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ABSTRACT 1 

The insula is a portion of the cerebral cortex folded deep within the lateral sulcus covered by the 2 

overlying opercula of the inferior frontal lobe and superior portion of the temporal lobe. The insula 3 

has been parsed into sub-regions based upon cytoarchitectonics and structural and functional 4 

connectivity with multiple lines of evidence supporting specific roles for each of these sub-regions 5 

in pain processing and interoception. In the past, causal interrogation of the insula was only 6 

possible in patients with surgically implanted electrodes. Here, we leverage the high spatial 7 

resolution combined with the deep penetration depth of low-intensity focused ultrasound (LIFU) 8 

to non-surgically modulate either the anterior insula (AI) or posterior insula (PI) in humans for 9 

effect on subjective pain ratings, electroencephalographic (EEG) contact head evoked potentials 10 

(CHEPs) and time-frequency power as well as autonomic measures including heart-rate variability 11 

(HRV) and electrodermal response (EDR). N = 23 healthy volunteers received brief noxious heat 12 

pain stimuli to the dorsum of their right hand during continuous heart-rate, EDR and EEG 13 

recording. LIFU was delivered to either the AI (anterior short gyrus), PI (posterior longus gyrus) 14 

or under an inert sham condition time-locked to the heat stimulus. Results demonstrate that 15 

single-element 500 kHz LIFU is capable of individually targeting specific gyri of the insula. LIFU 16 

to both AI and PI similarly reduced perceived pain ratings but had differential effects on EEG 17 

activity. LIFU to PI affected earlier EEG amplitudes around 300 milliseconds whereas LIFU to AI 18 

affected EEG amplitudes around 500 milliseconds. In addition, only LIFU to the AI affected HRV 19 

as indexed by an increase in standard deviation of N-N intervals (SDNN) and mean HRV low 20 

frequency power. There was no effect of LIFU to either AI or PI on EDR or blood pressure. Taken 21 

together, LIFU looks to be an effective method to individually target sub-regions of the insula in 22 

humans for site-specific effects on brain biomarkers of pain processing and autonomic reactivity 23 

that translates to reduced perceived pain to a transient heat stimulus. These data have 24 

implications for the treatment of chronic pain and several neuropsychological diseases like 25 
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anxiety, depression and addiction that all demonstrate abnormal activity in the insula concomitant 26 

with dysregulated autonomic function.    27 
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INTRODUCTION 34 

Current non-invasive neuromodulatory approaches like transcranial magnetic stimulation (TMS) 35 

and transcranial electric stimulation (TES) induce transient plastic changes in human cortex that 36 

have significantly contributed to our understanding of the human brain. However, these 37 

technologies have critical limitations including poor spatial resolution, a depth-focality tradeoff and 38 

significant attenuation at depth leading to an inability to stimulate deep neural structures with any 39 

specificity[1–4]. Low-intensity focused ultrasound (LIFU) is an emerging neuromodulatory 40 

approach that uses mechanical energy to non-destructively and reversibly modulate neuronal 41 

activity with high spatial resolution and adjustable depth of focus [5–11]. LIFU has been used 42 

safely and effectively for cortical and sub-cortical neuromodulation in mouse [12,13], rat [14,15], 43 

rabbit[16], sheep[17], pig[18], primate[19–23] and human [5,6,24,25,25–29]. LIFU is particularly 44 

advantageous for non-invasive targeting of deep neural structures in humans as it provides for 45 

millimeter lateral resolution even for deep targeting[6]. One highly promising target for pain 46 

modulation is the insula [30–34]. The insula is a portion of the cerebral cortex folded deep within 47 

the lateral sulcus covered by the overlying opercula of the inferior frontal lobe as well as the 48 

superior portion of the temporal lobe. Multiple lines of evidence demonstrate the insula as a critical 49 

brain area for nociception and the pain experience [31,33,35–41]. The insula can be broadly 50 

parsed into anterior (AI) and posterior (PI) portions based upon cytoarchitectonics, and structural 51 

and functional connectivity[42–46] and are proposed to code different aspects of the pain 52 

process[33,35]. The PI receives the majority of direct di-synaptic spino-thalamic 53 

projections[33,47] and encodes sensory aspects of nociceptive input including intensity, 54 

somatotopy and modality[30,48–51]. The AI has strong reciprocal connections with PI[35] and 55 

also to limbic regions[52–54] and is a part of the salience network[55,56]. It is postulated that PI 56 

first receives nociceptive input and relays it to AI[35] that integrates expectation, awareness and 57 

emotion to assign significance and form the overall subjective percept of pain[54].  58 
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In addition to its role in pain processing, the insula is also part of a central autonomic 59 

network[57,58] and is considered the primary interoceptive cortex[59]. The posterior insula 60 

receives afferents including vagal, glossopharyngeal and spinothalamic information from Lamina 61 

I of the spinal cord conveying information on the physiological condition of the body[59]. It is 62 

postulated that this information is used to respond to stressors (allostasis) to maintain body 63 

homeostasis[59] and that dysfunction of this interoceptive monitoring system could underlie 64 

several disease states[60,61] to which the insula looks to be a common factor[62–64]. Part of the 65 

insular role in interoception involves monitoring and control of cardiorespiratory function[65,66]. 66 

Indeed, direct electrical stimulation of either the anterior or posterior insula can affect cardiac 67 

function[67] including metrics of heart-rate variability indexing sympathetic and parasympathetic 68 

tone[68].   69 

Based upon findings that the evoked potential from a heat stimulus is differentially 70 

recorded in AI vs. PI[35,54,69] and that sympathetic and parasympathetic control of the heart has 71 

also been found to be differentially controlled by AI vs. PI[68] we sought to investigate how and if 72 

non-invasive LIFU to either the AI or PI would differentially affect the amplitude of the contact heat 73 

evoked potential and/or heart rate variability. Given the established role of the insula in several 74 

diseases including chronic pain[59,70], addiction[61,71] and neuropsychological disease[62–75 

64,72] and the renewed interest in the role of interoception in brain disease[60,61,73,74], the 76 

ability to modulate the insula non-invasively with high spatial precision could have broad spectrum 77 

application to the treatment of several neuropsychological diseases. 78 
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MATERIALS & METHODS 79 

Participants. The Virginia Tech Institutional Review Board approved all experimental 80 

procedures. A total of N = 23 healthy volunteers (27 years ± 5.5 years age; range (19-45); M/F 81 

7/16) provided written informed consent to participate in all aspects of the study and were 82 

financially compensated for their participation. Exclusion criteria included contraindications to 83 

other forms of non-invasive neuromodulation as outlined by Rossi et al.[75] for transcranial 84 

magnetic stimulation. Addition exclusion criteria included: contraindications to MRI; 85 

contraindications to CT including pregnancy; an active medical disorder or treatment with 86 

potential CNS effects (e.g. Alzheimer's); a history of neurologic disorder (e.g. Parkinson's, 87 

Epilepsy, or Essential Tremor); a history of head injury resulting in loss of consciousness for 88 

>10 minutes and a history of alcohol or drug dependence.  89 

Study design. This was a double-blind sham-controlled cross-over design collected over 4 90 

sessions on 4 separate days separated by at least 2 days. Day 1 consisted of anatomical 91 

magnetic resonance imaging (MRI) and computed tomography (CT) scanning as well as 92 

baseline questionnaires. Sessions 2 – 4 were the randomized counter-balanced interventions of 93 

either LIFU to anterior insula (AI), posterior insula (PI) or Sham. 94 

Questionnaires. During the Day 1 anatomical imaging visit, all participants completed the 95 

following questionnaires: Beck Depression Inventory II (BDI II)[76], Beck Anxiety Inventory 96 

(BAI)[77], State-Trait Anxiety Inventory (STAI)[78], Pain Catastrophizing Scale (PCS)[79], 97 

Medical Outcomes Survey Short Form-8 (SF-8), Sleep Scale from the Medical Outcomes Study, 98 

Patient Health Questionnaire - 2 (PHQ-2)[80], Generalized Anxiety Disorder 2-item (GAD-2), 99 

Tobacco, Alcohol, Prescription medications, and other Substances Tool (TAPS), Perceived 100 

Stress Scale (PSS)[81], and the International Physical Activity Questionnaire (IPAQ). On formal 101 

testing days (Sessions 2 – 4) participants completed questionnaires both before and after the 102 

intervention. Pre session questionnaires included the STAI (state component only), the Daily 103 
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Questionnaire and report of symptoms (ROS). Post session surveys included the Daily 104 

Questionnaire, Experience Questionnaire, and report of symptoms. The Daily Questionnaire 105 

queried participants on the use of substances with quantities (caffeine, nicotine, alcohol, 106 

recreational drugs) or prescription medications not previously reported that day. It also queried 107 

participants on total minutes of physical activity with intensity level (none, mild, moderate, 108 

somewhat heavy, vigorous) and three 5-point Likert scales ranging from “Disagree” to “Agree”: “I 109 

am anxious today,” “I am stressed today,” and “I slept well last night.” The Experience 110 

