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Abstract

Transcranial focused ultrasound (FUS) stimulation under MRI guidance, coupled with functional
MRI (fMRI) monitoring of effects, offers a precise, noninvasive technology to dissect functional
brain circuits and to modulate altered brain functional networks in neurological and psychiatric
disorders. Here we show that ultrasound at moderate intensities modulated neural activity bi-
directionally. Concurrent sonication of somatosensory areas 3a/3b with 250 kHz FUS suppressed
the fMRI signals produced there by peripheral tactile stimulation, while at the same time eliciting
fMRI activation at inter-connected, off-target brain regions. Direct FUS stimulation of the cortex
resulted in different degrees of BOLD signal changes across all five off-target regions, indicating
that its modulatory effects on active and resting neurons differed. This is the first demonstration of
the dual suppressive and excitative modulations of FUS on a specific functional circuit and of
ability of concurrent FUS and MRI to evaluate causal interactions between functional circuits with
neuron-class selectivity.
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Introduction

Regions and circuits within a healthy brain interact in a coordinated fashion to maintain and
execute various functions, while dysfunction in specific networks underlie many psychiatric
and neurological disorders [1-7]. Targeted neuromodulation of a particular brain region by
transcranial focused ultrasound stimulation (tFUS) has emerged as a powerful tool for
evaluating functional connections and causal interactions between regions and allowing
investigations of the contributions of individual brain regions to specific operations and
functions in both healthy and disease conditions. It is also a potential therapeutic
intervention for modulating network activities in neurological and psychiatric disorders.
Like other widely used neural stimulation methods such as transcranial electrical stimulation
(TES) [8-11], intracranial electrical stimulation (ICS) [12-15], deep brain stimulation
(DBS) [16-18], and transcranial magnetic stimulation (TMS) [4,19-22], tFUS has gained
wide-recognition as a next generation neuromodulation technology. Among these other
methods, only TES and TMS are noninvasive, but they can localize primarily only
superficial brain structures with centimeter-scale precision, while the rest are highly
invasive, requiring surgical placement of electrodes into the brain. More importantly, some
of these methods are unable to use image guidance or offer real-time functional monitoring
that are essential features for evaluating the effects and consequences of neuromodulation. In
this context, MRI guided transcranial FUS potentially offers a superior alternative
noninvasive neuromodulation technology with several essential characteristics: (1)
millimeter scale spatial localization under MRI guidance; (2) access to all parts of the brain;
and (3) integrated functional monitoring when combined with simultaneous functional
magnetic resonance imaging (fMRI) of brain activity. Real-time image guidance itself
improves the spatial precision of FUS targeting while functional MRI monitoring reports
FUS’s action in both local (targeted) and other affected (off-target, downstream) brain
regions.

Using BOLD (blood oxygenation level dependent) fMRI as a functional readout, we
previously demonstrated that 250 kHz US pulses at 935 kPa free-field amplitude can excite
local neurons in targeted somatosensory areas 3a/3b as well as downstream, interconnected
neurons in off-target brain regions [23]. Theoretically, FUS can modulate neural activity in
both positive (excitation) and negative (inhibitory) directions via actions on different ionic
channels on neuron members for example [24]50]. This dual capacity is a highly desirable
feature for a therapeutic technique. Moreover, the possibility of state-dependent modulatory
effects of FUS, such as those reported in TMS literature [25,26], can also have significant
implications for future FUS applications on modulating brain activity in different brain
cognitive states or in physiology versus pathological states. Previous FUS studies have used
varying parameters in different experimental models and reported both excitation and
suppression effects on the target, but the precise mechanisms of action of FUS on neurons
remains elusive. The ability to simultaneously monitor FUS’s action at both target and off-
target regions offers an effective way to examine the neural basis of FUS’s effects because
activity of only excitatory neurons can propagate and lead to detectable BOLD activation at
down-stream off-target brain regions [23]. Figs. 1-6.
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The current study focused on exploring possible inhibitory effects of FUS at medium-
amplitudes (med-FUS, 425 kPa free-field at 250 kHz) and their influence on neuron
populations and functional circuits using fMRI of the sensorimotor system of the macaque
brain as a model system. Previous studies indicate that the complexity of brain circuits may
play a key role in the efficacy of neuromodulation. In this respect, the macaque brain is
advantageous because of its close resemblance in structure and function to the human brain.
Macaque monkeys have been well characterized by fMRI and intracranial electrophysiology
as well as by invasive and post-mortem studies [27,28]. We have developed robust fMRI
paradigms that allow us to reliably map touch responses in the brains of non-human primates
[29-34], and have demonstrated the ability to detect high-amplitude FUS-induced
neuromodulation effects [23], in which the used FUS was twice as high in amplitude. we
refer to the current parameters as “med-FUS” to indicate medium amplitude. Here we report
that med-FUS modulated activity of neurons at the target in dual directions (excitation and
suppression) and in a state-dependent manner. We propose that this simultaneous excitatory
and suppressive neuromodulation is mediated by activation of large excitatory pyramidal and
small inhibitory interneurons, respectively. The potential for neuron-selective modulation by
FUS is highly significant for potential clinical translation. Figs. 7 and 8.

