the ratio spectra at typical brain frequencies (below 100 Hz).

In vivo studies - demodulation of the EEG at 1050 Hz

The results of demodulation of the EEG data at 1050 Hz (Figure 6, bottom) demonstrate 

specific brain activation and inhibition two to three times above and below, respectively, the 

standard deviation of brain activity present only in the pre-injection state (with p<0.05 after 

global cluster correction) in association with pFU application. These signals have two 

components, one of activation at gamma frequencies (30–40) Hz and one of inhibition at 

beta frequencies (17–25 Hz), both starting ∼300 ms after the start of pFU stimulation and 

lasting for ∼ 400 ms, specifically ending before cessation of ultrasound application. We find 

similar gamma activity (but not beta activity) with similar timing within the directly 

measured low-frequency EEG signal, also shown in Figure 6 (top). In our comparison of 

pFU-on versus pFU-off in the pre-injection rat (not shown here), we find that the observed 

increase in gamma power and decrease in beta power are indeed specific to the pre-injection 

rat brain, rather than due to changes in post-injection rat brain. Since this gamma activity is 

transient and does not last throughout the whole trial, it does not show up in the grand 

average spectra (see Figure 5), where activity over the whole stimulation period is integrated 

over time.

DISCUSSION

With our alginate experiments we showed generation of EEG artifacts - voltage spikes at 

least ten times that observed at any other time during our study - only when our pFU signal 

struck an electrode. We also identified an artifact in the EEG signal at the onset and 

termination of ultrasound stimulation, likely caused by equipment used in the experiment 

such as the ultrasound amplifiers.

With our in vivo experiments we showed generation of a unique, electrophysiological signal 

within rat brain at a frequency of 1050 Hz, detectable only during delivery into living brain 

of ultrasound pulses at that same pulse repetition frequency (PRF) (Figures 3–5). In rats, 

single neurons have demonstrated an absolute refractory period of approximately 1 ms, 

meaning a maximum firing rate on the order of 1kHz (Rolls, 1970). This compares favorably 

with our PRF, which is equal to the induced high-frequency electrophysiological signal. 

After animals were injected with Beuthanasia, the amplitude of the 1050 Hz signal 
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decreased over time as the animal died (Figure 4). Spectral analysis of the electrical activity 

showed that the 1050 Hz signal was dominant over natural brain activity in pre-injection 

animals; post-injection animals supported a weaker, and diminishing 1050 Hz signal (Figure 

5). From this we conclude that generation of an optimal 1050 Hz electrophysiological signal 

requires delivery of pulses of pFU into living brain.

We also observed brain activity within approximately beta and gamma frequency bands after 

demodulation of the directly measured high frequency (1050 Hz) EEG signal (Figure 6, 

bottom), commensurate with directly measured gamma activity (Figure 6, top). This finding 

suggests that in the pre-injection rat, pFU application at a PRF of 1050 Hz modulated low-

frequency endogenous brain activity and/or directly evoked brain rhythms in these low-

frequency bands. In contrast, however, we did not observe an evoked potential associated 

with pFU stimulation, beyond a small residual stimulation artifact (Figure 3). Taken 

together, these results support the view that the low-frequency (beta, gamma) inhibition and 

activation, respectively, correlated in a delayed fashion with the pFU stimulation at 1050 Hz. 

With regard to the delay, we note that similar observations exist in relation to sensorimotor 

tasks in human studies (Miller et al. 2007; Fuerra et al. 2011) and in non-human primates 

(Murray et al, 2014). The results of these earlier studies and our observations suggest the 

high-frequency pFU stimulus induced or modulated low-frequency brain activity and 

inhibition associated with the thalamocortical network (Douglas and Martin, 1991; Wang et 

al., 2011; Sun et al., 2006; Vianney-Rodrigues et al., 2011) although other neural circuits can 

display a similar delay (e.g., Wang et al., 2011). Mueller et al. (2014) report that 

transcranially delivered focused ultrasound to humans can modulate the phase and phase rate 

but not the amplitude of intrinsic beta (but not gamma) activity bands. They also note a 

difference between beta and gamma power for late somatosensory evoked potentials (SEPs) 

(71–260ms), but not for early SEPs (17–70ms). The former is approximately when we see 

the amplitudes of beta and gamma beginning to change in the rat brain activity, though the 

neurophysiology will not be exactly the same.