Questionnaire asked participants: “I could hear LIFU”, “I could feel LIFU”, “I believe I received 111 

LIFU”. The Report of Symptoms questionnaire queried symptoms (headache, sleepiness etc.) 112 

and severity (absent, mild, moderate, severe) both before and after LIFU as previously used in 113 

Legon et al. (2020)[82].  114 

MRI and CT Imaging. MRI data were acquired on a Siemens 3T Prisma scanner (Siemens 115 

Medical Solutions, Erlangen, Germany) at the Fralin Biomedical Research Institute’s Human 116 

Neuroimaging Laboratory. Anatomical scans were acquired using a T1-weighted MPRAGE 117 

sequence with a TR = 1400 ms, TI = 600 ms, TE = 2.66 ms, flip angle = 12°, voxel size = 118 

0.5x0.5x1.0 mm, FoV read = 245 mm, FoV phase of 87.5%, 192 slices, ascending acquisition.  119 

Computerized Tomography (CT) scans were collected with a Kernel = Hr60 in the bone window, 120 

FoV = 250 mm, kilovolts (kV) = 120, rotation time = 1 second, delay = 2 seconds, pitch = 0.55, 121 

caudocranial image acquisition order, 1.0 mm image increments for a total of 121 images and 122 

scan time of 13.14 seconds. 123 

Contact Heat Evoked Potentials (CHEP).  Participants were seated in a comfortable chair with 124 

support for both arms. 40 CHEP stimuli (300 msec duration; trapezoidal stimulus with 50 msec 125 

rise/fall time at 300°C/s and a 200 msec plateau time; 32°C starting temperature; Figure 1A) were 126 

delivered to the dorsum of the right hand using a contact 3x3.2x2.4 mm peltier device (T03, 127 

QST.lab, Strasbourg, FR). Stimuli were delivered at a random inter-stimulus interval (ISI) ranging 128 
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from 12 – 20 seconds to 6 different sites on the back of hand spaced in a 2 x 3 cm grid to help 129 

mitigate skin irritation and/or habituation. Prior to formal testing participants underwent heat pain 130 

thresholding using the same stimulus parameters as above with method of limits to determine the 131 

stimulus temperature that reliably elicited a perceived pain response of 5/9 on a 0 – 9 visual 132 

analog scale where 0 was no pain, 1-3 was mild pain; 4 – 6 was moderate pain and 7-9 severe 133 

pain. This pain scale was present on a screen in front of patient throughout testing as a reminder 134 

of the numerical scale, however there were no explicit instructions of where the participant should 135 

fixate. Participants were requested to keep their eyes open throughout testing. Head movement 136 

was limited due to the attachment of the ultrasound transducer. Participants were required to rate 137 

the perceived pain on the 0 – 9 pain scale using a numerical keypad with their left hand after 138 

feeling the CHEP stimulus. No time limits or other explicit instructions were given. Total testing 139 

time was roughly 10 – 12 minutes. 140 

Electroencephalogram (EEG). Data were acquired using a DC amplifier (GES 400, Magstim 141 

EGI, Eugene, OR, USA) and two 10-mm silver-silver chloride cup electrodes placed at the vertex 142 

(Cz) and the central frontal location (Fz) referenced to the bilateral mastoid. Prior to electrode 143 

placement, the scalp was first prepared with a mild abrasive gel (Nuprep; Weaver and Company, 144 

Aurora, CO) and then rubbing alcohol. Cup electrodes were filled with a conductive paste (Ten20 145 

Conductive; Weaver and Company, Aurora, CO) and held in place with medical tape. Electrode 146 

impedances were verified (<50 kΩ) before recording. Data were continuously sampled at 1 kHz 147 

using a 64-channel EEG recording system (GES 400, Magstim EGI, Eugene, OR, USA) and Net 148 

StationTM 5.4 EEG software and stored on a PC for offline data analysis. 149 

Physiological recordings. Electroencephalogram (ECG). Heart-rate was collected using dual 150 

lead ECG with one electrode attached to the anterior surface of each forearm immediately distal 151 

to the antecubital fossa. Data was continuous sampled at 1 kHz using the Physio16 input box and 152 

EEG recording system and Net StationTM 5.4 EEG software (GES 400, Magstim EGI, Eugene, 153 
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OR, USA). Respiration.  Respiration data was collected using a piezoelectric respiration sensor 154 

(gTecTM gSensor Respiration Effort) over the participants clothing placed over the lower ribs 155 

outside of clothing. Respiration data was continuously sampled at 1 kHz using the same hardware 156 

and software setup as ECG above. Electrodermal Response (EDR). EDR was collected using the 157 

ConsensysTM GSR Development Kit (Shimmer, Cambridge, MA, USA). It was placed on the right 158 

wrist with a photoplethysmogram (PPG) sensor on the distal 4th digit and two EDR electrodes on 159 

the distal 2nd and 3rd digits. EDR data was continuously collected and sampled at 128 kHz using 160 

the Consensys™ software and stored on a PC for offline data analysis. Blood Pressure (BP). 161 

Systolic and diastolic blood pressure was collected using the QardioArmTM wireless portable blood 162 

pressure monitor placed on the upper left arm. BP measurements were taken twice; once at the 163 

beginning of each session prior to the intervention and again at the end of each session (see 164 

Figure 1A for schematic of timing of stimulation and recording). 165 

LIFU Transducer. We used a Sonic Concepts H-281 single-element 500 kHz transducer with 166 

an active diameter of 45.0 mm and a geometric focus of 45.0 mm. The focal depth from the exit 167 

plane was 38.0 mm. The transducer also had a solid water coupling over the radiating surface 168 

to the exit plane.  169 

LIFU waveform. LIFU waveforms were generated using a two-channel, 2-MHz function 170 

generator (BK 4078B Precision Instruments). Channel 1 was used to gate channel 2 that was a 171 

500 kHz sine wave. Channel 1 was a tapered 5Vp-p square wave burst of 1 kHz (N = 1000) with 172 

a pulse width of 360 msec. This resulted in a 1.0 sec duration waveform with a duty cycle of 173 

36%. The output of channel 2 was sent through a 100-W linear RF amplifier (E&I 2100L; 174 

Electronics & Innovation) before being sent to the LIFU transducer. The waveform was time-175 

locked to occur 200 msec prior to the CHEP stimulus. The peak negative pressure of the 176 

waveform outside the head was 400 kPa or 3.5 W/cm2 spatial peak pulse average intensity 177 

(Isppa) for all participants. 178 
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LIFU targeting. The transducer was coupled to the head using conventional ultrasound gel and 179 

our custom mineral oil/polymer coupling pucks[83]. These pucks have negligible attenuation at 180 

500 kHz[83] and can be made with varying stand-off heights that allow for precise axial (depth) 181 

targeting based on individual insular target depths. Each participants’ AI and PI target was 182 

identified with the aid of an insular atlas[42] and depth measured from the scalp. An appropriate 183 

coupling puck was made so that the focal spot of the transducer (38 mm) exactly overlaid on the 184 

insular target (see Table 1 & Results for insula target depths and MNI co-ordinates). Placement 185 

of the transducer on the scalp was aided using a neuronavigation system (BrainSight, Rogue 186 

Research, Montreal, QUE, CAN). Prior to formal testing, the AI (dorsal aspect of the anterior 187 

short gyrus) and PI (dorsal aspect of the anterior longus gyrus) were identified on individual 188 

subject anatomical MRI scans. These co-ordinates were entered into the neuronavigation 189 

system and used for online tracking of transducer placement throughout the testing session. 190 

LIFU or Sham was only delivered if placement error was < 3 mm (see Results for targeting error 191 

and see Figure 1B for example of neuronavigated targeting). 192 

Acoustic masking. In some cases, a single-element transducer can produce an audible 193 

auditory artifact likely as the result of the pulse repetition frequency. In order to remove this as a 194 

potential confound[84], strict acoustic masking was performed. Acoustic masking was delivered 195 

through disposable earbuds that were plugged into a Kindle tablet. Participants were instructed 196 

to select a combination of sounds from a white noise app that were then randomly mixed 197 

creating a multitone. Participants were told to set the volume to something that was comfortable 198 

yet removed ambient sounds. The intensity range was on average 70 – 75 dB. Auditory 199 

masking was confirmed by speaking to the participant out of their visual field. Auditory masking 200 

noise was played continuously throughout the testing session. 30 minutes after formal testing, 201 

participants were queried on auditory masking. Questions included “I could hear the LIFU 202 

stimulation”, “I could feel the LIFU stimulation”, and “I believe I experienced LIFU stimulation.” 203 
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Participants were requested to respond to each question using a 7-point Likert scale (0 – 6) with 204 

points corresponding to Strongly Disagree / Disagree/ Somewhat Disagree / Neutral / 205 

