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Abstract Non-invasive LIFUP (Low Intensity Focused 
Ultrasound Pulsation) neuromodulation provides a 
unique approach to both investigating and treating the 
brain. This work describes a well-calibrated, simple-to-
use ultrasound stimulation system for neuromodulation 
studies. It provides a single element 650 kHz transducer 
design and a straightforward control mechanism, with 
extensive calibration and internal electronic monitoring 
to prevent unwanted over or under treatment. One goal 
of this approach is to relieve researchers of many of the 
details associated with developing their own exposure 
equipment. A unique transducer positioning system and 
distinctive MRI fiducial targets simplify alignment and 
targeting. The system design, control software, 
calibration and alignment techniques are described in 
detail. Examples of transducer targeting and 
neurostimulation using the system are provided.    
 

Index Terms— LIFUP, neuromodulation, 
transducer, ultrasound, Low Intensity Focused 
Ultrasound, LIFU 

I. BACKGROUND  
Focused ultrasound is a means of delivering 

mechanical energy to tissue. The concept of using 
sound waves to modulate neuronal activity has been 
under investigation since 1958 [1]. Since then, the 
neuromodulatory effects of focused ultrasound have 
been demonstrated numerous times in multiple animal 
models [2, 3]. Animal studies of focused ultrasound 
have shown that it is capable of various forms of 
neuromodulation including stimulating auditory nerve 
responses [4]; down-regulating nervous conduction 
[5], and inducing reproducible excitation of neuronal 
circuits in the motor cortex in excised rodent brain [6] 
and in live animals [7]. 

Non-invasive LIFUP (Low Intensity Focused 
Ultrasound Pulsation) modulates neural activity in the 
human brain [3] using intensities that do not cause 
substantial tissue heating or irreversible tissue effects. 
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In one study, LIFUP targeted on the hand area of the 
somatosensory cortex elicited both tactile sensation in 
the contralateral hand and relevant EEG evoked-
potentials [8]. In another set of studies targeting the 
same region during concurrent median nerve 
stimulation, LIFUP significantly decreased the 
amplitude of stimulus-evoked potentials [9] and 
altered the dynamics of intrinsic EEG activity [10]. 
This study showed that LIFUP can not only modulate 
brain electrical activity but affect perceptions and 
behavior as well.  

The low energy of LIFUP falls below the threshold 
to induce tissue damage, often with the intensities are 
near or below those used in diagnostic ultrasound. The 
safety of focused ultrasound has been assessed in 
multiple experiments. In sharp contrast to high-
intensity focused ultrasound, none of the studies using 
LIFUP suggest any adverse effects from histological, 
blood-brain barrier or behavioral data. In general, any 
potential ultrasound-induced tissue damage appears to 
be caused primarily by heating, and an increase in 
temperature is not required to exert effects on neural 
activity [7, 11]. Several studies looked thoroughly for 
evidence of damage caused by LIFUP and found none 
[6, 7, 12, 13]. Even with chronic stimulation of LIFUP 
for 48 hours, no alterations were seen in the fine 
structure of neuronal membranes [6]. 

More detailed information regarding the safety of 
focused ultrasound can be found in recent review 
papers [2, 3, 14-16].  

For clinical application, LIFUP has demonstrated 
the ability to safely modulate neural activity in humans 
and in animal models [2, 3] and is compatible with 
fMRI technology [12, 17, 18]. LIFUP involves passing 
low energy pulsed sound waves through the skin and 
skull, typically through the temporal region. This 
region, often referred to as the "temporal window" is 
generally thinner and flatter than other locations on the 
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skull, and TransCranial Doppler (TCD) assessment of 
blood flow within the brain is usually conducted 
through the temporal window [19]. TCD systems 
typically operate at 2MHz, and the attenuation and 
beam distortion effects of the skull have been studied 
for a number of years [20, 21].  At a LIFUP operating 
frequency of 650 kHz, less of the ultrasound energy is 
absorbed by the skull, and the shape of the focal region 
is better preserved (See Section IV.B below) [22]. 
Thus the ultrasound wave can be focused with 
precision in three dimensions within the brain. While 
this focal volume is small relative to the size of the 
brain (< 0.2cm3 or approximately 0.01% of total brain 
volume), it can potentially stimulate tens of thousands 
of neurons within the focal region. This is an 
acceptable stimulation level for producing fMRI 
signals that can inform scientists on dynamic 
communications between different brain regions. 

This work describes our efforts at creating a reliable 
research tool for neuroscientists to safely explore the 
opportunities provided by LIFUP technology to study 
the brain and neuronal activity. Prior studies into 
effective treatment regimens have indicated a need for 
pulsed waveforms, at pulse repetition rates between 10 
and 1000Hz, and duty factors from 5 to 50%. We have 
specifically developed a device suitable for use in an 
MRI, with single focus transducers coupled to an 
electronic drive system that automatically sets the 
nominal ultrasound exposure parameters, thus 
simplifying the experimental process for the user. 