One can plausibly hypothesize that any low-frequency EEG signals derived via 

demodulation of the high-frequency 1050 Hz EEG signal originates from within the focal 

volume of pFU. This hypothesis (if supported by future work, see below) is consistent with 

the observations of the Tyler group (Legon et al., 2014; Mueller et al., 2014) who saw 

changes in gamma band activity in humans undergoing sensory stimulation only when they 

targeted focused ultrasound to within 1 centimeter of S1, part of the sensorimotor cortex. 

Similarly, Deffieux et al. (2013) observed that their induction of antisaccade latencies in 

primates by application of focused ultrasound to the brains of non-human primates 

disappeared once the ultrasound focus was moved away from the targeted frontal eye field 

by a comparable amount.

LIMITATIONS

In Mehić et al (2014), we used a pulse repetition frequency (1500 Hz) comparable to that 

used here (1050 Hz) to generate externally observable behavioral responses to brain 

stimulation by transcranially delivered pFU. Our choice here of a pulse repetition frequency 

of 1050 Hz allowed us to generate a signal outside the natural frequency range of neuronal 
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firing, within the duration and refractory period of action potentials within the brain (Kandel 

et al., 2000; Gittis et al., 2010; Buzsaki and Draguhn, 2004), and measurable by our EEG 

system, all while avoiding frequencies associated with our electronic equipment (multiples 

of 60 Hz). It will be of interest in future studies to see if we can generate 

electrophysiological signals above the natural time scale of action potentials within brain. 

We predict that a sufficiently high value of pulse repetition frequency for pFU stimulation 

would lead to rapidly depleted signals in living brain, as the stimulated neurons lose their 

capacity to fire through depletion of their internal stores of calcium and sodium.

Future work should include use of a larger brained animal to quantify how deep into brain 

we can project pFU and still detect a pFU-induced electrophysiological signal. It would also 

allow us to aim at and monitor primarily white or primarily gray matter, unlike in the rat. 

Also, given the increase in spontaneous EEG bursts in the cortex and their decrease in the 

thalamus through use of isoflurane as an anesthetic (Detsch et al., 2002), it will also be of 

interest to aim ultrasound at superficial (e.g., cortical) versus deep (e.g., thalamic) portions 

of brain to see if there exist different thresholds for brain activation induced by ultrasound 

associated with this difference in intrinsic activity.

Future efforts should also build on these first studies to directly address the long-term goal 

of this work: production of an identifiable tag of endogenous electrophysiological activity 

within a small focal volume of brain, without any effect on that activity. As an example of 

such a test, one might use an animal model of known focal brain activity, such as epilepsy 

(Sobayo and Mogul, 2013) or visual stimulation (Yoo et al 2011), in effect, a positive 

control. With subdermal electrodes in place in a model of epilepsy, for example, one would 

monitor the focal epileptic activity with and without application of pFU to the epileptic 

nidus as well as to epilepsy-free brain tissue, available during the early time course of 

epileptic activity in this model. Only with application of pFU to the epileptic nidus would 

we expect to observe coupled EP and stimulation frequencies. Methods for detection of this 

kind of coupling in cortical signals have already been established (Darvas et al., 2009).