Material and methods

Animal preparation

Two adult female macaque monkeys (M. fascicularis) were underwent six MRI experiments
(three for each monkey). A total of 50 fMRI scans (runs) were collected. Animals were
initially sedated with ketamine hydrochloride (10 mg/kg) and atropine sulfate (0.05 mg/kg)
and then anesthetized with isoflurane (1.0%-1.5%) delivered in oxygen. After intubation,
each animal was placed in a custom-designed MR stereotaxic frame with the head secured
by ear bars, eye, and mouthpieces. During functional MRI data acquisition, animals were
maintained at a light (0.85-1.0% isoflurane) and stable level of anesthesia. A solution of
2.5% dextrose in saline solution was infused intravenously (3 ml/kg/h) to prevent
dehydration. Animals were artificially ventilated throughout the experiment. Temperature
was maintained by means of a circulating water blanket. Heart rate and peripheral capillary
oxygen saturation (SpO2; Nonin), respiration pattern and end-tidal CO, (24-32 mmHg;
SurgiVet) were continuously monitored and maintained during the entire procedure. All
procedures were conducted in accordance with National Institutes of Health guidelines and
were approved by the Institutional Animal Care and Use Committee of Vanderbilt
University.

Peripheral tactile stimulation protocol

The fingers were stabilized with modeling clay, palm side up, leaving the glabrous skin of
the distal finger pads available for stimulation. Innocuous tactile stimuli were delivered at 8
Hz on the distal finger pads of D2 and D3 of the left hand in 0.44 mm vertical displacements
via two rounded probes 2 mm in diameter driven by an S88 Grass stimulator. For each fMRI
tactile stimulation run, 30-s duration blocks of tactile stimuli were repeated seven times with
30 s baseline periods interleaved. The probes were in contact with the skin on the digits
during baseline periods.
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FUS parameters and presentation paradigm

During fMRI data acquisition, FUS pulses were delivered in a block-based scheme identical
to the tactile stimuli in seven 30 s FUS on/off cycles (Fig. 1). During an “on” block, a 250
kHz, 300 ms pulse was emitted at 0.333 Hz from a spherically focused MR-compatible
transducer (H115 diameter = 64 mm ROC = 63.2 mm, Sonic Concepts, Bothell, WA)
coupled via a custom water cone filled with 80% D,0 that had been at undisturbed for 24 h
to allow large bubbles to float out of solution. The D,O was used to replace most of the H20
to reduce signal intensities and geometric distortions of MR images due to ineffective
shimming. A single 300 ms pulse consisted of 63-cycle bursts repeated at 2 kHz (50% duty
cycle-see Fig. 1 for FUS pulse design). The FUS transducer was driven by an arbitrary
waveform generator (Agilent 33511B, Santa Clara, CA, USA) connected to an RF power
amplifier (E&I A150, Rochester, NY, USA). The free field peak negative pressure at the
spatial focus during this pulse was 425 kPa, which is about 45% of the 935 kPa pulses used
in our previous study [23]. The free field spatial peak temporal average intensity (Ispta) was
27.1 mW/cm? and the free field spatial peak pulse average intensity (Isppa) Was 6.0 W/cm"2.
At 250 kHz we estimate 58% transmission through a macaque skull yielding a PNP of 247
kPa, an Ispta of 9.1 mW/cm”2, and an Igpp, 0f 2.0 W/ecm”2. A custom microcontroller
program coordinated pulsing for tactile, FUS, and tactile + FUS stimulation. The procedure
resulted in 10 FUS bursts per “on” block. The maximum free field pressure of the transducer
was measured by placing a calibrated needle (for spatial peak pressures at which the MI was
less than 1.4, H-0400 Onda Corp.) or fiber optic hydrophone (at higher pressures, FOH,
Precision Acoustics, Dorchester, UK) at the focus of the transducer and recording the peak
negative pressure at different input amplitudes.

Use of optical tracking and MRI-ARFI beam mapping methods to localize ultrasound beam

on target

Delivering US modulation at the target with high precision is critical for our studies. We
used optical tracking for stereotactic neuronavigation and to target the FUS beam to the area
3a/3b tactile region that was pre-defined by fMRI (Fig. 2A and B). Then, before fMRI
scanning, we confirmed the location and actual delivery of FUS with transcranial MR-
acoustic radiation force imaging (MR-ARFI) (Fig. 2C and D), which measures the transient
tissue displacements induced by a short FUS pulse [35] as described below. The FUS
transducer was first positioned over the region posterior to the central sulcus, where the area
3a/3b of the primary somatosensory cortex (S1) resides, on the right hemisphere ipsilateral
to the tactile stimulation side of the left hand. Transmission gel was placed over the scalp to
ensure adequate acoustic coupling. Five 15 mm MRI-visible fiducial markers (MM3002, 1Z1
Medical Products, Owings Mills, MD) were placed on the stereotactic frame (one on each
eye bar and three on the two ear bars) to enable optical tracking outside the MRI scanner.
Briefly, the location and trajectory of the free-field FUS beam were estimated by tracking
the position of the transducer (NDI Polaris, Ontario, Canada) and registering its position in
physical space to the imaging space relative to the fixed positions of fiducials. Details of our
optical tracking-based FUS targeting method followed our prior work [36]. Our average
targeting registration error with this method was estimated to be less than 3 mm.
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Prior to applying FUS, knowledge of the location of the acoustic focus must be obtained to
verify that the ultrasound beam is reaching the target. We used an optically tracked MR-
ARFI pulse sequence optimized for this FUS transducer to monitor the tissue displacements
(proportional to acoustic intensity) induced by a short FUS pulse to map the ultrasound
beam /n situ. Displacement images were acquired using a 2D single-slice spin-echo MRI
acquisition (12.0 x 12.0 cm? FOV; 60 x 60 matrix; 2.0 x 2.0 mm?2 voxel size; 1 slice; 4.0
mm slice thickness; TE/TR 17/1000 ms) with unipolar motion-encoding gradients (3 ms
duration; 40 mTem™1 strength) to generate ARFI contrast. The motion-encoding gradients
were oriented parallel to the ultrasound beam and the imaged slice was prescribed at the
optically tracked location of the acoustic focus. Sonications were performed at 802 kHz for
4.5 ms (3609 cycles) with a maximum free-field pressure of 2.81 MPa and a duty cycle of
0.23%. Displacement images were reconstructed using complex phase subtraction of four
phase images with switched polarity motion-encoding gradients and with or without
sonications, which were acquired in an interleaved fashion, for a total scan time of 4.0 min
to produce one displacement image. Images were reconstructed offline in MATLAB 2017a
(MathWorks, Natick, MA). Our MR-ARFI beam mapping method was non-invasive and
followed our and others prior work [35,37].