Somewhat Agree / Agree / Strongly Agree. 206 

Skull density ratio (SDR) and thickness. Skull density ratio (SDR) is the ratio of cortical to 207 

trabecular bone (as measured in Hounsfield units from CT) and has been demonstrated to be 208 

predictive of the success of high-intensity focused ultrasound ablative surgery[85,86]. To 209 

calculate SDR and skull thickness, we used individual participant MR and CT scans. MR scans 210 

were used to determine a spot on the scalp equidistant between the AI and PI scalp targets. We 211 

then used individuals participants’ co-registered CT scans to get the Hounsfield units from the 212 

skull from an area +10 mm to -10 mm from the target spot in the dorsal/ventral and 213 

anterior/posterior axes (0.4588 mm resolution = 79 total samples).  Cortical bone values were 214 

taken as the average of the first and second maxima and trabecular bone values were taken as 215 

the average of the points between these two values. Skull thickness was calculated as the 216 

absolute distance between points where the Hounsfield units were > 100. All SDR and skull 217 

thickness data was analyzed using custom script written in Matlab® v.9.5 (R2018b) (The 218 

MathWorks Inc., Natick, MA, USA). 219 

Analysis 220 

 221 

Questionnaires. Data from the auditory masking questionnaires (0 – 6 pts) were each subjected 222 

to non-parametric kruskalwallis tests (AI, PI and Sham). Data from the BDI, STAI and PCS are 223 

reported as mean ± SD.  224 

EEG. Only data from the CZ electrode were quantified as this electrode displayed the clearest 225 

CHEP waveform for all participants. EEG data were preprocessed using custom scripts written 226 

in Matlab® v9.5.0 (R2018b) (The MathWorks, Inc., Natick, MA). Data were band-pass filtered 227 

(2–100 Hz) using a third-order Butterworth filter and the filtfilt function in Matlab®, data were 228 

then epoched around the CHEP stimulus (-2000 to 2000 msec) and baseline corrected (-1500 229 
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to -500 msec). Data were manually inspected for artifact (eye blink, muscle activity) and 230 

contaminated epochs removed. The maximum number of rejected trials for a single participant 231 

was 1. Two forms of CHEP waveform analysis were employed: time series analysis and peak-232 

to-peak analysis. Time series analysis provides for investigation of not just the CHEP peaks but 233 

for any differences across time between the conditions of interest. For time series analysis, 234 

traces (0 – 1000 msec) from channel CZ were analyzed using nonparametric permutation 235 

statistics (p<.05; 5,000 randomizations) which appropriately control for multiple comparisons 236 

problems encountered in analyses of complex EEG data sets[87], where statistical P values 237 

represent the proportion of 5,000 random partitions resulting in a F-statistic larger than the F 238 

value calculated by a conventional one-way repeated measures ANOVA (AI, PI, Sham) on the 239 

data. In addition, a temporal cluster threshold of at least 10 consecutive time-points (10 msec) 240 

was required to satisfy significance. For statistically significant data points, main effects were 241 

investigated using permutation statistics using t-statistics for each of the tests: AI vs. PI, AI vs. 242 

Sham and PI vs. Sham. Significance was set at p < 0.05. For peak-to-peak analysis, waveform 243 

peak amplitude and latency were manually identified and quantified. Peaks of interest included 244 

the first large negative deflection around 330 msec (N1) and the first large positive deflection 245 

around 500 msec (P1)[88,89]. A distinct inflection of the waveform was necessary for inclusion 246 

in statistical analyses. All participants displayed clear N1/P1 peaks above the noise floor. 247 

Statistical analyses was conducted on N1/P1 peak-to-peak amplitudes as well as individual N1 248 

and P1 amplitudes using separate one-way repeated measures analysis of variance (ANOVA) 249 

with main factor LIFU (AI, PI, Sham). Statistical significance was set at p < 0.05. Significant 250 

main effects were post-hoc tested using Tukey-Kramer tests (p < 0.05). All statistical analysis 251 

was performed in Matlab® using built-in functions and custom scripts. 252 

EEG time-frequency spectra.  Average CHEP epochs from -2000 msec to + 2000 msec 253 

centered around the CHEP stimulus for each condition for each individual were convolved with 254 
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a Morlet wavelet using 30 frequencies log-spaced between 2 – 100 Hz. To assess non-255 

temporally specific mean power changes across conditions, data from the time window 200 to 256 

800 msec were grouped into canonical EEG frequencies including delta (2-4 Hz), theta (4-8 Hz), 257 

alpha (8-13 Hz), beta (14 – 30 Hz), low gamma (30 – 60 Hz) and high gamma (60 – 100 Hz) 258 

and normalized for each condition by dividing by that conditions’ baseline power (-1500 msec to 259 

-200 msec). The 200 – 800 msec time window was chosen as this looked to be the time window 260 

that best captured meaningful power fluctuations as a result of the noxious stimulus. The mean 261 

power for each normalized power band was compared across conditions (AI, PI and Sham) 262 

using separate one-way repeated measures ANOVA. In a separate analysis, to better 263 

understand the timing of these changes we also performed non-parametric permutation 264 

statistics (5000 permutations, p < 0.05, cluster threshold of 10 consecutive time points (10 265 

msec)) across for each frequency (30 log-spaced frequencies 2 – 100 Hz) across the time 266 

window -100 to 1000 msec where 0 is the timing of the noxious stimulus.  267 

Heart rate. Heart rate data was first filtered from 10 – 30 Hz using a 3rd order Butterworth filter 268 

and Matlab® function filtfilt. Manual inspection of the data stream was then performed and any 269 

artifact epochs removed. R peaks were extracted using the findpeaks function in Matlab® and 270 

manually confirmed. The entire data stream (~ 25 minutes: whole testing session which includes 271 

resting periods) was epoched into time windows prior to LIFU (~ 5 minutes resting), during LIFU 272 

(duration : ~ 12 – 15 minutes) and after LIFU (~ 5 minutes resting). Only data from the epoch 273 

during the LIFU/CHEPs is analyzed and presented here.  274 

Electrodermal Response (EDR). EDR data was bandpass filtered (0.1 – 25 Hz) using a 3rd order 275 

butterworth filter and filtfilt Matlab function. The mean of the entire EDR time series was 276 

removed and then data was epoched around the onset of the CHEP stimulus (-5 to 10 seconds) 277 

and averaged for the 40 CHEPs trials for each condition for each individual. EDR response was 278 

quantified as the peak-to-peak (absolute of min-max) of the waveform in the interval after the 279 
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CHEP onset (0 – 10 seconds). These data were analyzed using a one-way repeated measures 280 

ANOVA with factors (AI, PI, Sham).  281 

Acoustic Modelling. Computational models were developed using individual subject MR and CT 282 

images to evaluate the wave propagation of LIFU across the skull and the resultant intracranial 283 

acoustic pressure maps. Simulations were performed using the k-Wave MATLAB toolbox[90], 284 

which uses a pseudospectral time domain method to solve discretized wave equations on a 285 

spatial grid. CT images were used to construct the acoustic model of the skull, while MR images 286 

were used to target LIFU at either the AI or PI target, based on individual brain anatomy. Details 287 

of the modelling parameters can be found in Legon et al. (2018)[6]. CT and MR images were 288 

first co-registered and then resampled for acoustic simulations at a finer resolution and the 289 

acoustic parameters for simulation calculated from the CT images. The skull was extracted 290 

manually using a threshold intensity value and the intracranial space was assumed to be 291 

homogenous as ultrasound reflections between soft tissues are small[91]. Acoustic parameters 292 

were calculated from CT data assuming a linear relationship between skull porosity and the 293 

acoustic parameters[92,93]. The computational model of the ultrasound transducer used in 294 

simulations was constructed to recreate empirical acoustic pressure maps of focused ultrasound 295 

transmitted in the acoustic test tank similar to previous work[91]. 296 

RESULTS 297 

 298 

Ultrasound beam characteristics. The ultrasound beam as measured in free water had a lateral 299 

full-width at half maximum (FWHM) resolution in the X plane of 3.3 mm and in the Y plane of 3.4 300 

mm at the Z maximum. The axial FWHM was 23 mm ranging from -10 mm to + 13 mm from the 301 

point of maximum pressure (38 mm from exit plane) conferring and effective axial FWHM of 28 302 

– 51 mm (see Figure 1C). The constructed model waveform used for all acoustic simulations 303 

was in good agreement with these empirical measurements validating its use in the models 304 

(Figure 1C).    305 
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Insula targets. The MNI co-ordinates for AI and PI for each participants are in Table 1. The 306 

average depth of the AI target for males and females was: 35 ± 3.7 mm and 34.2 ± 2.5 mm 307 

respectively. The depth of the PI target for males and females was: 40.3 ± 3.4 mm and 39.4 ± 2.1 308 

mm (see Table 1). These values overlap with the empirical and modelled FWHM of the waveforms 309 

that encompassed an axial depth FWHM resolution from 28 mm to 51 mm (see Figure 1D). The 310 

average distance between targets (anterior to posterior) for the group (N = 23) was 25.9 mm ± 311 