II. SYSTEM DEVELOPMENT  
The goal is the stimulation or suppression of areas 

of the brain using controlled ultrasound pulse 
sequences from a focused transducer capable of 
operation in an MRI environment. The device used for 
initial LIFUP experiments [17, 23, 24] was comprised 
of individual electronic components (i.e., waveform 
generator, power amplifier, power meter) assembled 
on a rack mount and controlled from a standard 
Windows® computer. While satisfactory for early 
laboratory work, the system was difficult to transport, 
and its operation was limited to expert users. Therefore 
a design effort was conducted to reduce its size, 
increase its usability, and improve its operational 
safety.  

At the same time, the transducer, transducer holder 
and positioning features were revised to provide a 
more convenient and consistent approach to applying 
the transducer to the participant's head and 
determining its position relative to brain structures of 
interest. 

As described further below, the key features of the 

system (BX1002) are flexibility in treatment 
parameter selection, the exacting calibration of the 
electronics and transducers, the self-monitoring of the 
system to prevent both under- and over-treatment, and 
the simplified approach to accurately targeting the 
transducer through angulation and position imaging. 
In comparison with the original device, the new 
system is smaller (80% reduction), lighter (85% 
reduction), and fully integrated (single case and 
monitor), allowing portability and table-top operation. 

A. System Description  
The revised system consists of three parts: 1) the 

Stimulator, programmable to administer a variety of 
voltage and pulse sequences to the transducer; 2) 
single element focused ultrasound transducers suitable 
for use in the MRI (MR Conditional [25]); and 3) an 
MRI Safe transducer holder that can be positioned and 
attached to the participant/patient's head, to hold the 
transducer in a specific position while still fitting 
within an MRI head coil. Figure 1 provides a 
schematic illustration of the system. 

 
Figure 1: Overall System components. 

The Stimulator, shown in Figure 2, has a dedicated 
all-in-one computer (POC-155, Advantech) and an 
ultrasonic drive generator. The ultrasonic drive 
voltage is provided through a BNC panel mount 
connector on the front panel. The ultrasonic drive 
circuitry produces a bipolar, pulsed quasi-sinusoidal 
(shaped square) waveform with controllable voltage 
amplitude, ultrasonic drive (carrier) frequency, pulse 
duration/width, and pulse repetition frequency. It also 
includes supervisory circuits and signal isolation (see 
Figure 3). 

The core of the generator is a CPLD (XC2C384, 
Xilinx) running at 50MHz. It is interfaced to the 
Advantech computer via USB 2.0. This CPLD 
provides the control, timing, and interface functions 
for the sub-circuits described below. 

A programmable voltage power supply may be set 
from a minimum output of 1.5 volts to a maximum 
output of 50 volts. Since the system is generally set to 
maintain a standard average power over a wide range 
of  pulse  duty  factors,  the  power  supply  has  a  low

Power
Connection

Integrated
Computer/Monitor

E-stop
Button

Interface
from MRI

Transducer

Transducer
Holder

Interface
to EEG

Cable

Straps
around
head

Stimulator



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TUFFC.2020.3006781, IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control

Figure 2a: Stimulator – Front. From left to right, the 
indicator lights include Power, Sonication On, and Fault. 
Large button is Emergency Shutdown. Connector on right 

is for the transducer cable. 

Figure 2b: Stimulator – Rear. From left to right, connectors 
include TTL I/O, Sonication Active Output (optical 

connection), TTL Sonication Active Output, Trigger Input 
(optical connection) and TTL Trigger Input. The master 
grounding pin is in the center. Connector on right is the 

power input module. 

voltage (1.5-15V), high current (1Arms) section, and a 
higher voltage (15-50V), low current (0.2Arms) 
section. The circuit topology of the two sections are 
essentially identical, based around a switching 
regulator (LT1738, Linear Technologies) in a flyback 
configuration and external N-channel enhancement 
mode MOSFET (Diodes Inc.). The two sections use 
different winding ratios (1:1 or 1:3) in the flyback 
transformer (VERSA-PAC®, Eaton Electronics), and 
other specific component values are selected to match 
the voltage and current ranges. A 16-bit D/A converter 
(DAC8552, Analog Devices) sets the voltage applied 
to the feedback inputs of the regulators allows the 
voltages to be digitally controlled. A relay switches 
between the two power supply sections depending 
upon the desired output. The supply supports a peak 
transmitter output of 120 W while transmitting, and an 
average power output of 6.0 W.  

The output of the power supply is fed to the input 
center tap of a coupling transformer, and the other two 
transformer connections are connected to ground via 
N-channel MOSFETs (FDT86244, Fairchild). By 
alternately enabling each MOSFET (TC4426, 
Microchip), the transformer input reverses polarity, 
producing the bipolar output swing. A slight delay is 
introduced into the drive timing to ensure that both 
MOSFETs are not active at the same time. This 
produces a bipolar pulse of approximately twice the 
transmitter power supply voltage (2.5 Vrms to 62.5 Vrms 
into a 24 Ohm resistive load). The output can be 
switched via a relay to either an output isolation 
transformer or to 100Ω/2W resistors which are used 
during the voltage calibration process. The output 
stage also includes resistors that provide 50Ω output 
impedance; they also provides a load resistance in case 
the system is operated without a transducer connected. 