By determining the transducer location during optical tracking, the projected free-field
ultrasound beam and the subsequently acquired displacement image could be overlaid on
high-resolution T2*-weighted structural images in the targeted brain region where BOLD
activation foci were encoded (Fig. 2E and F). Detailed equations describing the coordinate
transforms relating these image volumes (optically tracked FUS beam, MR-ARFI
displacement image, and T2*-weighted structural brain volume) are derived in our prior
work [36].

MRI data acquisition

All MRI scans were performed on a 7T Philips Achieva magnet with a customized surface
transmit-receive coil (inner diameter = 6 cm) centered over the primary (S1) and secondary
(S2) somatosensory cortices of the right hemisphere. Three types of MR images were
acquired. 3D T1-weighted high-resolution isotropic volume (THRIVE) images to localize
the fiducial markers placed around the US probe for aligning and localizing the US beam to
structural MR images (TE = 1.89 ms, TR = 4 ms, 400 x 400 x 140 matrix, 0.35 x 0.35 2
mm?3 voxel size, flip angle 10°, NSA = 1). A series of nine T2*-weighted multi-slice
gradient echo high-resolution structural coronal images (TE = 27 ms, TR = 500 ms, 768 x
768 x 9 matrix, 0.104 x 0.104 1 mm3 voxel size) were also collected. FMRI data were
acquired from the same slices using a single-shot gradient echo planar imaging (GE-EPI)
sequence (TE =16 ms, TR =25, 0.625 x 0.625 1 mm3 voxel size, 128 x 128 x 9 matrix,
interleaved slices, linear K space filling). An extra navigator echo was collected with no
phase encoding prior to the acquisition of the actual image data. This echo is used to correct
for phase variations typically caused by motion. FMRI data with tactile stimulation of distal
digits and/or FUS were collected with the same fMRI acquisition parameters. To maximize
activation detection, we presented two (tactile alone, tactile + FUS) or three experimental
conditions (tactile alone, tactile + med-FUS, med-FUS alone) in an interleaved manner
during each fMRI data acquisition run. In a typical interleaved session, a total of 4-6 runs
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were acquired (435 vol per two-condition run and 635 vol per three-condition run). The
anesthesia level was closely monitored and adjusted, so that vital signals remained very
stable (heart rate:160 + 3; end tidal CO,: 34 £ 1, and oxygen saturation, spO,: 99 + 1%). A
total of 51 runs from six imaging sessions (three sessions from each monkey) were included
in the fMRI time course analysis.

FMRI data analysis

Pre-processing: FMRI signals, acquired during stimulation (tactile, FUS, tactile + FUS),
went through standard pre-processing steps of slice timing (3dTshift, AFNI) and 3-D motion
correction (3dvolreg, AFNI), and were then spatially smoothed using an isotropic Gaussian
filter kernel with a full width at half maximum of 1 mm (3dmerge, AFNI). Functional EPI
images were up-sampled from 0.625 x 0.625 x 1 mm3 to 0.312 x 0.312 x 1 mm3, and
coregistered with corresponding T2*-weighted high-resolution anatomical images using a
linear image registration tool (3dAlli-neate, AFNI) for display. The fMRI EPI data were
temporally smoothed with a low-pass filter with cutoff frequency of 0.25 Hz (fsimaths,
FSL).

FMRI activation maps: FMRI activation maps were created using a cross-correlation
function between the signal time courses of each voxel and the boxcar predictor of the
Hemodynamic Response Function (HRF) convolved stimulus presentation paradigm (3dDe-
convolve, AFNI). Activation was defined as voxels that exhibited significantly correlated
BOLD signal changes that were organized in a minimum of five up-sampled continuous
voxels (cluster size of 0.49 mm3). All fMRI activation maps (tactile alone, tactile + FUS, or
FUS alone) were thresholded with a statistical t-value of 3.3 (p=0.001, FDR corrected),
spatially interpolated and then superimposed on the corresponding high-resolution T2*-
weighted anatomical images. For localizing activation and identifying voxels for BOLD
fMRI time courses analysis, two types of fMRI activation maps were generated, single
condition and subtraction maps. Single condition activation maps allow us to detect and
localize the strongest response voxel to a particular stimulation condition (i.e., tactile or
FUS). Subtraction maps (difference maps between two experimental conditions) allows us to
separate voxels that exhibit preferential responses to one condition over another, such as
tactile alone versus tactile + FUS. Subtracting two different condition maps maximizes the
identification of voxels that were strongly influenced by the addition of FUS during tactile
stimulation (Fig. 3D). We also generated activation overlap maps to illustrate the spatial
relationships of different activation foci (Fig. 4).