3.3 mm. For males and females it was: 28.0 mm ± 3.9 mm and 24.9 mm ± 2.6 mm respectively 312 

(see Figure 1D for acoustic models of AI and PI). 313 

Temperature of CHEP stimulus. The average temperature of the Peltier device to elicit a 5/9 314 

perceived pain rating for AI, PI and Sham conditions was: 59.5 ± 1.2°C, 59.6 ± 1.2°C and 59.3 ± 315 

1.5°C. For males it was 59.9 ± 0.4, 59.9 ± 0.4 and 59.7 ± 0.8 respectively. For females it was: 316 

59.3 ± 1.4, 59.5 ± 1.4 and 59.1 ± 1.7 respectively. We conducted a two-way mixed ANOVA with 317 

factors SEX (M, F) and LIFU (AI, PI, Sham). There was no main effect of SEX F(1,68) = 2.02, p 318 

= 0.16 or LIFU F(2,68) = 0.19, p = 0.83 and no interaction F(2,68) = 0.04, p = 0.96.    319 

Perceived Pain. The mean of 40 individual responses to the CHEP stimuli were averaged for 320 

each subject for each condition (AI, PI, Sham). Mean ± SE for AI, PI and Sham were: 3.03 ± 321 

1.42; 2.77 ± 1.28 and 3.39 ± 1.09. This data was subjected to a one-way repeated measures 322 

ANOVA. This revealed a significant main effect F(2,44) = 4.29, p = 0.019. Post-hoc Tukey test 323 

(p < 0.05) revealed the main effect was driven by a significant difference between posterior 324 

insula (PI) and Sham stimulation. There was no significant statistical difference between AI and 325 

Sham or AI and PI (see Figure 2A). 326 

Perceived Pain Temporal effects. To investigate the effect of repeated LIFU stimulations on 327 

perceived pain perception we binned the 40 trials into 8 bins of the mean of 5 trials (1-5,6-10,11-328 

15,16-20,21-25,26-30,31-35,36-40) for each participant for each condition (AI, PI, and Sham). 329 

For this analysis we ran non-parametric permutation statistics (p < 0.05, 5000 randomizations). 330 
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Tests which resulted in a p < 0.05 were further investigated using post-hoc Tukey tests to 331 

investigate what differences were driving the main effect. Permutation statistics revealed bins 5, 332 

6 and 7 demonstrated significant effects (p < 0.05). Post-hoc Tukey tests revealed the main 333 

effect was driven by differences between PI and Sham for all significant bins. Of note, the first 334 

bin did not reveal a statistically significant difference (p = 0.27) suggesting that the initial starting 335 

point of perceived pain rating was not different between groups. The mean ± SD for the first bin 336 

for AI, PI and Sham was: 3.93 ± 1.82; 3.82 ± 1.3 and 4.24 ± 1.23 respectively (see Figure 2B).  337 

CHEP peaks.  338 

N1/P1 peak-to-peak results. Mean ± SD N1/P1 amplitudes for AI, PI and sham were: 23.35 µV ± 339 

11.58 µV; 22.90 µV ± 12.35 µV and 27.79 µV ± 10.78 µV. The one-way repeated measures 340 

ANOVA revealed a main effect F(2,44) = 8.19, p = 0.009. Post-hoc Tukey tests revealed 341 

significant difference between Sham and AI (p<0.05) and Sham and PI (p<0.05). There was no 342 

significant difference between AI and PI (Figure 3A). Peak-to-peak analysis does not inform on 343 

if either the N1 or P1 was more or less affected by the intervention. As such, we also looked at 344 

the N1 and P1 peak amplitudes separately.  345 

N1 results. The mean ± SD of the amplitude of the N1 for AI, PI and Sham were: -8.91 µV ± 346 

5.68 µV; -8.85 µV ± 7.39 µV and -7.50 µV ± 11.85 µV. There was no main effect of condition on 347 

the amplitude of the N1 potential F(2,44) = 0.33, p = 0.72 (Figure 3B). 348 

P1 results. The mean ± SD of the amplitude of the N1 for AI, PI and Sham were: 14.44 µV ± 349 

8.06 µV; 14.06 µV ± 7.85 µV and 20.29 µV ± 15.53 µV. The one-way repeated measures 350 

ANOVA revealed a main effect F(2,44) = 3.72, p = 0.032. Post-hoc Tukey tests revealed a 351 

significant difference between PI and Sham (p <0.05) and no statistically significance 352 

differences between AI and Sham or AI and PI (Figure 3B). 353 

Peak latencies. The peak latencies for N1 for AI, PI and Sham conditions were: 341 ms ± 113 354 

ms; 331 ms ± 92 ms and 320 ms ± 100 ms. There were no significant differences of N1 355 
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latencies: F(2,44) = 0.36, p = 0.70. The peak latencies for P1 for AI, PI and Sham conditions 356 

were: 511 ms ± 116 ms; 497 ms ± 82 ms and 503 ms ± 70 ms. There were no significant 357 

differences of P1 latencies: F(2,44) = 0.15, p = 0.86 (Figure 3B). 358 

CHEP temporal dynamics 359 

We investigated the temporal effects of LIFU on peak-to-peak N1/P1 amplitudes as well as just 360 

the N1 and P1. We first binned the 40 trials into 8 bins of the mean of 5 trials (1-5,6-10,11-361 

15,16-20,21-25,26-30,31-35,36-40) for each participant for each condition (AI, PI, and Sham). 362 

We ran separate non-parametric permutation statistics (p < 0.05, 5000 randomizations) for each 363 

of N1/P1 peak-to-peak and N1 and P1. The N1/P1 peak-to-peak revealed only bin 7 to have a 364 

significant main effect (p < 0.05) that was driven by significant differences between Sham and 365 

both AI and PI (post-hoc Tukey test). No bins for N1 or P1 reached statistical significance. 366 

Based upon these results there does not look to be temporal or cumulative effects of LIFU on 367 

the amplitude of any components of the CHEP. As a check for initial group differences, the 368 

mean of the first bin for AI, PI and Sham was: 61.25 ± 18.84; 68.69 ± 17.16 and 73.42 ± 32.43 369 

respectively. There was no difference between groups for this bin (5000 permutations, p = 0.15) 370 

(see Figure 3C). Example from a single subject showing evolution of the CHEP amplitudes 371 

across trials for each condition is shown in Figure 3D.  372 

EEG time-windowed amplitude 373 

While the CHEP peak-to-peak analysis found effects for the manually identified peaks of 374 

interest, this analysis is somewhat limited in that it does not look at differences across the entire 375 

time window. Thus, we performed an additional analysis across the time window of 0 – 2000 376 

msec using non-parametric permutation statistics (5000 permutations, p < 0.05 with a 10 msec 377 

cluster threshold). This analysis revealed a significant main effect across condition in three 378 

separate clusters at time points 290 – 313 msec; 485 – 504 msec and 824 – 903 msec. Post-379 

hoc testing revealed the first cluster to be driven by a significant difference between Sham and 380 
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PI (p < 0.05). The second cluster was driven by a significant difference between Sham and AI 381 

only (p < 0.05). The third cluster was driven by differences between Sham and AI and Sham 382 

and PI (p < 0.05) (Figure 3E).   383 

Correlation of behavior with CHEP amplitudes 384 

 385 

We performed separate Pearson’s correlation of the N1, P1 and N1/P1 peak-to-peak amplitudes 386 

pooled across all conditions and all trials. This analysis resulted in a significant positive 387 

correlation for peak-to-peak CHEP amplitude and perceived pain rating scores r = 0.15; p = 388 

0.0004. Neither the N1 nor P1 alone resulted in significance (r = 0.01 and r = -0.02) (Figure 3F).  389 

We were also interested in the temporal evolution of the relationship between CHEP peak-to-390 

peak, N1 and P1 amplitudes and perceived pain ratings and how LIFU to either AI or PI affected 391 

this relationship. As such, we averaged all participants (N = 23) peak-to-peak, N1 and P1 392 

across trials (N = 40) as well as their perceived pain ratings. For the Sham condition, there was 393 

a significant positive relationship between CHEP peak-to-peak amplitude and behavior (r = 394 

0.54, p < 0.001) (Figure 3G). Looking at the N1 and P1 individually, both also significantly 395 

correlated with behavior (N1: r = -0.42, p = 0.01; P1: r = 0.44, p = < 0.001).  This is not 396 

surprising as the peak-to-peak is a composite variable of both the N1 and P1. Nevertheless, we 397 

further examined how and if LIFU to either AI or PI affected this relationship by statistically 398 

comparing the Sham correlations separately with the correlations during LIFU to AI and PI using 399 

Fischer’s Z transformation[94] . While LIFU to PI looked to strengthen these relationships it did 400 

not statistically significantly alter this relationship for peak-to-peak (z = -1.049, p = 0.147), N1 (z 401 