With regard to the safety of ultrasound-mediated neuromodulation, we note that there exist 

two recent studies demonstrating neuromodulatory effects of transcranially delivered 

ultrasound on humans (Legon et al., 2014; Lee et al., 2015) while another study 

demonstrated comparable effects on non-human primates (Deffieux et al., 2013), all without 

adverse events. Of interest, these ultrasound protocols made use of ultrasound delivered at 

frequencies below those covered by FDA guidelines (0.5 MHz, 0.25 MHz, 0.32 MHz, 

respectively), with a range of estimated transcranial intensities (2.2 W/cm2, 0.35 W/cm2, 

0.014 W/cm2, all I_spta) relative to the FDA guidelines for an upper bound on intensity for 

diagnostic ultrasound (0.72 W/cm2 I_spta; defined at and above 1 MHz and after derating 

for attenuation through intervening tissue). Also relevant, these ultrasound protocols lie well 

below that used without acoustic contrast agents to create blood-brain barrier disruption 

(again, see Mesiwala et al., 2002), a relatively subtle form of brain-tissue damage. These 

successful (efficacious; safe) ‘first in primate’ studies will motivate more human subjects-

based research, always with careful attention to safety, as evidenced by the care taken by the 

authors of the research cited above and at least because of the unfortunate results of 

Daffertshofer et al. (2005) whose low-frequency ultrasound (300 kHz) plus, importantly, 

Darvas et al. Page 13

Ultrasound Med Biol. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tissue plasminogen activator injected with non-degassed fluid, induced a significant 

incidence of intracerebral hemorrhage in stroke patients relative to controls.

Finally, with regard to mechanisms by which ultrasound may interact with brain, this 

remains an open question (Tyler, 2012), one unaddressed by this paper. Here we consider 

two possible mechanisms beyond those discussed by Tyler (2012). We note that a 

propagating action potential can produce volumetric changes in the axon carrying that 

potential (e.g., Iwasa and Tasaki, 1980). One may describe this as a ‘piezoelectric’ effect, 

since piezoelectric ceramics used to build ultrasound transducers change volume when 

subjected to an electric field (Mourad, 2012). Furthermore dendritic spines twitch and 

contract rapidly as a result of action potential propagation. One may therefore hypothesize a 

mechanism of ultrasound’s activation of brain as a ‘converse’ piezoelectric effect: 

mechanical pressure induced by the ultrasound’s acoustic radiation force averaged over a 

pulse may compress a small volume of brain tissue, including its axons and/or synapses, at 

the pulse repetition frequency of the ultrasound (again, 1050 Hz here), resulting in a 

redistribution of charges, ion channel activity and/or neurotransmitter release which then 

produces an electrical signal from within that location. (Note again that this by analogy to 

how piezoelectric ceramics work: pressure waves incident upon such a ceramic distort the 

ceramic, thereby inducing an electric current within the ceramic capable of conducting from 

the ceramic.) An alternative physical mechanism to explain the observed signals is the 

acousto-electro effect (Fox et al., 1946, Jossinet et al., 1999), which relates changes in 

conductivity of electrically charged material (e.g., salt water), due to an ultrasound pressure 

field passing through that material, here at the carrier frequency of 2 MHz. Local 

conductivity changes might lead to the type of amplitude modulation that we have found in 

our data, under the assumption that a large enough ensemble of active neurons acts as a 

constant current source in that volume. Recent studies (Yang et al., 2012) have also shown in 

a related application (electrical impedance tomography coupled with ultrasound) that the 

magnitude of the effect can depend upon the ultrasound pulse shape. Future work should 

therefore include optimization of brain activation through alteration of the ultrasound pulse 

waveform as well as changes in the pulse repetition frequency, carrier frequency, and 

intensity.

CONCLUSION

Current non-invasive technology cannot unambiguously record electrophysiological activity 

from within focal and deep brain structures in humans (e.g., for epilepsy localization) and 

non-human primates (e.g., for fundamental studies of brain function). As a first step towards 

rectifying this circumstance, we have demonstrated here that transcranial application of 

pulsed focused ultrasound (pFU) to rat brain can generate a unique high-frequency 

electrophysiological signal detectable extra-cranially from which we derived plausible 

measures of low-frequency, likely focal brain activity. Future work will directly test the 

hypothesis motivating our work - that we can use this unique signal to ‘tag’ endogenous 

brain activity within and only within the focal volume of the pFU that generates the unique 

electrophysiological signal.
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Furthermore, we note that application of pFU (or modulated focused ultrasound) using the 

same device but with different, though readily accessible acoustic parameters can alter focal 

brain function (Mehić et al., 2014). This is consistent with other groups using focal 

ultrasound to stimulate a focal region of brain (Yoo et al., 2011, King et al., 2014, Legon et 

al., 2014, Mueller et al., 2014)). Interestingly, such alteration of brain function does not 

induce electrophysiological artifacts in EEG systems (Tyler et al., 2008; Tufail et al., 2010, 