Quantification of time course of BOLD signal

Regions of interest (ROI)-based time course analyses were performed. We focused the time
course analysis on the target and five off-target regions that are known to be part of the touch
circuit and have shown consistent fMRI activations across scans and animals. Voxels that
exhibited signal changes at t = 3.3, which is p = 0.001 with FDR = 0.05 correction, was used
as a threshold to define activated voxels and included in the time course quantification.
Three types of voxels were defined: (1) voxels activated by a single experimental condition:
tactile or FUS stimulation; (2) voxels that showed significant differences in fMRI signal
amplitude between two experimental conditions: tactile versus tactile + FUS; and (3) white

Brain Stimul. Author manuscript; available in PMC 2021 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Results

Page 7

matter voxels. We extracted BOLD signal time courses from activated voxels within each
anatomically defined ROI (using a macaque monkey brain atlas [38]) to quantify the
amplitudes and temporal profiles of the BOLD signal changes to stimulation. WM voxels
were defined based on anatomical MR images. We calculated the time course of the percent
signal change by subtracting the mean baseline signal prior to stimulus onset from the mean
BOLD signals of three peak volumes during the stimulation period, and then dividing it by
the baseline signal (peak-baseline)/baseline %. Baseline signal was calculated by averaging
the signal amplitude of three image volumes before the stimulus onset. BOLD peak
amplitudes were calculated in each stimulus block from the 12 plateau image volumes
during stimulus presentation. Measures were averaged across runs, scan sessions, and
animals, and were examined for statistical significance using one-way ANOVA followed by
Tukey’s test between tactile, tactile + FUS, and FUS alone stimulation conditions. A p<
0.05 was considered statistically significant. ROI-based BOLD time course plots are
presented as the mean + standard error of the mean (SEM).

FMRI visualization of touch circuits and beyond

We first mapped tactile circuits in the macaque brain using an 8 Hz vibrotactile stimulation
of the distal digits to localize target regions in primary somatosensory area 3a/3b, in each
animal. 8 Hz stimulation of the hand activates low threshold mechanoreceptors in the skin
and elicits vibrotactile sensation in awake humans. The group of brain regions engaged in
processing such stimuli are reliably activated by fMRI. Fig. 3 illustrates the touch and
associated network detected by BOLD fMRI during vibrotactile stimulation of two distal
finger pads simultaneously of macaque monkeys at 7T under light anesthesia. Consistent
with previous observations in humans and non-human primates [29,30,39-41], BOLD
activation was detected in the ventroposterior lateral (VPL) nucleus of the thalamus, the
primary (areas 3a/3b and areas 1/2 of S1) and secondary (S2) somatosensory cortices, as
well as in associated brain regions, including posterior insular (Ins) and midcingulate (MCC)
cortices (Fig. 3A). These tactile stimulus-evoked BOLD activation patterns were observed
repeatedly across imaging sessions and animals, and were used as functional readouts to
determine the effects of FUS at the target and off-target brain regions.

FUS stimulation suppressed tactile stimulus-evoked fMRI responses at the target and off-
target regions

We next tested the hypothesis that 250 kHz med-amplitude FUS (med-FUS) pulses cause
inhibitory effects on targeted tactile neurons. We chose the functionally defined touch region
in areas 3a/3b as the target because it is the first cortical relay station within touch circuits,
and direct inhibition of this region would likely lead to a general reduction of tactile
responses in off-target regions within the same circuit. We used our optical tracking method
to place the FUS beam at the area 3a/3b functionally defined by fMRI, and then concurrently
insonated the target during tactile stimulation applied in 30 s on/off cycles. Compared to the
tactile stimulation-evoked fMRI activation maps, the addition of FUS pulses drastically
reduced tactile-evoked activation at the target and in associated networks (off-target regions).
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When the same threshold was used for displaying fMRI activation maps, fewer brain regions
showed detectable BOLD activation to identical tactile stimulations (compare Fig. 3B-A).

To identify those brain regions in which BOLD signals were most affected by FUS, we
generated difference images by calculating beta values and their standard deviations for the
three experimental conditions of medium amplitude FUS alone, tactile stimulation with
med-FUS, and without med-FUS (tactile alone). The blue patches in Fig. 3D show the brain
regions (voxels) that exhibited the greatest BOLD signal differences between the two
experimental conditions compared. Reduced tactile responses were detected at the target
(areas 3a/3b) and many off-target regions. At the target, the voxels that showed fMRI
responses to both conditions (tactile versus tactile + med-FUS) mainly overlapped. At the
off-target regions, such as thalamus and S2 cortex, however, the tactile + med-FUS condition
as well as med-FUS alone elicited additional, spatially segregated areas of activation in
zones that were outside the original tactile circuit (see green outlines in Fig. 4A). These
observations indicate that med-FUS not only suppressed the tactile-evoked response at the
targeted areas 3a/3b, but also elicited neural activation in inter-connected non-tactile zones.
Schematic illustration of the peak locations of each activation focus in each experimental
condition highlights their spatial segregation in some areas (different color dots in Fig. 5).

Differential BOLD responses to tactile, med-FUS and tactile + med-FUS stimulations at the
target and a subset of off-target brain regions