= - 1.562, p = 0.059) or P1 (z = -0.691, p = 0.245). LIFU to AI looked, in general, to have the 402 

opposite effect to PI where the relationships were weakened: peak-to-peak (r = 0.36), N1 (r = -403 

0.38) and P1 (r = 0.19) There was statistically significant difference for the P1 component (z = 404 

1.895, p = 0.029) whereby LIFU to AI significantly disrupted or weakened the relationship 405 

between P1 amplitude and perceived pain rating (Figure 3G).  406 
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 407 

EEG Time/frequency results 408 

 409 

Delta (2-4 Hz). The mean normalized power to baseline (-1500 to -500 msec) for delta from the 410 

time window 200 msec to 800 msec for AI, PI and Sham was: 1.20 ± 0.42; 1.38 ± 0.17 and 1.38 411 

± 0.18. The repeated measures ANOVA revealed a main effect: F(2,44) = 4.28, p = 0.02. Post-412 

hoc Tukey tests revealed significant differences between AI and PI and AI and Sham (p<0.05) 413 

(Figure 4A).  414 

Theta (4-8 Hz). The mean power for theta for AI, PI and Sham was: 1.14 ± 0.24; 1.24 ± 0.12 415 

and 1.25 ± 0.14. The repeated measures ANOVA revealed a main effect: F(2,44) = 4.32, p = 416 

0.02. Post-hoc Tukey tests revealed significant differences between AI and PI and AI and Sham 417 

(p<0.05) (Figure 4A).  418 

Alpha (8-13 Hz). The mean power for alpha for AI, PI and Sham was: 1.00 ± 0.16; 1.06 ± 0.13 419 

and 1.07 ± 0.11. There was a significant main effect of condition: F(2,44) = 3.84, p = 0.03. Post-420 

hoc Tukey tests revealed this was driven by a significant difference between Sham and AI (p < 421 

0.05) (Figure 4A). 422 

Beta (13-30 Hz). The mean power for beta for AI, PI and Sham was: 0.99 ± 0.07; 1.01 ± 0.07 423 

and 1.00 ± 0.07. There was no significant main effect of condition: F(2,44) = 1.25, p = 0.3. 424 

Low-gamma (30-60 Hz). The mean power for low-gamma for AI, PI and Sham was: 0.98 ± 0.06; 425 

1.00 ± 0.05 and 1.00 ± 0.07. There was no significant main effect of condition: F(2,44) = 2.21, p 426 

= 0.12 (Figure 4A). 427 

High-gamma (60 – 100 Hz). The mean power for high gamma for AI, PI and Sham was: 0.96 ± 428 

0.04; 0.98 ± 0.04 and 0.97 ± 0.05. There was no significant main effect of condition: F(2,44) = 429 

1.17, p = 0.32 (Figure 4A). 430 

The full-windowed (-1500 to 1500 msec) grand average (N = 23) time-frequency plots for AI, PI 431 

and Sham are shown in Figure 7B including difference maps for AI-Sham, PI-Sham and AI-PI. 432 
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Time-frequency temporal characteristics. We ran permutation statistics (5,000 randomization, p 433 

< 0.05) across each frequency band across the time window -100 to 1000 msec to better 434 

understand the temporal characteristics of frequency changes between conditions. This analysis 435 

found main effects (one-way ANOVA p < 0.05) changes in theta and alpha power clustered 436 

around the 300-400 msec window that lines up with the N1 CHEP peak. There was also a 437 

cluster of frequency change in the theta/alpha range around 600 msec. Changes in delta 438 

frequency only occurred at the timing of the P1 peak and later. Beta changes were identified 439 

later than 600 msec (see Figure 4C). Post-hoc analysis revealed that these main effects were 440 

largely driven by LIFU to AI. In all cases, LIFU to AI reduced power in these frequencies and 441 

time windows. Figure 4C color codes the post-hoc analyses.    442 

Autonomic data 443 

Blood Pressure. The mean ± SD systolic/diastolic blood pressure for before and after LIFU for 444 

AI, PI and Sham conditions was: 119/70 ± 16/9 and 117/69 ± 14/9; 120/69 ± 13/11 and 118/70 ± 445 

15/9; 119/69 ± 14/10 and 118/69 ± 13/10. The change scores pre/post for each of systolic and 446 

diastolic blood pressure for each condition (AI, PI, Sham) were: 1.3/0.3 ± 8.2/5.8; 1.8/-0.6 ± 447 

6.4/4.8 and 1.4/0.0 ± 9.6/6.0.  Change scores were subjected to separate one-way repeated 448 

measures ANOVAs. There were no significant differences for either systolic (p = 0.97) or 449 

diastolic (p = 0.86) blood pressure.    450 

Heart rate. The mean number of R-peaks from which all metrics were derived for AI, PI and 451 

Sham was: 720 ± 113; 721 ± 125 and 738 ± 130. The mean heart rate for AI, PI and Sham 452 

during LIFU/CHEPS administration was: 72.4 bpm ± 11.5 bpm; 71.3 bpm ± 11.4 bpm and 73.3 453 

bpm ± 11.8 bpm. No significant differences were found (p > 0.05) (Figure 5A). 454 

Heart rate variability. Time domain parameters of interest included mean of the RR intervals 455 

(MNN), root mean square difference of successive RR intervals (RMSSD), standard deviation of 456 

the RR intervals (SDNN) and the coefficient of variation (CV = σ/µ). Frequency domain 457 
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parameters of interest included low-frequency (LF; 0.04 – 0.15 Hz), high frequency (HF; 0.151 – 458 

0.4 Hz) power and the LF/HF ratio. 459 

MNN. The mean MNN for AI, PI and Sham were: 857 ± 151, 865 ± 138 and 843 ± 141 460 

milliseconds respectively. No significant differences were found; F(2,44) = 0.78, p = 0.46 461 

(Figure 5A). 462 

RMSSD. The mean RMSSD for AI, PI and Sham were: 860 ± 152, 868 ± 138 and 845 ± 141 463 

milliseconds respectively. No significant differences were found; F(2,44) = 0.82, p = 0.45 464 

(Figure 5A). 465 

SDNN. The mean SDNN for AI, PI and Sham were: 63 ± 32, 59 ± 23 and 49 ± 13 milliseconds 466 

respectively. The one-way repeated measures ANOVA revealed a significant difference: F(2,44) 467 

= 3.75, p = 0.03. Post-hoc Tukey tests revealed the main effect to be the result of a significant 468 

difference between Sham and AI (p < 0.05) (Figure 5A). 469 

pNN50. The mean ± SD for AI, PI and Sham were: 0.33 ± 0.25, 0.32 ± 0.26 and 0.29 ± 0.23. 470 

The one-way repeated measures ANOVA revealed no significant main effect: F(2,44) = 0.50, p 471 

= 0.61 (Figure 5A). 472 

Coefficient of Variation (CV). The mean CV for AI, PI and Sham were: 0.073 ± 0.03, 0.068 ± 473 

0.02 and 0.059 ± 0.01. The one-way repeated measures ANOVA revealed a significant 474 

difference: F(2,44) = 3.42, p = 0.041. Post-hoc Tukey tests revealed the main effect to be the 475 

result of a significant difference between Sham and AI (p < 0.05) (Figure 5A). 476 

LF. The mean power for AI, PI and Sham were: 0.0053 ± 0.002, 0.0051 ± 0.002 and 0.0042 ± 477 

0.0015. The one-way repeated measures ANOVA revealed a significant difference: F(2,44) = 478 

3.98, p = 0.025. Post-hoc Tukey tests revealed the main effect to be the result of a significant 479 

difference between Sham and AI (p < 0.05) (Figure 5A). 480 

HF. The mean power for AI, PI and Sham were: 0.0036 ± 0.002, 0.0033 ± 0.001 and 0.003 ± 481 

0.001. No significant differences were found: F(2,44) = 1.68, p = 0.2 (Figure 5A). 482 
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LFHF. The mean power ratio for AI, PI and Sham were: 1.77 ± 0.77, 1.76 ± 0.65 and 1.63 ± 483 

0.59. No significant differences were found: F(2,44) = 0.81, p = 0.45 (Figure 5A). 484 

EDR. The mean peak-to-peak EDR conductive response in microseiverts for AI, PI and Sham 485 

were: 0.01 ± 0.01, 0.01 ± 0.02 and 0.011 ± 0.01. No significance differences were found: 486 

F(2,44) = 0.33, p = 0.72 (Figure 5A). 487 

We further investigated the frequency domain HRV data to determine if the LF differences were 488 

due to a specific frequency within the band. For this analysis we ran non-parametric permutation 489 

statistics (p < 0.05, 5000 randomizations) across each of the frequencies 0.04 to 0.4 with a 0.01 490 

Hz resolution. In addition, a temporal cluster threshold of 10 consecutive points (0.1 Hz) was 491 

required to satisfy significance. This analysis revealed two significant clusters: One cluster from 492 