The operator does not set the drive voltage directly 
but instead specifies the desired ultrasound exposure 
parameters (pressure, average intensity, pulse length 
and PRF, sonication duration, inter-sonication time, 
number of sonications), and the system calculates the 
voltage required to meet these settings using 
transducer calibration information. Note that the 
pressure and intensity values are based on the 
hydrophone data taken in water: the system does not 
attempt to estimate actual in-situ values (see Section 
IV). If the system cannot attain the desired output 
settings because of hardware voltage or power 
limitations or the overall safety limits imposed on the 
system, then the operator is notified. 

The ultrasonic drive frequency of the device is 
adjustable from 250 kHz to 1.25 MHz, in frequency 
increments of 50 kHz, using a direct digital synthesis 
chip (AD9834, Analog Devices). Note that the current 
transducers are designed to operate only at 650 kHz. 
Using the CPLD logic functions, both the pulse length 
and pulse repetition frequency are derived from the 
ultrasonic drive frequency and constrained to be an 
integer number of cycles, thus providing synchronous 
control and avoiding "runt" pulses. The pulse 
repetition frequency is adjustable over the range from 
3 Hz to 1.5 kHz, and the pulse length is adjustable in 
increments of 20 µs. The PRF resolution as follows: 
for PRF values below 100 Hz the resolution is better 
than 0.2 Hz, for PRF values up to 725 Hz the 
resolution is better than 10 Hz and for PRF values up 
to 1000 Hz the resolution is better than 20 Hz. The 
maximum pulse length is greater than 1 second. The 
system is capable of producing pulse sequences of 
selectable total exposure duration up to several 
minutes in length. 
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Figure 3. Stimulator internal configuration 

 
The drive level is monitored to provide protection 

against improper outputs using both software methods 
as well as a fail-safe "hardware only" protection 
circuit. Both maximum and average voltages are 
monitored by the safety circuits and the output is shut 
down if predefined limits are exceeded.  

The maximum voltage is derived from the transmit 
power supplies (before the center-tap transformer) 
using a 20:1 resistive voltage divider. The average 
pulse drive voltage is sensed after the transformer 
stage through a 25:1 resistive voltage divider. Because 
this signal is bipolar and the average voltage is zero, it 
is first rectified, and then filtered through an active 4-
pole Bessel filter (Fcutoff of 15Hz, Step Resolution less 
than 0.3 seconds). This approach was found to provide 
a stable value over a range of transmit conditions.   

For software monitoring, the transmitter power 
supply voltage and the pulse drive voltage are A/D 
converted (LTC1865, Analog Devices) and 
continually available to the software. In addition, 
analog comparators check the two voltages against trip 
levels for each; the trip voltages are set with digitally 
programmable voltage sources using non-volatile 
storage. A hardware fault will halt treatment and 
illuminate a front panel fault indicator. This provides 
both software and hardware protection against 
excessive outputs while software can also provide 
verification that the output drive level is appropriate 
i.e. at the specified level. If the drive does not match 
the set level, the software disables the transmit 
function and notifies the operator. 

As an additional safety feature, the transmitter 
electronics provides a "timeout" timer that must be 
read and reset by the system computer via a USB 

command every 1 second. If the system software does 
not provide a reset within the timeout period, the 
transmitter hardware disables the transmit electronics 
and disconnects the transmitter from the output 
connector and illuminates the front panel fault 
indicator. In addition, if the software does not read an 
active "timeout" bit every second, it assumes that the 
hardware has malfunctioned and must be disabled. A 
two-port USB interface is provided where one port is 
used for all normal operations while the other port is 
used to provide the "timeout" interface and shutoff 
capability to the PC. 

MRI synchronization is provided via a fiber optic 
input line and an optically isolated digital signal line 
(TTL signaling). This allows for the ultrasound to be 
turned on synchronously with MRI, allowing for 
simultaneous collection of blood oxygenation 
dependent imaging (BOLD) data. EEG 
synchronization is also provided, in which the system 
outputs a signal to the EEG during the time of 
ultrasound transmission (again either TTL or optical, 
see Figure 2b). This allows for synchronization of the 
recording of ultrasound stimulation with the EEG 
recordings.  