We next examined the fMRI signal differences in different experimental conditions (tactile
alone, med-FUS alone, and tactile + med-FUS) by extracting BOLD signals from those
voxels that exhibited the most significant (largest t-value) changes in the target and off-target
regions. Using tactile stimulation alone as a natural functional control, the comparisons
allow us to determine how mFUS interacts with cortex (the target area 3b/3a) at resting state
(med-FUS alone with no tactile stimulation) and when the neurons are activated by tactile
stimulation (med-FUS + tactile). Fig. 6 shows fMRI signal differences between three
experimental conditions in the target and five off-target regions. Two features stand out in
the time course plots. First, addition of med-FUS during tactile stimulation significantly
reduced tactile stimulation evoked BOLD signal increases at the target (area 3a/3b) (tactile:
0.34 £ 0.03 (mean + standard error); med-FUS + tactile: 0.28 £ 0.03, p < 0.05, one-way
ANOVA followed by Tukey’s test) and each of the five off-target ROIs (compare the red and
blue columns in Fig. 6H) (tactile: 0.26 £+ 0.03, 0.35 + 0.03, 0.25 + 0.04, 0.03 + 0.04, 0.21 +
0.04, 0.02 + 0.005; med-FUS + tactile: 0.19 + 0.03, 0.25 + 0.04, 0.12 + 0.03, 0.17 + 0.03,
0.01 + 0.005; for area 1/2, S2, Insula, MCC, VPL, WM, respectively). Second, compared to
tactile-evoked responses, med-FUS alone induced BOLD signal changes that varied across
ROIs (compare the orange with red columns in Fig. 6H). At the target area 3a/3b, BOLD
signal changes evoked by tactile + med-FUS (0.28 + 0.03) and med-FUS alone (0.21 + 0.04)
did not differ but were significantly weaker (p < 0.05, one-way ANOVA followed by
Tukey'’s test) than those evoked by tactile stimulation alone (see the blue and orange column
groups in Fig. 6H). Similar signal differences were present in off-target S2 (tactile + med-
FUS, 0.25 + 0.04; med-FUS, 0.25 £ 0.04). In contrast, in the off-target areas 1/2 and insular
cortices, the magnitudes of med-FUS elicited signal changes were comparable to those for
tactile stimulation (compare the first and third column groups in Fig. 6H) but were
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significantly stronger than the tactile + med-FUS condition (see values in the table in
supplementary information). In the thalamic VPL nucleus, there were no significant
differences in the response magnitudes in all three conditions. In the MCC, med-FUS
elicited the weakest BOLD signal changes (0.07 + 0.04) compared to tactile alone (0.3 £
0.04) or tactile + med-FUS (0.17 £ 0.03). In the control white matter region, the BOLD
signal changes were negligible (the last column group in Fig. 6H). In summary, the relative
fMRI signal amplitudes in three different stimulation conditions differed across off-target
regions. This observation indicates that med-FUS’s modulations of fMRI signals are likely
mediated via neural activity changes. We also observed significantly faster BOLD responses
in S2 (Fig. 61) (med-FUS + tactile, 5.75 £ 0.19 ms; tactile: 6.03 £ 0.19 ms). This observation
suggests that med-FUS likely interacted differently with areas 3a/3b cortical neurons during
different brain states and resulted in dual modulatory outcomes: suppressing (likely via
small inhibitory interneurons) of activity of tactile neurons elicited by peripheral tactile
stimulation and directly exciting area 3a/3b neurons (likely via excitatory pyramidal
neurons) that lead to the activation of interconnected downstream neurons in other off-target
brain regions. The mean values along with their standard errors are presented in
supplementary Tables S1 and S2.

To understand how FUS modulates influence at off-target regions, we plotted the signal
differences between target and off-target regions for each experimental condition by
normalizing signals to that of target (Fig. 7B) and the relative signal changes induced by
FUS (with and without tactile stimulation) by normalizing signals to those of evoked by
tactile stimulation (Fig. 7A). We found that concurrent presentation of med-FUS suppressed
tactile-evoked BOLD signal changes (shown as negative signal changes) at the target (area
3a/3b) as well as in all of the off-target regions of area 1/2, S2, insula, MCC, and VPL of
thalamus (Fig. 7A). Med-FUS stimulation alone, however, evoked BOLD signal changes
that were weaker than those to tactile stimulation at the target region of area 3a/3b and at
five off-target regions (compare blue and orange bars in Fig. 7A. Med-FUS elicited stronger
than tactile responses in area 1/2. When we normalize the BOLD signal changes to that of
the target area 3a/3b, concurrent delivery of med-FUS with tactile stimuli suppressed the
tactile-evoked activations in the five off-target regions, but to different degrees (compare
orange to blue curves in Fig. 7B). The greatest suppression was observed in the insular
cortex. Med-FUS alone, however, elicited stronger BOLD activation in area 1/2 and insular
cortices, but weaker activation in MCC, when normalized to tactile activation of area 3a/3b
(compare orange with blue curves in Fig. 7B). There was no difference detected between
conditions in S2. The BOLD signal changes in different conditions are summarized in Fig.
7C and D. Together, the BOLD signal time course results support the state-dependent dual
modulatory actions of med-FUS. The inter-regional differences in response magnitudes and
latencies indicate that med-FUS likely exerts its modulation simultaneously on different
types of neurons, which in turn affected distinct groups of neurons in off-target regions that
likely belong to different functional circuits. The differential off-target effects on different
brain regions imply that the underlying neuronal and circuit actions of med-FUS could be
associated with their specific functional connections to the target area 3a/3b.
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Proposed dual neuromodulation model of medium amplitude FUS

Based on the findings in our previous report [23] and those presented here, we propose a
state-dependent dual neuromodulatory model of medium amplitude (med-FUS) on two types
of neurons: small local inhibitory interneurons at the cortical activation state and
communicative pyramidal neurons (Fig. 8) at resting state. Neurons excited by med-FUS in
area 3a/3b likely connect to different groups of neurons in different functional circuits,
which do not belong to the typical low-threshold tactile neurons that can be driven by 8 Hz
vibrotactile stimulation of peripheral skin. The distinct activation pattern induced by
concurrent tactile and med-FUS could reflect the net modulatory outcomes via specific
functional connections between the stimulated target and off-target brain regions.