0.131 – 0.16 Hz and another cluster at 0.342 – 0.362 (p < 0.05). Post-hoc analysis of these 493 

clusters found that each was driven by a difference between Sham and AI (p < 0.05) (see 494 

Figure 5B).  495 

Supplemental Data  496 

Estimated in vivo pressure. All participants received 400 kPa to the temporal window. The 497 

estimated in vivo mean ± SD pressure at the insula combining both AI and PI sonications was: 498 

221.4 ± 93.9 kPa with a range of 72.7 to 460.3 kPa for an overall attenuation of 45%. The mean 499 

± SD for AI was 179.3 ± 75.1 kPa with a range of 72.7 to 350.7 kPa. Mean attenuation for AI 500 

was 55%. The mean ± SD for PI was 263.5 ± 93.4 kPa with a range of 114.6 to 460.3 kPa. The 501 

mean attenuation for PI was 34%. A paired t-test revealed a significant difference: t(22) = -3.24, 502 

p = 0.0038 such that the estimated pressure in the head for the AI condition was significantly 503 

lower than for PI (Figure S1). 504 

Skull density ratio and thickness. The mean ± SD skull thickness at the left temporal window 505 

was 3.55 ± 0.68 mm with a range of 2.44 to 4.99 mm. The average skull density ratio (SDR) 506 

was 0.78 ± 0.09 with a range of 0.59 to 0.95 (Figure S1).  507 
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In an effort to help explain the variance in the estimated in vivo pressure, we performed 508 

separate Pearson’s correlations between pressure and SDR and thickness. Using both AI and 509 

PI data points together there was no linear relationship between estimated in vivo pressure at 510 

the insula target with SDR (r = 0.1, p = 0.49) or skull thickness (r = -0.17, p = 0.26).  511 

There is currently no data on the dosing of LIFU in human applications.  In an effort to relate 512 

estimated in vivo to effect size we performed separate Pearson’s correlations between pressure 513 

and percent perceived pain change score and percent change peak-to-peak CHEP amplitude 514 

as compared to Sham. Using both AI and PI data points together there was no linear 515 

relationship between estimated pressure at the insula with perceived pain ratings (r = -0.04, p = 516 

0.8) or with CHEP N1/P1 peak-to-peak amplitude (r = -0.05, p = 0.72) (Figure S1).  517 

Targeting Error. The mean ± SD targeting error across all participants for conditions and all 518 

trials was 1.19 ± 0.35 mm. We further broke this down by participant and by condition. The 519 

mean targeting error for AI, PI and Sham conditions were 1.21 ± 0.66; 1.25 ± 0.65 and 1.16 ± 520 

0.64. The range of mean error across subjects was 0.6 – 2.1 mm (see Figure S2). 521 

Questionnaires. We queried participants using the Beck Depression Inventory, State and Trait 522 

Anxiety Inventory and the Pain Catastrophizing Scale. The mean ± SD for BDI was 4.5 ± 3.9 523 

(range 1 – 18). The mean ± SD for the STAI-T was 37.3 ± 7.6 (range 27 – 57). The mean ± for 524 

the PCS was: 4.9 ± 4.2 (range 0 – 13).   525 

Report of symptoms. We queried participants both before and 30 minutes after each formal testing 526 

session using report of symptoms questionnaire previously employed in our LIFU studies[82] on 527 

adverse events and symptom severity. If a symptom or AE was present the participant was 528 

requested to rate the severity as either mild, moderate or severe. No severe AE or symptoms 529 

were reported for any condition (AI, PI, Sham) either before or after the intervention. Sleepiness 530 

was the symptom that was most frequently reported but was not specific to an intervention or time 531 

period before or after intervention. Group cumulative symptom reports as well as individual 532 
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subject differences between pre and post intervention for each condition (AI, PI, Sham) is 533 

presented in Figure S2.     534 

Acoustic masking. We queried participants 30 minutes after the conclusion of formal testing of 535 

each session whether they could hear or feel the LIFU and whether they believed they had 536 

received a LIFU intervention using 0 – 6 Likert scales. The mean ± SD for the AI, PI and Sham 537 

sessions for the question ‘I could hear the LIFU stimulation’ were: 2.4 ± 2.1, 1.7 ± 1.9 and 1.7 ± 538 

1.9 equating to a ‘Disagree’ rating. The Kruskalwallis test revealed no statistically significant 539 

differences between groups: (df = 2,66), Chi-sq = 1.83, p = 0.39. Of the N = 23 only 1 person 540 

strongly agreed (6 on 0 – 6 scale) that they could hear the LIFU during one of the active conditions 541 

(PI) however they also strongly agreed they could hear it on the Sham condition too (see Figure 542 

S2). For the question ‘I could feel the LIFU stimulation, the mean ± SD for the AI, PI and Sham 543 

sessions were: 0.9 ± 1.4, 1.0 ± 1.4 and 1.0 ± 1.7 equating to a response of ‘Disagree’. The 544 

Kruskalwallis test revealed no statistically significant differences between groups: df = (2,66), Chi-545 

square = 0.18, p = 0.92. There were only 3 total responses for the Agree and Strongly Agree 546 

responses and all were made by the same participants for all conditions (including Sham) (see 547 

Figure S2). For the question, ‘I believe I experienced LIFU stimulation’ the mean ± SD for the AI, 548 

PI and Sham conditions were: 3.2 ± 1.8, 3.6 ± 1.2 and 3.1 ± 1.5 equating to a response of ‘Neutral’ 549 

suggesting that the participants did not know either way. The Kruskalwallis test revealed no 550 

significant difference between groups: df = (2,66), Chi-square = 1.14, p = 0.56 (Figure S2).  551 

 552 

DISCUSSION 553 

This is the first study in humans (or otherwise) to test the effect of LIFU to sub-regions of the 554 

insula for effects on pain and autonomic function. We delivered single-element 500 kHz LIFU to 555 

either the AI or PI as compared to an in-active Sham for effects on perceived pain, EEG metrics 556 

from contact heat and indices of autonomic reactivity including heart-rate variability, electrodermal 557 
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response and blood pressure. Only LIFU to PI significantly reduced perceived pain ratings 558 

compared to Sham and only LIFU to AI affected autonomic measures of heart-rate variability. 559 

However, LIFU to both AI and PI affected EEG activity. LIFU to PI exclusively affected earlier 560 

EEG activity from 290 – 313 msec whereas LIFU to AI exclusively affected later EEG activity from 561 

485 – 504 msec.  562 

 Reduction in perceived pain may be the result of either decreased bottom-up coding of 563 

stimulus attributes or from top-down salience encoding mechanisms. The spinal-medullary-spinal 564 

pain inhibitory system[95] is an endogenous pathway of descending pain control that can serve 565 

to gate or inhibit incoming pain signals to cortical areas like the posterior insula. Top-down 566 

mechanisms involve eloquent brain regions such as the dorsal anterior cingulate cortex (dACC) 567 

and anterior insula that have strong connections with periaqueductal gray and have been 568 

implicated in the descending control of pain[96,97]. Another option to explain natural reduction in 569 

perceived pain is a reduction in stimulus saliency or novelty[98,99]. LIFU to either the AI or PI did 570 

not remove this inhibition over the course of the 40 trials but LIFU to PI was significantly lower 571 

from bins 5-7 suggesting an effect on rate of inhibition. Whether this is a result of pain inhibition 572 

mechanisms or stimulus saliency is debatable. The precise role of insula in nociception, pain and 573 

the overall pain experience is incompletely understood. While insula activity is a common finding 574 

in human studies employing noxious or painful stimuli[31,41] and has been identified as part of a 575 

dynamic pain connectome[38], this activity may not specifically index pain per se but rather reflect 576 

attention to or salience of the stimlus[55,100] as the dorsal anterior insula is a critical hub in the 577 

so-called salience network[56,101].  Indeed, the debate of what insula activity specifically 578 

represents during human studies of pain is charged and highly active[34,102,103].  Regardless, 579 

it is clear that spinothalamic afferents from lamina I of the spinal cord that carry A-delta and C-580 

fiber mediated nociceptive information primarily terminate in the posterior insula[33,47,59] and 581 

that the posterior insula codes physical stimulus attributes including intensity, modality and 582 
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somatotopy[33,59]. The PI is highly interconnected with the AI and it is postulated that a 583 

hierarchical serial processing chain exists in the insula for noxious stimuli whereby stimulus 584 

attributes are passed from the PI to AI where salience, emotion and expectation are integrated to 585 

produce to overall subjective percept of pain[35,44,104]. While LIFU to AI and PI had similar mean 586 

effects on perceived pain, it is inconclusive from this study if LIFU to PI worked by reducing 587 

stimulus intensity coding whereas LIFU to AI worked by reducing stimulus saliency. Evidence for 588 

these particular roles of AI and PI to pain processing was examined in an interesting study by 589 