2011), unlike electrically induced modulation of brain function. Moreover, there already 

exist clinical systems for delivery of focal ultrasound, under MRI guidance, that can insure 

the focus of the ultrasound survives distortion, allowing us to precisely localize a known 

volume and shape of ultrasound within a portion of desirable brain tissue (Marsac et al., 

2012). Utilizing the focal nature of the modulated volume and a precise knowledge of the 

head geometry and electrode locations (which is commonly employed in human EEG 

analysis), a multi channel, typically 64 channel electrode setup could be expected to improve 

on the SNR by using a focal beamforming algorithm, among other techniques. Therefore, 

the work presented here, along with published work on ultrasound modulation of brain 

function, suggests that we can anticipate creation of a completely closed-loop brain-

computer interface with real-time monitoring and control of brain function, all based on 

non-invasive monitoring of brain function (via EEG plus pFU) and alteration of brain 

function at least at the pulse repetition frequency of pFU or mFU.
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Figure 1. Ultrasound and EEG placement
(Upper Left) Diagram of the alginate experiment, demonstrating placement of EEG 

electrodes and the ultrasound focus within alginate gel. (Upper right) Diagram of the in vivo 
experiment, showing placement of the ultrasound focus, recording and reference EEG 

electrodes, all relative to the surface of the rat head. We placed the ground on the shoulder of 

the rat. (Lower Left) Schematic of a coronal slice of rat brain showing the ultrasound focus 

within rat brain, to scale. The full spectrum of the ultrasound focus represents the full width 

half maximum pressure (modified from Mehić et al., 2014). (Lower Right) Photograph of 

the ultrasound transducer we used to stimulate brain with pulsed focused ultrasound.
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Figure 2. Schematic of ultrasound protocol
In purple we show constant wave (CW) ultrasound pulses each lasting for 200 µs based on a 

2 MHz carrier frequency and a pulse repetition frequency (PRF) of 1050 Hz. This pattern 

lasts for one second, followed by a one second period with no ultrasound. This on/off period 

(in green) lasts for 100 repetitions (200 seconds) during which EEG is continuously 

recorded. This is immediately followed by a Beuthanasia injection lasting approximately 30 

seconds followed immediately by continued ultrasound application and EEG recording as 

above for approximately 10 minutes (in red).

Darvas et al. Page 20

Ultrasound Med Biol. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Normalized EEG amplitude responses
Grand average evoked potentials (EP) in the 3–40 Hz band (left) and 1050 Hz amplitude 

response (right) over the course of the two second long pFU off/on trial. The time course 

shown is from 0.5 s prior to pFU stimulation to 1.5 s after pFU stimulation, to allow us to 

illustrate pFU-stimulation onset and offset effects. Shown are data from alginate (blue), 

before injection of Beuthanasia (‘pre-injection’, in green) and after injection of Beuthanasia 

(‘post injection’, in red), in units of SNR relative to the ‘pFU-off’ period. Black lines for 

each graph indicate the 99.5% confidence intervals. Note that the EP are shown as an SNR 

of measured voltage averaged over 3–40 Hz, while the 1050 Hz response is shown as the 

SNR of the amplitude of the band pass filtered voltage between 1040 and 1060 Hz.
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Figure 4. Time course of EEG signal at 1050 Hz
Representative time course of the integrated 1050 Hz amplitude from a single channel for 

each rat in our study. The blue curve shows the response during the one-second pFU-on 

period, the red curve the corresponding EEG-derived 1050 Hz amplitude during the one-

second pFU-off period. (Note that during the actual experiment we alternated between 