Discussion

The ability to modulate brain activity with high spatial precision is highly significant and
potentially may have translational clinical applications in both diagnosis and therapy.
Transcranial FUS has been proven repeatedly to be an effective neuromodulation tool for
humans and animals, and can alter subjective sensation, animal behavior, neuronal electrical
activity, and BOLD signal changes [42,43]. There have been prior reports of both excitatory
and inhibitory effects of FUS with varying parameters in the 220-250 kHz pulse frequency
range, with unknown mechanisms of actions on neurons and circuits [44-46]. Using BOLD
fMRI signal as a readout, we have previously shown that blocks of 250 kHz FUS pulses with
935 kPa amplitude not only excited the neurons at the target, but also activated, likely via
propagating spiking activity, interconnected neurons in remote regions within the same
functional network (the touch network in our case) and beyond in the primate brain [23].
Others have reported similar observations in the visual and somatosensory system of humans
and non-human primates [42,47-51]. Theoretical modeling of the biological effects predicts
that FUS can excite or inhibit neural activity [52]. A low duty cycle, FUS intensity, or both
can lead to inhibitory effects. Our own calcium imaging study of mouse sensorimotor cortex
brain slices found that FUS pulse with similar frequency could activate pyramidal neurons
[53].

The application of such FUS pulses to rats [54] and rabbits [55] resulted in a reduction of
evoked potentials [56]. FUS with parameters in a similar range also induced suppression in
humans [57]. In the current study we explored the inhibitory effects of FUS on neuronal
activity in the brain using MRI guidance and BOLD fMRI monitoring. Here we delivered
blocks of FUS with 425 kPa amplitude at a targeted area 3a/3b concurrently with the
presentation of tactile stimulation of digits.

We observed both activation and suppression of medium amplitude FUS on neurons in
stimulated target area 3a/3b. Using the tactile stimulation evoked fMRI neural activation as a
reference, we discovered that medium amplitude FUS led to suppressed tactile stimulus-
evoked neural responses but also directly activated neurons within the target at resting state
when it was applied alone. The observation of significantly reduced tactile stimulation
evoked BOLD signal changes during the concurrent delivery of FUS at the target area 3a/3b
during peripheral tactile stimulation, which activates areas 3a/3b neurons, support the
Inhibitory effects of FUS. Importantly, reductions of BOLD signals were also detected in
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five downstream interconnected off-target brain regions (areas 1/2, S2, MCC, VPL, and
insula). Since area 3a/3b is the first cortical relay station for innocuous tactile inputs, these
BOLD signal reductions could be direct consequences of reduced driven activity from area
3a/3b by med-FUS. These state-dependent (activation versus at rest) dual modulatory effects
at the target led us to speculate that activation (stimulation) and suppression effects of med-
amplitude FUS could be mediated through stimulating different populations of neurons (i.e.,
excitatory pyramidal neurons and small inhibitory interneurons). The physiological state
(active or rest) of neurons in the stimulated region and its circuit and how these neurons
interact with each other during modulation could also influence the net outcome. For
example, in areas 3a/3b, pyramidal cells in cortical layer IV receive predominantly
cutaneous tactile and proprioceptive inputs from the thalamic VVPL nucleus, they process the
information via local microcircuits, and then send outputs to higher order areas 1/2 and S2
by pyramidal cells at deeper layer V. Large pyramidal cells are also surrounded by local
small interneurons that are predominantly inhibitory. During local processing and
integration, small interneurons interact with pyramidal neurons, modulate their activity, and
sometimes gate their output information [58]. Direct activation of pyramidal neurons by
FUS could subsequently excite interconnected neurons in different off-target regions via
propagated spiking activity. Together, the dual modulation capacity of med-FUS is highly
desirable as a brain stimulation and neuromodulation tool. The observed state dependence of
the FUS modulatory effect is in line with those observed in TMS applications [25,26]. This
state dependence is of high clinical significance since it likely will influence the efficacy of
using FUS modulation as a therapeutic intervention. The net FUS modulatory effects will
not only determined by the FUS parameters but also by the activation state of the brain,
which could be drastically different in patients.

A second finding is that direct med-FUS stimulation of the area 3a/3b tactile region activated
remote zones that do not spatially overlap with tactile responsive zones, suggesting that
those off-target areas being modulated are not part of the classical tactile circuit that are
driven by cutaneous inputs. Region based time course analysis support this observation (Fig.
6). The distinct medium amplitude FUS-induced fMRI network activation pattern cannot be
explained by local off-target effects because (1) the ARFI maps confirmed that the FUS
precisely targeted the tactile-evoked fMRI activation focus and (2) concurrent delivery of
med-FUS suppressed tactile responses. This observation raises another possibility that med-
amplitude FUS may preferentially activate subsets of different functional neurons such as
the fast-adapting neurons over slow-adapting neurons that are driven by 8 Hz vibrotactile
neurons in area 3b or proprioceptive neurons in area 3a [27,59]. Observations of quite
distinct response features to med-FUS versus med-FUS + tactile stimulation in each of the
other five brain regions of areas 1/2, S2, insula, MCC, and thalamus (Figs. 4 and 5) further
support this hypothesis. Even though these brain regions have direct anatomical connections
to area 3a/3b [60,61], it is unclear what drives the response differences in the off-target
regions. It is possible that the connection strength and/or the number of synaptic connections
play a role in leading to different down-stream neural modulations. Nevertheless, these
findings are significant because for the first time they demonstrate that FUS may act on
different populations of neurons. FUS has potential to probe direct causal functional
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relationships between brain regions and to dissect brain circuits with some level of neuron-
selectivity.

Med-FUS alone induced strong BOLD signal changes at the targets and off-targets regions,
in magnitudes that are comparable to those of tactile stimulation in some regions (Fig. 5).
Med-FUS induced BOLD signal changes in areas 3a/3b, MCC, and VPL exhibited a two-
phase feature: an apparent signal drop at the beginning of the med-FUS stimulation followed
by BOLD signal increases. The overall shape of the BOLD signal changes modulated by
long med-FUS blocks is very similar to the typical hemodynamic signal changes evoked by
natural tactile stimulation, which are believed to be related to increases in spiking activities
and local field potentials in areas 3b and 1 of S1, as well as S2, within the monkey
somatosensory system [34,62]. We interpret the responses of the off-target regions as neural-
based and activated via inter-regional connections. Very weak MRI signals in adjacent white
matter and in a resting state support our conclusion that FUS-induced effects are region- and
circuit-selective, rather than global, non-neural effects in the brain.