Lutz et al. (2013)[105] where highly practiced meditators reported no change in the intensity of a 590 

painful stimulus but did report reduced unpleasantness and that these differences were indexed 591 

by activity in the anterior insula. LIFU provides another potential means of disentangling issues 592 

of pain processing related to different areas of the insula and salience.  593 

The CHEP has a similar waveform morphology to the laser evoked potential (LEP) in that 594 

contact heat produces a large (~ 40 uV) negative/positive complex though the latency looks to be 595 

longer than an LEP[89]. Nevertheless, CHEP are well studied[88,106,106], have been source 596 

localized to the insula[107] and activate similar brain regions to lasers as measured using 597 

fMRI[108]. Given the strong similarities of CHEP with LEP, it is useful to understand our results 598 

from some of the LEP literature. Using intracerebral recordings, Frot et al.[35] evaluated the 599 

contribution of different insula gyri to the amplitude of the LEP and reported amplitudes to be 600 

largest and earlier for posterior insula suggesting a greater contribution of posterior insula to the 601 

generation of the of the LEP as compared to the anterior insula though phase reversals were 602 

identified suggesting distinct generators in anterior insula as well. LIFU provides a potential non-603 

invasive method to determine the causal contribution of different insula sub-regions to the CHEP. 604 

Anatomical tracing work by Craig[33,59] and deep brain recordings by Frot et al.[35] suggest a 605 

serial hierarchical model of pain processing within the insula which progresses in space and time 606 

from PI (stimulus attribute coding (modality, intensity, somatotopy)) to AI (salience, emotion). 607 
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Given this, it is reasonable to assume that the N1 (which has a shorter latency) indexes an earlier 608 

(and presumably more posterior) window of processing as compared to the P1 (which is later and 609 

hence may index anterior insula activity). Under this assumption, one would hypothesize that 610 

LIFU to the PI would preferentially affect the N1 whereas LIFU to AI would preferentially affect 611 

the P1. While the peak-to-peak analysis demonstrated LIFU to AI and PI both attenuated the 612 

peak-to-peak amplitude of the CHEP driven by exclusive effects on the P1, the permutation 613 

analysis did indeed reveal specific effects for LIFU to PI to exclusively affect the CHEP trace at 614 

earlier timings around the N1 (but not at the N1 peak timing) whereas LIFU to AI exclusively 615 

affected the CHEP trace coincident with the timing of the P1 peak.  A final finding from the 616 

permutation analysis revealed a main effect at 824-903 msec driven by significant differences 617 

between both AI and PI as compared to Sham such that LIFU to AI and PI both reduced the 618 

amplitude at this time point. The underlying cause for both AI and PI effects at the 824-903 msec 619 

time point could conceivably index later integrative processing combining bottom-up signals with 620 

top-down expectation or predictions involving both the posterior and anterior insula as set out in 621 

the Embodied Predictive Interoception Coding model[109]. While this is purely speculative, it is 622 

notable that specific PI and AI effects were found early but both as compared to Sham much later.    623 

Another interpretation of evoked potentials is that they do not represent a serial processing 624 

stream but rather represent phase locking of brain oscillations within specific frequency 625 

bands[110,111]. This interpretation has been posited for somatosensory evoked potentials[112]. 626 

It is clear from our time-frequency data that the timing of the CHEP minima/maxima is 627 

associated with high time-locked power in the 2 – 13 Hz range and that inhibition of CHEP 628 

amplitude is reflected as a decrease in power of these frequencies that is clearly time-locked 629 

around the timing of the CHEP.  Interestingly, effects on EEG power spectra were largely the 630 

result of LIFU to the anterior insula and not the posterior insula. We found significant power 631 

reductions in delta, theta and alpha power concentrated in the time window around the 632 
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generation of the CHEP (200 – 600 msec). Delta power (in waking) is believed to be generated 633 

by anterior medial frontal cortex including cingulate regions, insula, nucleus accumbens and 634 

ventral tegmental area[113] – areas traditionally regarded as being involved in pleasure, reward 635 

and addiction though there is substantial research demonstrating the role of nucleus accumbens 636 

in the mediation of pain[114].  Of considerable interest is the link between delta power and 637 

homeostatic processes[115] including heart rate variability that showed an inverse 638 

relationship[116,117] similar to our results where LIFU to AI reduced delta power but increased 639 

SDNN. The effects in the other frequency ranges may index pain processing. According to 640 

Ploner et al. (2017)[118] the sending of feedforward information is associated with gamma 641 

frequency whereas if pain is driven by contextual top-down process is associated with 642 

alpha/beta frequencies. Here, differences in power were largely driven by LIFU to the AI and 643 

were reflected in decreased power in mainly theta and alpha ranges. The role of theta 644 

frequencies in phasic or acute pain is not well understood however, chronic pain appears to be 645 

associated with abnormal oscillations at theta frequencies and linked to abnormal contextual 646 

feedback processes (AI and salience and context, expectation, motivation etc.) As such, LIFU to 647 

AI particularly reduced the power of these frequency band which may make it a candidate 648 

intervention for chronic pain as opposed to the PI that did not demonstrate this effect. 649 

Autonomic results. We found effects of LIFU to AI on autonomic metrics including SDNN, CV, 650 

mean low-frequency power but also in two distinct frequency bands (0.131 – 0.16 Hz and 0.342 651 

– 0.362 Hz) that span both the formal LF and HF frequency ranges. That only LIFU to AI showed 652 

effects would concur with structural anatomy as the anterior insula (among other brain areas 653 

including anterior cingulate cortex, central nucleus of the amygdala and hypothalamic nuclei) is 654 

one origin of efferent fibers that project to medullary and spinal nuclei controlling cardiac 655 

function[65]. This is opposed to the posterior insula that looks to predominantly receive cardiac 656 

afferents via thalamic relay nuclei[65]. Chouchou et al (2019)[68] performed functional mapping 657 
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of autonomic cardiac responses using direct electric stimulation of the insula in awake humans 658 

and found, in general, that stimulation of the anterior insula produced more bradycardia 659 

concomitant with an increase in parasympathetic tone as indexed by the increase in power of HF 660 

whereas stimulation of the PI predominantly produced tachycardia accompanied by an increase 661 

in LF/HF ratio suggesting an increase in sympathetic tone. Our results support Craig’s model 662 

(based upon structural anatomy) and are encouraging as LIFU to AI increased SDNN (an increase 663 

in vagal tone) that is generally regarded as positive for overall health, whereas decreases in HRV 664 

are associated with poorer health and neuropsychological disease[119,120].   665 

Safety. LIFU for human neuromodulation generally follows the IEC standard 60601 part 1[121] or 666 

FDA guidelines for diagnostic imaging[122] and looks to have a favorable safety profile[8,82]. We 667 

previously reported on adverse events in N = 64 healthy volunteer participants that received LIFU 668 

under several different protocols to different brain areas at different intensities and found no 669 

serious events and a safety profile comparable to other forms of non-invasive 670 

neuromodulation[82]. Here, no serious adverse events were reported with the most common 671 

symptom being sleepiness though this occurred at similar rates for all testing sessions including 672 

sham suggesting it was not specific to the intervention.  673 

 674 

 675 

CONCLUSIONS & FUTURE WORK 676 

500 kHz single-element LIFU is an effective non-invasive means to transiently modulate activity 677 

in specific insular sub-regions that also affects behavior. Future work will look to establish minimal 678 

effective dose as well as the longevity of the effect. These will be important considerations for the 679 

successful translation of LIFU as a potential therapeutic for clinical indications such as chronic 680 

pain.  681 
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FIGURE CAPTIONS 692 

Figure 1. Experimental design and LIFU targeting. A. Pictorial representation of the timing of 693 

the contact heat evoked potential (CHEP) stimulus relative to the timing of low-intensity focused 694 

ultrasound (LIFU) and electroencephalography (EEG), electrocardiography (ECG) and 695 

electrodermal reactivity (EDR). One second of LIFU was delivered 200 msec prior to the 696 

delivery of a 300 millisecond trapezoidal CHEP stimulus to the dorsum of the right hand. B (left). 697 

Photograph of the individual gyri of the insula (adapted from Craig). Posterior insula is 698 

comprised of the anterior longus gyrus (AL) and posterior longus gyrus (PL). The anterior insula 699 

is comprised of the posterior short gyrus (PS), middle short gyrus (MS) and anterior short gyrus 700 

(AS). (Middle). LIFU was targeted to the dorsal aspect of the AS and AL. Targets are shown in 701 

green on a scalp rendering of one participants. (Right) Targets shown on same participants’ 702 

sagittal MR image. C. (Left) Pseudocolor axial (XZ) empirically measured LIFU beam from 703 

acoustic test tank. Numbers in red represent limits of the full-width half-maximum pressure in 704 

millimeters from the focal spot. (Middle) Overlay of the FWHM of the empirical measurements 705 

(Tank) with the modelled beam used for acoustic modelling (Sim). (Right) Pseudocolor lateral 706 

(XY) empirically measured LIFU beam. The FWHM lateral resolution is ~ 3.4 mm. D. (Top) 707 

Sagittal views of acoustic models showing targeting of anterior insula (AI) and posterior insula 708 