B. Transducer, transducer holder, and transducer 
alignment markers  

The system uses circular, single-element, 
spherically focused transducers (Blatek, State College, 
PA), with an active aperture of 61mm. Three different 
transducers were designed, with nominal focal lengths 
of 55, 65 and 80mm, as required for targeting different 
regions of the brain (Figure 4A). The transducers use 
1-3 piezocomposite material with a low loss backing 
to provide an average bandwidth of 21% (which is 
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appropriate for a low power, non-imaging design). The 
design includes a slightly convex front layer for 
impedance matching. The convexity makes it easier to 
remove any air bubbles when applying coupling gel 
pads. The measured focal peak pressure locations are 
typically found 1-2mm shallower than the nominal 
transducer Radius of Curvature (as expected). Table 1 
summarizes their beam characteristics, as measured in 
water. 

In-Water Data (mm) Transducer Nominal Focus 
55mm 65mm 80mm 

Focal Peak Depth 54 63.5 78 
Near -6dB Depth 43.6 50.4 60 
Far -6dB Depth 68.4 80.5 102.5 

-6dB Focal Width 3.8 4.0 4.4 
Table 1. Transducer Beam Characteristics 

Early tests were also conducted with 71mm aperture 
diameter transducers, but it was found that the larger 
size was difficult to position on the skull because it 
overlapped the patient's ear, and was harder to 
maneuver inside an MRI head coil, so the final design 
was limited to 61mm. 

Because the transducers contain electrically 
conductive materials, i.e. wires and conductive 
plating, they cannot be classified as MR safe. Instead 
the transducers are designated MR Conditional [25], 
and have been deemed to be safe in a 3 T MRI 
environment, having been tested for torque and 
interference. There was no interaction at 128 MHz 
with the scanner RF transmit and receive coils, but this 
interaction may be frequency dependent. This is 
because the Larmor frequency of a 1H atom is 
dependent on the magnetic flux density (42.57 
MHz/T). As such, there may be possible interference 
at other MR field strengths. The transducer plastic 
housing (machined Polyoxymethylene, Dupont 
Delrin) contains the 650 kHz piezo-element and 
enables the transducer to be affixed within the 
Transducer holder, which is held in place using an 
adjustable strap. The transducer has a 5 m long MR 
Conditional cable, which connects to the Stimulator 
console through a wall filter (Mini-Circuits BLP-15+) 
and an additional 5 m of cabling (see Figure 3). This 
allows the Stimulator console to be located outside of 
the MRI suite. Each transducer is individually 
calibrated as described in a later section.  

It is essential that the transducer be positioned 
comfortably yet securely against the temporal region 
of the scalp. Further, the transducer and holder 
arrangement must fit inside the MRI head coil. A low-
profile, MR Safe (3D printed from Urethane 
Methacrylate) transducer holder was developed 
(Archimedic Inc, Newtown Square, PA) that allowed  

 
Figure 4A. Transducer showing clip mechanism. 

 

 
Figure 4B. Simplified cross section of transducer and 

holder showing clip mechanism (tan), fiducial materials 
(red) and coupling pad (green). 

 

 
Figure 4C. Transducer and Transducer Holder showing clip 

mechanism in grooves to set angular position. 
 

  
Figure 4D. Transducer and Transducer Holder on 

subject’s head, front and top views.  
 

for simple positioning and angulation (Figures 4B and 
4C). 

The holder has a series of internal grooves, and the 
back of the transducer has been designed with an 
integral, spring-tensioned clip mechanism that 
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matches the grooves (Figures 4A and 4B). The clip 
mechanism is virtually identical to that used in snap-
on, center pinch camera lens covers, with the internal 
spring comprised of machined Delrin material. By 
aligning the clip and grooves, the transducer can be 
positioned at 0°, 2.5° or 5° from normal with respect 
to the skull surface (Figure 4C). By rotating the clip 
mechanism within the outer housing, the direction of 
angulation can be changed (precessed) over a full 360 
degrees. The positioning of the transducer on the skull 
is shown in Figure 4D. 

Customized acoustic gel pads (based on Aquasonic, 
Parker Labs) have been designed to fit the transducer 
and are intended to be used as coupling media, along 
with standard acoustic scanning gel. Each gel pad is 
pre-formed to a specific angle of either 0°, 2.5° or 5°, 
in order to maintain good acoustic coupling as the 
transducer is angulated. The gel pads have an 
embedded plastic rim (FDM-printed Ultem 9085) to 
lock them in place against the transducer face (Fig. 5).  

 
Figure 5. Coupling pad with imbedded rim, mated to 

transducer. Note that the air bubbles seen between the gel 
pad and transducer face would be removed before use. 

The transducers have a unique feature to assist with 
the alignment process. Two rings of highly MRI-
visible material [26] are built into the back of the 
transducer (Styrene block polymer). Additional 
material is placed in the center of the screw that holds 
the back of the transducer (Figure 4B). These fiducial 
markers allow the exact spatial orientation of the 
transducer to be determined. Examples of MRI images 
of the transducer and markers are shown in Figures 6A 
and 6B. The images were not acquired perfectly 
perpendicular to the fiducial rings, but were rotated 
after acquisition to facilitate targeting. Figure 6A 
shows the transducer in relationship to the participant's 
ear. Figure 6B illustrates the alignment process. The 
center of the concentric rings locates the axis of the 
ultrasound beam (upper left image). The red line in the 
upper right and bottom images delineates the plane of 
the rings and transducer. A line drawn perpendicular  

 
Figure 6A. MRI image of Transducer Fiducial Markers. 