‘pFU-on’ for one second and ‘pFU-off’ for one second). Both 1050 Hz amplitude curves 

have been scaled to their common maximum value and have been smoothed with a moving 

average filter of one minute in duration. The noise floor measured at 900 Hz has also been 

subtracted from each signal. The x-axis shows the time in seconds. Here time before zero 

indicates time before injection of Beuthanasia, the time under anesthesia but otherwise 

‘active’ brain. The time after zero indicates the time after injection of Beuthanasia, the time 

of an ‘inactive’ brain state. Pre– and post– injection time periods are separated by the pink 

bar. We use the EEG data from the last 100 seconds of the post-injection time period in the 

analysis of Figures 3 and 5.
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Figure 5. EEG average spectra
Grand average of the normalized ratio spectrum between pFU-on and pFU-off conditions for 

all channels from all rats. The spectrum for the pre-injection state is shown on the left, for 

the post injection state on the right. The X-axis is a log-scale of frequencies, ranging from 5 

Hz to 2000 Hz. The SNR value at the stimulation frequency in both states is annotated and 

shown with the frequency-specific 99.5 % confidence interval (small black lines around the 

1050 Hz peak). Otherwise the black lines indicate the confidence interval across all 

frequencies. The peaks annotated with (A) and (B) are located at, respectively, 2100 Hz (1st 

harmonic of 1050 Hz) and 1650 Hz (a wrap-around of 3150 Hz, i.e. 3rd harmonic of 1050 

Hz, which occurs due to our limited sampling frequency of 4800 Hz).
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Figure 6. Directly measured low frequency spectrogram versus demodulated high-frequency 
spectrogram
Grand average t-test results of the spectrograms of the low frequency (3-40 Hz) (top) and 

demodulated high frequency (1050 Hz, bottom) EEG for all channels (eight) for all rats 

(four), pre-injection. We have normalized these measurements by the same measures 

collected from each animal during the last 100s post-injection. The x-axis shows time in 

seconds, with t = 0 s indicating the start of the pFU-on and t<0 indicating pFU-off. The y-

axis gives the measured frequency of EEG activity. The black line shows the grand average 

of the 1050 Hz amplitude response for this condition, in SNR units of the baseline. Red 

indicates increase of brain activity at a given frequency over baseline (here in the gamma 

band) in terms of standard deviations above the mean; blue indicates decreased activity 

relative to baseline (here in the beta band) in terms of standard deviations above the mean. 

Shown are significant t-values for p<0.05, after a global cluster correction.

Darvas et al. Page 24

Ultrasound Med Biol. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	Materials and Methods
	Methods –Tissue phantom and EEG Implantation
	Methods – in vivo
	Overview

	EEG Implantation - in vivo
	Pulsed focused ultrasound (pFU) source
	Ultrasound Calibration
	Ultrasound Protocol
	Delivery of Ultrasound
	EEG recording
	EEG signal analysis - basic EEG preprocessing
	EEG signal analysis - analysis of evoked potentials and frequency specific content
	EEG signal analysis - grand average over channels and rats
	EEG signal analysis - spectral ratio and normalization
	EEG signal analysis - grand average computation
	EEG signal analysis - analysis of time variation of the 1050 Hz signal after injection
	Spectrogram calculation and demodulation of the EEG at 1050 Hz

	Results
	Alginate Studies - test for EM artifact
	Alginate Studies - test for non-physiological EEG response to pFU stimulation, in vitro
	In vivo studies - evoked response in the time domain to pFU stimulation at 3–40 Hz and at 1050 Hz – grand average over all trials, channels, and rats
	In vivo studies - transient effects of pFU stimulation during the whole recording period
	In vivo studies - spectral specificity
	In vivo studies - demodulation of the EEG at 1050 Hz

	DISCUSSION
	LIMITATIONS
	CONCLUSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