Our data support that FUS’s modulatory effects on fMRI signals are neural based, not a
byproduct of non-neural vascular phenomena. FMRI signal is an indirect readout of neural
activity and can be influenced by neurovascular coupling, therefore, there is a possibility that
med-FUS induced fMRI signal change can be attributed to FUS-induced vascular changes at
the target. If this was the case, then there would be no fMRI signal differences between med-
FUS and med-FUS + tactile conditions in off-target regions because vasculature-mediated
fMRI signal changes would not propagate along the tactile pathway to distant brain regions.
If FUS modulation has neuronal origins, we would expect to detect differential downstream
effects in different brain regions that are known to have connections to the FUS target of
area 3a/3b. Indeed, this is what we observed. We detected significant differences between
target and different off-target ROIs and between tactile alone and FUS conditions with and
without tactile stimulation (Fig. 7). These differences can only be explained by FUS-induced
neural activity changes at the target and down-stream neural activity in distant off-target
regions.

It is worth noting that though the off-target effects of med-FUS on spatially remote regions
are likely mediated by neuronal spiking activities, the suppressive effects of FUS on fMRI
BOLD signals at the target could potentially be mediated through changes in the degree of
neurovascular coupling. When concurrent FUS pulses interact with activated tactile neurons,
it is conceivable that increased energy demands could reduce the tissue oxygenation level
and thereby reduce BOLD signals. The neurovascular coupling and energy consumption are
likely different during tactile stimulation + FUS versus Tactile- or FUS-alone conditions. In
our study, blocks of 30 s stimulation were used to maximize BOLD signals, and it is
expected that BOLD signals saturate once maximal vasodilation has been achieved. Whether
additional metabolic demands can then cause reduction in BOLD signals has not been
demonstrated.

Finally, it is worth noting the impact of anesthesia on fMRI signals and the interaction
between FUS and cortical neurons. Isoflurane anesthesia typically suppress the neural
response to stimulation (tactile stimulation in our case) and suppress the high frequency
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component of electrical signal at resting state. Our group specifically addressed these issues
previously. In our previous studies comparing the intrinsic functional imaging signals in
awake versus isoflurane anesthetized monkeys, we found that light anesthesia indeed
improves signal noise ratio that enhances the detection of functional signal changes in the
areas 3b and 1 in monkeys [63]. When we examined the effects of isoflurane on fMRI signal
at resting state, we found that low levels of isoflurane (~1%) that were used in the current
study have a significantly weaker influence in somatosensory areas [64]. Importantly, under
the same level of isoflurane, we were able to record robust local field potential and spiking
activity of classic mechanoreceptive neurons in early somatosensory cortices. Thus, together,
we think the isoflurane may help the detection of FUS induced fMRI signal changes by
improving the signal-to-noise ratio in our case, because under anesthesia, the physiological
noise associated with heart rate and respiration are drastically reduced. How isoflurane
anesthesia influences the neuromodulation effects of FUS on higher order brain regions such
as MCC or ACC remains to be determined.

The current study provided the first line of evidence supporting FUS state-dependent dual
excitatory and inhibitory effects on target neurons and the ability to evaluate causal effects
between interconnected neurons in a neuron-selective manner. We examined the theoretical
concurrent excitatory and inhibitory effects at the whole brain level. We showed that
medium amplitude and low-duty cycle FUS pulses activated concurrently two types of
neurons, resulting in differential off-target responses depending on the specific connections
between the target and off-target brain regions.
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fMRI functional magnetic resonance imaging

BOLD blood-oxygen-level-dependent imaging

TES transcranial electrical stimulation

ICS intracranial electrical stimulation

DBS deep brain stimulation

TMS transcranial magnetic stimulation

MR-ARFI magnetic resonance-acoustic radiation force imaging
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ROI regions of interest
VPL ventroposterior lateral
2 secondary somatosensory cortex
Ins insular cortex
MCC Midcingulate cortex
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Fig. 1.

FUS pulse design. The blue curves represent FUS pulses with full pressure amplitude of 935
kPa used in our previous study [23], while the orange curves represent the lower (45%),
medium amplitude FUS pulses at 425 kPa pressure used in the current study.
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Fig. 2.

M??I guided FUS stimulation set up with optical tracking and real-time ARFI. (A-B) Views
of the spatial relationships between the FUS transducer, optical tracking-based projection of
the free-field beam, and the targeted brain region. Free-field FUS beam overlaid on MRI
images in two imaging planes (A: coronal, B: sagittal). Color bars represent the scaled
pressure range. (C-D) Intracranial ARFI maps on coronal (C) and oblique (D) images
perpendicular to the FUS beam. Asterisks indicate the voxels that detected tissue
displacement. Color scale: displacement in mm. (E-F) ARFI displacement contour maps
overlaid on T2*-weighted structural coronal images (light green, thresholded at 1 mm),
along with 802 and 250 kHz optical tracking-based free-field beam projections (blue and
yellow outlines, respectively, thresholded at 50% of peak pressure), and with BOLD
activation foci (thresholded at t = 3).
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Fig. 3.