 
Figure 6B. MRI image of Transducer on subject’s head, 

showing the alignment process using the fiducial markers. 

 
Figure 6C. MRI targeting image of Transducer on subject’s 
head, showing the approximate position of the focal zone 

based on the fiducial markers. The oval represents the 
approximate position of the -6dB focal region, as measured 

in water, for an 80mm focal depth transducer. 

to the plane of the rings through the center screw (blue 
and green lines in the upper right and bottom images) 
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established the central acoustic axis. The position of 
acoustic focus within the brain can be estimated using 
the measured transducer focal depth (as described in 
the next section) placed along the line of the acoustic 
axis determined using the fiducial markers. The gel 
pads used for acoustic coupling also are highly visible 
within the MRI image, making it easier to determine 
the exact position of the transducer and skull surfaces. 
Figure 6B corresponds to Figure 4E in terms of spatial 
orientation. 

Figure 6C shows an overlay of the Figure 6B image, 
with an oval that represents the focal location based on 
hydrophone measurements taken in water. While the 
actual focal zone in-situ is beyond the capabilities of 
the system to predict for the specific patient being 
treated, the display of the in-water focal characteristics 
gives the operator a general sense of the volume to be 
insonified, for the purposes of initial transducer 
alignment. Final transducer positioning guidance for 
treatment uses fMRI techniques (see Section V.) 

III. CALIBRATION TECHNIQUES  
The purpose of the Calibration Process is to assure 

that the desired ultrasound exposure is provided on a 
repeatable consistent basis. The steps are outlined in 
the two flowcharts (Figures 7 and Figure 8). This 
process is conducted for every Stimulator, in 
combination with any specific transducers that are 
supplied with the system.  

Because of slight tolerance variations in the 
components used in the transmitter electronics, the 
first step is to calibrate the digital control of the 
electrical transmit voltage. During Calibration Step C-
1, the transmit voltage is measured over the full range 
of digital control settings. This information is then 
made available as a calibration file stored on the 
System in Step C-6. The system is set to a nominal 
short pulse length transmit condition (Step C-2). Once 
a calibrated relationship has been established for a 
specific pulse duration or length, the average intensity 
can be derived for any other pulse duration and pulse 
repetition frequency. This obviates the need to 
measure all possible transmit conditions. In step C-3, 
a specific transducer and cable are connected to the 
system. The serial number of the transducer and the 
specific cable configuration are recorded so that they 
are included in the calibration file data. 

In Step C4, a calibrated hydrophone is used to 
measure the acoustic output from the transducer/cable 
combination. The measurement process includes 
finding the spatial location of the maximum acoustic 
output, characterizing the pressure and intensity at that 
location, and also scanning around that location to find 

the -6dB extent of the ultrasound beam [27]. 
Transducer variability tolerances have been set at 5% 
of the nominal focal depth, 5% relative to the average 
focal width (cf. Table 1), and 10% relative to the 
average transducer efficiency (pressure/voltage ratio, 
see below). Transducers outside these ranges are 
rejected or reworked.   

At output drive levels from 1.5 to 16V, PVDF 
bilaminar membrane hydrophones [28] are used for 
primary measurements of focal zone characteristics 
and voltage/pressure relationships, and for cross-
checking the results. The hydrophones are calibrated 
and maintained to international standards [29, 30]. 
However, as the transmit voltage is increased, 
cavitation can cause both interference with the 
measurements and damage to the hydrophone. A 
scattering hydrophone [31] is therefore placed at the 
focal location, and measurements are taken for output 
drive voltages between 4V (lower sensitivity limit of 
the hydrophone) and  50V (system maximum). Since 
the scattering hydrophone is not independently 
calibrated, its results are compared with the bilaminar 
hydrophone results over the range where data are 
available from both (4V to 16V) to develop a 
hydrophone cross-calibration factor [28]. 
Measurement results show that the cross-calibration 
factor is consistent over this voltage range (Coefficient 
of Variance of less than 1%).  The scattering 
hydrophone data are then used for higher transmit 
voltages. 

At the maximum output drive voltage of 50V, the 
typical focal pressures (maximum pr.0) range from 2.6 
to 3.8MPa depending upon the focal length of the 
transducer (at the minimum drive voltages, the 
pressures range from 85 to 125kPa). The measured pr.0 
is very linear with drive voltage (e.g. pr.0 = 0.064 
MPa/V, R2 of 0.9961). If the system were operated in 
Continuous Wave mode (which it cannot do), those 
maximum pressure levels would correspond to Spatial 
Peak intensities (ISPTA.0) of ~300 to 500W/cm2. 