(PI) in one representative subject. (Bottom) Transverse view showing beam targeting anterior 709 

insula. White line represents plane from which AI top image was taken. 710 

Figure 2. Effects of LIFU on behavior. A. Grand average (N = 23) perceived pain ratings to a 711 

brief contact heat stimulus to the dorsum of the hand during LIFU to either anterior insula (AI), 712 

posterior insula (PI) or Sham stimulation. Bars are mean ± standard error of the mean (SEM). 713 

Individual subject data is overlaid. * denotes p < 0.05. B. Grand average (N = 23)  perceived 714 

pain ratings over the 40 trials (~ 10 minutes). Thin shaded lines represent mean ± SEM of 715 

individual trials. Thicker lines with circles represent the average of every 5 trials. LIFU to anterior 716 
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insula (AI), posterior insula (PI) and Sham are shown in red, blue and black respectively. Dots 717 

represent statistically significant differences (p< 0.05 permutation statistics) between Sham 718 

(black) and PI (blue). 719 

Figure 3. Effect of LIFU on the contact heat evoked potential (CHEP). A. Grand average (N 720 

= 23) peak-to-peak N1/P1 CHEP amplitudes for LIFU to anterior insula (AI), posterior insula (PI) 721 

and Sham stimulation. Bars are mean ± SEM. Individual subject data is overlaid on top. * 722 

denotes significant difference (p< 0.05) for AI and PI compared to Sham. B. Grand average (N = 723 

23) individual peak (N1 and P1) amplitudes and latencies. Bars are mean ± SEM. * denotes 724 

significant difference (p<0.05) between Sham and both AI and PI. C. Grand average (N = 23) 725 

CHEP peak-to-peak amplitude over the 40 trials (~ 10 minutes). Thin shaded lines are mean ± 726 

SEM from each trial. Thicker lines with circles represent the average of every 5 trials. Only the 727 

6th bin showed statistically significant differences (p < 0.05) where both AI (red) and PI (blue) 728 

were smaller than Sham (black) represented as dots over 6th bin. D. Date from one 729 

representative subject showing averaged CHEP trace from 40 trials (top). Pseudocolor raster 730 

plots from the 40 trials for each of AI, PI and Sham are shown below. Scales are identical for 731 

each raster plot. E. Grand average (N = 23) CHEP traces for AI, PI and Sham conditions. 732 

Results of the permutation statistics (5000 randomizations, p < 0.05) run across each time point 733 

(0 – 2000 msec) are shown below. The f-statistic is shown in ochre and the corresponding p-734 

value in black. P-values < 0.05 are highlighted above in trace with gray bars. The colors in the 735 

gray bars denote which conditions were significantly different. Sham (black) and PI (blue) were 736 

statistically different around 300 msec; AI (red) and Sham (black) were statistically different 737 

around 500 msec and both AI and PI were statistically different from Sham around 950 msec. 738 

The light green marker around 1600 msec was also significant but was not further investigated. 739 

F. Group (N = 23) relationship between peak-to-peak CHEP amplitude and perceived pain 740 

ratings. R and p-values are for all conditions collapsed together. Data from AI, PI and Sham 741 
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conditions is color-coded for display purposes and least-squares lines for each of the conditions 742 

is plotted. G. Group (N = 23) correlations between peak-to-peak CHEP amplitude (black) and 743 

perceived pain behavior (red) plotted over the 40 trials (~ 10 minutes). (Left) LIFU to PI (bottom) 744 

strengthens the relationship between CHEP amplitude and behavior as compared to Sham 745 

(top). (Right) LIFU to AI weakens the relationship between CHEP amplitude and behavior 746 

(bottom) as compared to Sham (top). 747 

Figure 4. Effect of LIFU on EEG power. A. Group (N = 23) EEG power taken from the window 748 

200 – 800 msec (denoted below in B by vertical white lines) relative to a baseline period. Bars 749 

are mean ± SEM. For delta and theta frequencies * denotes significant difference (p< 0.05) 750 

between both AI, PI and Sham. For alpha, * denotes significant difference (p<0.05) between AI 751 

and Sham only. B. (Top) Group (N = 23) mean power. (Bottom) Power difference maps taken 752 

from data above. C. (Left) Plot of p-values from permutation statistics (5000 randomizations). 753 

(Right) Plot showing statistically significant (p<0.05; 10 msec cluster threshold) frequency time-754 

windows form permutation statistics. CHEP trace is overlaid in grey to help illustrate timing of 755 

frequency effects. 756 

Figure 5. Effect of LIFU on autonomic measures. A. Group (N = 23) autonomic measures. 757 

Bars are mean ± SEM. * denote significant difference (p< 0.05) between AI and Sham only. HR 758 

= heart rate; MNN = mean NN interval; RMSDD = root mean square difference; SDNN = 759 

standard deviation of NN peaks; pNN50  = proportion of NN peaks < 50 msec; CV = coefficient 760 

of variation; LF = low frequency power; HF = high frequency power; LFHF = low/high frequency 761 

power ratio; EDR = electrodermal response. B. (Top) Group (N = 23) mean ± SEM heart rate 762 

power spectra. Vertical gray bars denote timing of significant differences in magnitude of power 763 

spectra from permutation statistics (5000 randomizations, p < 0.05) (shown below). Colored 764 

boxes on gray bars denote conditions that were statistically significant (AI (red) & Sham (black)). 765 
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Supplementary Figure 1. LIFU pressure and skull effects. A. Group (N = 23) estimated in 766 

vivo pressure from acoustic modelling at the anterior insula (AI) and posterior insula (PI) targets. 767 

Bars are mean ± SEM. Individual participant data is shown in red. * denotes significant 768 

difference (p< 0.05). B. (Left) Group (N = 23) skull thickness. Bars are mean ± SEM. Individual 769 

participant data is shown in red. (Right) Group (N = 23) skull-density ratio (SDR). Bars are mean 770 

± SEM. Individual participant data is shown in red. C. Group (N = 23) correlations of estimated 771 

in vivo pressure at both the anterior insula (AI) and posterior insula (PI) targets with SDR (top 772 

left), skull thickness (top right), peak-to-peak CHEP amplitude percent change from Sham 773 

(P2P%) and perceived pain rating percent change from Sham (Behav%).  774 

Supplementary Figure 2. Targeting, Safety and Acoustic masking. A. Individual participants 775 

targeting error (mean ± SEM)  of the LIFU transducer on the scalp target pooled across both AI 776 

and PI targets. B. Histogram of targeting error of transducer placement on the scalp for all 777 

targets from all participants for each LIFU condition. There were no significant differences 778 

between conditions. C. Group (N = 23) adverse event data recorded before LIFU (left column) 779 

and 30 minutes after LIFU (middle column) for each condition. Top row = anterior insula (AI); 780 

middle row = posterior insula (PI); bottom row = Sham. Right most column shows individual 781 

participant differences in reporting before/after LIFU for each respective condition. Black = 1pt 782 

down; White = 1pt up. No participant reported an increase or decrease in severity of a reported 783 

symptom by more than 1pt. D. Group (N =23) histograms from the acoustic mask evaluation 784 

separated by condition.           785 

 786 

 787 

 788 

 789 

 790 
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Table S1. Insular Targeting 

 

 

 

 

  MNI Coordinates Target Depth (mm) 

 X Y Z X Y Z AI PI 

Male 

S1 -31 22 -3 -39 -6 4 40.8 42.4 

S2 -37 18 -4 -37 -4 0 30.4 35.8 

S3 -33 21 -6 -36 -10 -1 37.7 45 

S4 -32 26 -5 -35 -5 4 34.2 40.8 

S5 -38 21 1 -39 -3 2 30.4 35.8 

S6 -33 14 0 -34 -12 4 35.8 42 

S7 -33 24 -3 -36 -11 2 35.8 40.7 

Female 

S8 -31 16 -1 -34 -14 1 36.3 41.9 

S9 -35 13 -5 -34 -13 1 33.2 40.4 

S10 -33 23 -1 -35 -4 -1 34.5 38.9 

S11 -37 21 -6 -39 -6 -4 33.6 36.9 

S12 -36 17 -1 -36 -4 2 30.2 38 

S13 -33 21 -3 -34 -4 1 31.2 37.3 

S14 -35 19 -8 -36 -5 5 30.9 37.7 

S15 -33 19 -4 -36 -10 -1 33.4 38.1 

S16 -35 20 -2 -37 -9 -1 34.7 39.7 

S17 -29 22 -1 -33 -5 -3 39.5 44.1 

S18 -34 19 -5 -33 -10 3 36.2 41.2 

S19 -34 18 -4 -35 -5 2 34.9 40.3 

S20 -34 21 -4 -35 -7 0 34.3 38.1 

S21 -31 20 -4 -37 -8 4 34 37.2 

S22 -35 17 -2 -35 -7 1 32.3 38.8 

S23 -32 24 -3 -36 -7 -2 37.5 42.4 
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