ancurrent sonication of areas 3a/3b with moderate amplitude FUS pulses suppresses tactile
stimulus evoked fMRI BOLD activations in the brain of one macaque monkey (M1). (A)
Multi-run coronal fMRI activation maps evoked by 8 Hz vibrotactile stimulation of distal
finger pads of digits 2 & 3 of left hand. Activation maps with thresholds t > 3.3, p=0.001, ¢
=0.003, FDR (p < 0.05) corrected. Nine coronal images are arranged from rostral to caudal
direction (top left to bottom right). Blue arrowheads indicate the FUS transducer location.
(B) Multi-run coronal fMRI activation maps evoked by concurrent delivery of tactile and
medium amplitude FUS stimulation (Tactile + Med-FUS) of the areas 3a/3b region of right
hemisphere. (C) Multi-run coronal fMRI activation maps evoked by medium amplitude FUS
(Med-FUS) stimulation of the areas 3a/3b hand region. (D) fMRI subtraction maps of tactile
stimulation plus medium amplitude FUS minus tactile stimulation ((Tactile + Med-FUS) -
Tactile). WM: white matter. MCC: midcingulate cortex. Insula: insular cortex. 3a/b: areas 3a
and 3b. 1-2: areas 1 & area 2. VPL.: thalamic ventral-posterior-lateral nucleus. D: dorsal. V:
ventral. L: left. R: right.
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Fig. 4.

Spgatial overlaps of fMRI activation foci in different experimental conditions. (A) The
overlay of activation maps shown in Fig. 3 A-D. Blue arrowheads indicate the FUS beam
focus. Three magenta dotted line boxes (d-f) indicate the field of views of zoomed-in
illustration of the activation maps shown in B. (B) Zoomed-in views of composite four-
condition BOLD activation maps show the spatial relationships of their corresponding
evoked BOLD fMRI activation foci. Red outlines: tactile alone activation foci. Light blue
outlines: activation to moderate intensity FUS. Green outlines: regions activated by
simultaneous tactile + med-FUS stimulation. Blue outlines: regions exhibited greatest med-
FUS induced BOLD signals difference.
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Fig. 5.
Spatial locations of BOLD fMRI activation foci. (A) Schematic map of the peak locations of

activation loci identified in three conditions in subject one. (B) Experimental conditions.
Blue arrowheads indicate the target locations of the FUS transducer.
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Fig. 6.

Comparison of time courses and peaks of BOLD signal changes in three stimulation
conditions. (A-G) Time courses of % BOLD signal changes extracted from the all activated
voxels (thresholded at t = 3.3) in six brain regions (area 1/2, area 3a/3b, S2, insular cortex,
midcingulate cortex (MCC), ventroposterior lateral nucleus of thalamus (\VVPL)) and one
control region in white matter (WM) during stimulation types: tactile alone (red), med-FUS
alone (orange), and tactile + med-FUS (blue). Distribution of standard error indicated with a
shade lighter than the mean lines. Pink background blocks indicate the 30-sec stimulation
period. (H) Comparison of peak % BOLD signal changes in three stimulation conditions in
each individual ROI. *p < 0.05, ****p < 0.001, one-way ANOVA followed by Tukey’s test.
(1) Times to reach 50% peak BOLD signal changes in each individual ROIl. FMRI data from
a total of 23 tactile, and 19 med-FUS + tactile, and 9 med-FUS alone runs from six imaging
sessions in two animals were included in the group quantification.

Brain Stimul. Author manuscript; available in PMC 2021 March 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Normalized Signal
5
n

e

Page 24

Normalized Amplitude to Tactile B Normalized Amplitude to area 3a/3b
Bl Tactile
50 2.0 ~® Tactile
I med-FUS o
BN T+med-FUS e Hiegivt
15 -m- T+med-FUS

Normalized Signal Change (%) 3>

-100 0.0
S S
X N g S “oc' £ N S \x~°° &
Pid @ RS &'b 2 &
v.
C D mFUS  T+mFUS T
3alb 1/2 S2 Insular MCC VPL area1/2 148 0.70 0.75
s2 1.00 0.90 1.04
Tactil 0 o 0 0 0 0
e Insular  1.18 0.42 0.74
T+mFUS -19.07 -23.83 -29.64 -53.64 -43.29 -16.64 McC 033 061 057
mFUS  -37.76 19.64 -41.07 -2.771 -76.84 -30.41 VPL 0.69 0.62 0.60

Fig. 7.

Differential modulatory effects of med-FUS on different brain regions. (A, C) Comparison
of effects of med-FUS and med-FUS + tactile stimulation with respect to tactile responses
(normalized % BOLD signal changes to tactile condition) across regions (A). Positive values
indicate stronger than tactile responses and negative values indicate weaker than tactile
responses. Table C shows the mean % BOLD signal changes for each condition in each area
(C). (B, D) Comparison of modulatory effects of med-FUS + tactile and med-FUS alone to
the tactile responses of off-target regions respect to the target of area 3a/3b. Shaded regions
surrounding the dotted lines indicate the range of standard error at each ROI. *p < 0.05, **p
<0.01, ***p<0.005, ****p < 0.001, unpaired £test. Table D shows the mean % BOLD

signal changes.

Brain Stimul. Author manuscript; available in PMC 2021 March 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Yang et al.

Page 25

inhibitory

@ Tactile activation
@ Inhibitory effect of FUS
@ excitatory effect of FUS

Fig. 8.
Schematic model of the FUS dual modulation of neuronal activity. Model shows that med-

FUS induces dual modulatory effects on neurons: inhibition and excitation. The dual effects
likely are mediated by excitation of two types or groups of neurons. For inhibitory effects,
med-FUS may activate inhibitory interneurons that suppress peripheral stimulus driven
tactile neuron activity. For excitation effects, med-FUS may activate pyramidal neurons that
can transmit their activity to downstream interconnected neurons.
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