The calibration process is repeated using any other 
cables and RF filters that may be expected to be used 
in the clinical environment. This is documented in 
steps C-5a and C-5b, which loop back to Step C-3 until 
all transducer/cable combinations have been tested. 
Investigators were reporting that they wanted to 
position the patient further from the Stimulator, and 
were adding "extension" cables to the transducer. 
Further, they wanted to use the isolation panels to 
connect the transducer inside the MRI to the console 
in the control room, rather than running the cables 
through holes in the panels. Having additional cable 
between   the   drive   circuits    and   the   transducers
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Figure 7. Calibration Process. Figure 8. Treatment Setting Process. 

 
produces additional capacitive load and electrical loss, 
and introduces the possibility of transmission line 
phenomena. Using the filters provided in the isolation 
panels also reduced the signal available to the 
transducer. Experiments with different configurations 
showed up to a 40% loss in peak pressure at the 
transducer focus, relative to a "direct" (5 m cable only) 
connection between the transducer and Stimulator. 
Therefore the outputs of the transducer are calibrated 
with longer (10m) cables and specified filters, so that 
the treatment conditions could be the same irrespective 
of the particular setup (short cables or long cables with 
filters). Because each treatment requires the use of a 
corresponding calibration file (which lists the 
transducer serial number and the cable configuration), 
the output from the transducer to the patient is 
maintained within the treatment parameters.  

Although not shown in the diagram the process 
from Step C-2 to C-6 is repeated for additional 
transducers as necessary. As a final step, Calibration 

Files are generated (Step C-6), which contain 
information specific to the Stimulator, Transducer, 
and all related cable/isolator connections. In addition, 
a file is created which establishes the limits on the 
acoustic output/treatment conditions. These limit files 
are matched to the specific clinical study being 
conducted at the facility that houses the system. 

When using the system, the operator has a specific 
transducer and cable configuration, the serial number 
of which is already entered into the system as default 
conditions, based on the prior treatment. The first step 
is to retrieve the transmit voltage calibration data (Step 
T-1). Next, the user confirms the transducer serial 
number and cable configuration (Step T-2). With that 
information, the system retrieves the Acoustic Output 
characteristics from the Calibration file data (Step T-
3).  

The user/operator enters the desired treatment 
parameters using a treatment parameter file and front 
panel controls (Step T-4). Based on the Acoustic 
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Output limits established for the clinical study 
protocol by the Institutional Review Board (IRB), the 
system determines whether the entered treatment 
parameters exceed the limits, as shown in Steps T-5 
and T-6a. If the limits are exceeded, the user is 
informed and required to set different parameters 
which are in compliance with the limits (Step T-6b). 
Once the parameters selected by the user comply with 
the Acoustic Output limits (looping through Steps T-4 
and T-6), the transmitter voltage and pulse 
characteristics are set to match the user entered 
parameters (Step T-7) and the system proceeds to 
treatment. 

IV. OUTPUT LIMITS AND IN-VIVO EXPOSURE VALUES 

A. Output Limit Considerations 
A key goal of LIFUP treatment is to induce 

neuromodulatory effects without causing any damage 
to brain tissue. This is in contrast to High Intensity 
Focused Ultrasound (HIFU), which is specifically 
designed to cause tissue ablation or other effects, 
either through thermal or non-thermal means. Further, 
LIFUP study participants are often healthy volunteers, 
for instance in investigations of brain mapping, or 
perception or motor effects [7-9, 32]. Therefore the 
risk/benefit assessment for such studies must prioritize 
the safety of the ultrasound exposure. 

There are no established regulations or guidelines 
for therapeutic ultrasound exposure limits, thus 
complicating the process of determining what a "safe" 
exposure might be [33]. The issue is further 
confounded by the patient-to-patient variability of the 
skull, which reflects, absorbs and refracts the 
ultrasound beam, reducing the pressure levels and 
distorting the focal region. 

Given these uncertainties, it was felt that an 
appropriate approach would be to use the intensity and 
pressure-based limit guidelines established by the US 
Food and Drug Administration (FDA) for diagnostic 
ultrasound equipment [34]. While the FDA maximum 
values were not originally based on safety 
considerations, diagnostic ultrasound has had an 
outstanding record of patient safety in the 30 years 
since the FDA Guidance was first promulgated. 

The FDA has set a maximum focal spatial-peak, 
temporal average intensity of 720mW/cm2 (non-
ophthalmic applications), assuming a uniform tissue 
attenuation or derating of 0.3dB/cm-MHz (denoted 
ISPTA.3) [34]. At an operating frequency of 650kHz and 
a focal distance of 75mm, that limit corresponds to a 
nonderated ISPTA.0 of approximately 1W/cm2, which is 
the value noted by the American Institute of 
Ultrasound in Medicine (AIUM) for not producing 

thermal bioeffects with focused ultrasound fields [35].  
Similarly, the peak rarefactional pressure (pr) is set 

by a limit on the Mechanical Index (MI), which is the 
derated pr divided by the square root of frequency in 
megahertz. The FDA MI limit is 1.9, which for the 
frequency and focal conditions noted above 
corresponds to a nonderated pr.0 of 2.3MPa. This is 
well below the theoretical threshold for bubble 
nucleation and subsequent inertial cavitation [36]. It 
should be noted that the Mechanical Index was derived 
for the case of short bursts of ultrasound (single cycle) 
and is not entirely applicable to longer pulse lengths. 
Nonetheless, MI has become a common metric in 
describing all types of ultrasound exposures.   

While the FDA derating approach for diagnostic 
systems is not completely predictive of the therapeutic 
transcranial situation, it does provide an upper bound 
on in-situ exposure. Abiding by the diagnostic 
ultrasound limits ensures that the LIFUP treatment 
exposure is comparable to or lower than diagnostic 
procedures such as TCD. This approach, at least for 
the initial studies of this new treatment modality, has 
provided a level of safety assurance that eased the IRB 
approval process and allowed many clinical 
investigations to be deemed "Non-Significant Risk" 
(NSR). 

B. Estimation of In-vivo Exposure  
Based on these safety and regulatory 

considerations, the Stimulator displays both the 
derated and non-derated ISPTA and rarefactional 
pressure values. However, the actual pressures and 
intensities in the brain are a function of the thickness 
and non-uniformity of the patient's skull and are 
beyond the capabilities of the system to predict. It is 
therefore left to the operator to estimate based on any 
of a number of methods [21, 37-40]. 

As a check on the possible distortion of the 
ultrasound beam, we conducted in-vitro measurements 
of transmission through cadaveric temporal bones 
(N=5). The beam characteristics of a 65mm nominal 
focus transducer were compared with and without 
temporal bone samples placed in the acoustic path. 
This transducer was chosen as representative of the 
three focal lengths. On average, the broadening of 
the -6dB lateral focal width was 1.5mm, the 
lengthening of the -6dB axial focal length was 1.4mm, 
and the lateral shift was less than 1mm (compare to in-
water data from Table 1). Thus the representation of 
the focal zone shown in Figure 6C is sufficient for the 
purpose of initial transducer alignment. The measured 
focal pressure reduction caused by transmission 
through the temporal bones was 15.9±4dB, which is 
comparable to other reports in the literature [21, 40]. 
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Thus, it is clear that the in-situ pressures and intensities 
are far below the comparable regulatory limits, further 
ensuring the safety of the treatment.  

In a separate investigation, exposures up to 8 times 
the intensity limit (up to ISPTA.3 of 5760 mW/cm2) 
failed to produce a measurable in-situ temperature rise 
via MR thermometry [41].  

Because the system is designed to not produce 
significant thermal changes in the brain, it is not 
possible to use MR thermometry as a targeting 
approach. Therefore, fMRI has become the principal 
means of checking the position of the focal region 
in-situ. This is discussed in the next section.  

V. EXAMPLES OF FMRI CHANGES 
Figure 9 shows an example of localized stimulation 

of brain tissue using LIFUP. This is a representative 
sample image from a single participant recruited under 
an IRB-approved study conducted at UCLA (IRB: 18-
000104). Figure 9A shows the targeting process, with 
the center of the acoustic axis shown in blue (compare 
to Figure 6B). A separate line (in black) is 
superimposed to show the approximate location of the 
focal region for the transducer used in this study 
(65mm). Figure 9B shows LIFUP-induced changes in 
cerebral blood flow as measured using pulsed Arterial 
Spin Labeling (ASL) (1.5 x 1.5 x 3 mm voxels, 
TR=4600 ms, TE=16.18 ms, TI=1990 ms, BD=700 
ms, FAIR QII perfusion, 3D turbo GRASE sequence,  
turbo factor = 20) collected using a Siemens 3T Prisma 
scanner. The ASL images are acquired before and after 
LIFUP stimulation. The resultant sequences are 
processed using FSL v 6.0.1 (FMRIB Software 
Library, Oxford, UK), and then subtracted to create a 
difference image to illustrate changes from baseline to 
post-LIFUP. This image is then is overlaid on a high 
resolution structural T1-weighted image in order to 
generate the image seen in figure 9B. We emphasize 
that this is an individual participant and not a group 
average, and while LIFUP neuroimaging results have 
been consistent across participants, not enough 
participants have been studied to determine the 
sources of this variance. This work is preliminary and 
ongoing. 

The transducer used in this study has a 65 mm focal 
depth, with a 61 mm diameter. The ultrasound transmit 
parameters were 942mW/cm2 ISPTA.0 (720mW/cm2 
ISPTA.3), 100 Hz PRF, 5% Duty Cycle, 0.71 MPa pr.0 
and 30s on / 30s off for one 10 minute treatment block. 
The resultant change in the entorhinal cortex is in the 
focal region. The activations near the focus are 
presumed to be a direct effect of the LIFUP, while the 
other  activations  are presumed  to be indirect  effects 

 
(A) 

 
(B) 

Figure 9. Example of Pre- vs Post-LIFUP focal perfusion 
changes (see text for details). Figure 9A is the targeting 

image with the expected acoustic axis, using the methods 
described earlier (see Figures 6B and 6C), prior to 

stimulation. The blue line denotes the acoustic axis, and the 
separate black line shows the depth to the focal region 

(65mm). Figure 9B shows the resultant increase in 
bloodflow in the entorhinal cortex due to stimulation. 

Warmer colors are indicative of a greater increase. 

via the functional connectivity of the focal region. 
Note that some of the apparent activations in this 
particular slice are not in the brain itself. While the 
possibility that some apparent activations may simply 
be noise cannot be ruled out, this approach nonetheless 
offers the potential for the interconnections between 
brain regions to be examined and mapped.  

Selected recent clinical results   
Over the past few years, this technology has been 

used for a variety of clinical applications. As rigorous 
trials have not yet been completed in clinical 
populations, these results are far from conclusive. We 
present here a few preliminary, but promising 
observations.  
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In 2015, a case series was presented demonstrating 
the preliminary safety and feasibility of using focused 
ultrasound to modulate the activity of the brain in the 
epileptogenic focus [23]. This study, conducted under 
an Investigational Device Exemption (IDE) issued to 
BrainSonix, explored non-invasive brain stimulation 
with focused ultrasound with derated spatial-peak 
temporal-average intensities of up to 720 mW/cm2.  

In the initial safety study on epilepsy patients, 
participants received the ultrasound stimulation prior 
to scheduled surgical resection of the diseased 
epileptic brain tissue. Using standard histology 
measures (i.e. hematoxylin and eosin staining), 
investigators looked for histological changes to the 
tissue caused by the ultrasound and were not able to 
find any changes due to the ultrasound.  

In the interest of further establishing safety criteria, 
similar parameters were used in ex vivo experiments 
at much higher intensities to attempt to determine 
where is the safety threshold for in vivo stimulation 
[42]. Using average cell volume as a proxy for 
damage, samples of tissue that were sonicated at 
intensities up to 12,000 mW/cm2 were compared to 
samples of tissue from the same participant that did not 
receive any sonication at all. Participants were all post-
mortem cases with tissue taken within 24 hours after 
the time of death. Approximately 6-8 samples were 
obtained from the temporal lobe of each of the 
participants. After correcting for multiple 
comparisons, none of the cells at each intensity level 
were statistically significantly different from the from 
the control cells. Furthermore, a board-certified 
neuropathologist who was kept blinded to the intensity 
levels was not able to distinguish between slides from 
sonicated and unsonicated brain tissue. This study 
showed that focused ultrasound at the aforementioned 
intensities did not produce changes that could be 
detected either by board-certified neuropathologists or 
by computer analytic programs [43].  

In 2016, the technology was first utilized in-man for 
non-invasive deep brain stimulation of a patient with a 
disorder of consciousness [24]. This patient had 
suffered a traumatic brain injury resulting from a car 
accident. After standard neurocritical care procedures 
failed to arouse the patient from a minimally conscious 
state, the patient underwent five minutes of focused 
ultrasound treatment spread over ten minutes (e.g. 30 
seconds on, 30 seconds off). The ultrasound transmit 
parameters were 960mW/cm2 ISPTA.0 (720 mW/cm2 
ISPTA.3), 100 Hz PRF, 5% Duty Cycle, and 0.7 MPa pr.0, 
all of which were adapted from [44]. Three days after 
LIFUP, the patient had made dramatic improvements, 
demonstrating full language comprehension and 

reliable response to commands. After five days the 
patient attempted to walk. We should note that while 
the improvement was impressive, a spontaneous and 
serendipitous recovery cannot be ruled out. Further 
studies of patients in minimally conscious states are 
ongoing.  

VI. FUTURE GOALS AND OPPORTUNITIES  
The goal of this work was to provide a well-

calibrated, simple to use ultrasound stimulation system 
for neuromodulation studies. It provides a single 
element transducer design and a straightforward 
control mechanism, with extensive calibration and 
internal electronic monitoring to prevent unwanted 
over or under treatment. This approach relieves 
researchers of many of the details associated with 
developing their own exposure equipment. The unique 
MRI fiducial targets and transducer positioning 
system simplify alignment and targeting. While the 
system does not provide positional precision afforded 
by devices intended for ultrasonic surgery (i.e. HIFU), 
the intended goal of transient neurostimulation does 
not require the same precision as permanent tissue 
ablation [45].  

The future applications for the technology could 
potentially include not only treatment of epileptic 
episodes and amelioration of disorders of 
consciousness, but also neuropsychiatric conditions 
such as depression, anxiety, pain, OCD 
(Obsessive/Compulsive Disorder), and delivery of 
exosomes and small molecules. The safety profile 
allows the technology to be applied more broadly to a 
wider range of patients, and also allows for repeat 
exposures for the treatment of chronic conditions. 
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