
   
 

   
 

Parameter optimisation for mitigating somatosensory confounds during 1 

transcranial ultrasonic stimulation 2 

 3 

Benjamin R. Kopa*, Linda de Jonga, Kim Butts Paulyb, Hanneke E.M. den Oudena, Lennart 4 
Verhagena  5 

a. Donders Institute for Brain, Cognition, and Behaviour, Radboud University, Thomas van 6 
Aquinostraat 4, 6525 GD Nijmegen, The Netherlands 7 

b. Department of Radiology, Stanford University, 300 Pasteur Drive, Stanford, CA, USA 8 

 9 
*corresponding author  10 
 11 

Email addresses:  12 

Benjamin R. Kop* benjamin.kop@donders.ru.nl 
Linda de Jong linda.dejong@ru.nl 
Kim Butts Pauly kimbutts@stanford.edu 
Hanneke E.M. den Ouden hanneke.denouden@donders.ru.nl 
Lennart Verhagen lennart.verhagen@donders.ru.nl 

  13 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 19, 2025. ; https://doi.org/10.1101/2025.03.19.642045doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.19.642045
http://creativecommons.org/licenses/by/4.0/


   
 

   
 

Highlights 14 

- Tactile, thermal, and even painful somatosensory confounds may occur during TUS. 15 
- Confounds can be mitigated via pulse shaping & transducer-specific parameters. 16 
- Valid and replicable TUS research requires control for peripheral confounds.  17 
- Particle displacement may be a primary driving force for somatosensory confounds.  18 
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Abstract  19 

Transcranial ultrasonic stimulation (TUS) redefines what is possible with non-invasive 20 
neuromodulation by oaering unparalleled spatial precision and flexible targeting capabilities. 21 
However, peripheral confounds pose a significant challenge to reliably implementing this 22 
technology. While auditory confounds during TUS have been studied extensively, the 23 
somatosensory confound has been overlooked thus far. It will become increasingly vital to 24 
quantify and manage this confound as the field shifts towards higher doses, more compact 25 
stimulation devices, and more frequent stimulation through the temple where co-stimulation is 26 
more pronounced. Here, we provide a systematic characterisation of somatosensory co-27 
stimulation during TUS. We also identify the conditions under which this confound can be 28 
mitigated most eaectively by mapping the confound-parameter space. Specifically, we 29 
investigate dose-response eaects, pulse shaping characteristics, and transducer-specific 30 
parameters. We demonstrate that somatosensory confounds can be mitigated by avoiding near-31 
field intensity peaks in the scalp, spreading energy across a greater area of the scalp, ramping the 32 
pulse envelope, and delivering equivalent doses via longer, lower-intensity pulses rather than 33 
shorter, higher-intensity pulses. Additionally, higher pulse repetition frequencies and 34 
fundamental frequencies reduce somatosensory eaects. Through our systematic mapping of the 35 
parameter space, we also find preliminary evidence that particle displacement (strain) may be a 36 
primary biophysical driving force behind peripheral somatosensory co-stimulation. This study 37 
provides actionable strategies to minimise somatosensory confounds, which will support the 38 
thorough experimental control required to unlock the full potential of TUS for scientific research 39 
and clinical interventions.  40 

 41 

Keywords: transcranial ultrasonic stimulation (TUS), neuromodulation, peripheral confounds, 42 
somatosensory confounds, experimental design & control, peripheral nervous system 43 

  44 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 19, 2025. ; https://doi.org/10.1101/2025.03.19.642045doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.19.642045
http://creativecommons.org/licenses/by/4.0/


   
 

   
 

1. Introduction  45 

Transcranial ultrasonic stimulation (TUS) redefines the limits of non-invasive neuromodulation 46 
with its unprecedented spatial resolution and targeting capabilities1–11. However, peripheral co-47 
stimulation poses a significant challenge to the reliable application of this technology. Peripheral 48 
eaects such as somatosensation increase subject burden, can result in false inferences12–16, and 49 
contribute to the substantial placebo eaects observed during brain stimulation14,17–19. Stringent 50 
experimental control is therefore required to infer direct neuromodulatory contributions to 51 
observed eaects. While auditory confounds during TUS have been studied extensively14,20–27, 52 
possible somatosensory confounds remain unexplored. As TUS is increasingly applied at higher 53 
doses, with compact stimulation devices, and over the temples28–33, it will be critical to eaectively 54 
manage somatosensory co-stimulation to ensure validity and specificity in this rapidly advancing 55 
field.  56 

When an ultrasound beam is focused directly on the peripheral nervous system (PNS), 57 
such as the fingertip, tactile sensations can be felt. Here, ultrasound stimulates 58 
mechanoreceptors in the skin, including Merkel cells, Ruaini endings, Meissner corpuscles, and 59 
Pacinian corpuscles, which predominately innervate A-b fibres34–38. At higher doses, thermal and 60 
nociceptive sensations emerge, likely driven by the recruitment of higher threshold 61 
mechanoreceptors that innervate Type 1 A-d and C fibres34,37,39–42.  Peripheral somatosensation of 62 
ultrasound relies on mechanosensitive ion channels, including TRPV1, TRPA1, TREK-1, TRAAK, 63 
and Piezo channels. These channels not only play a critical role in the biological mechanism 64 
underlying TUS in the PNS, but are similarly implicated in TUS neuromodulation in the central 65 
nervous system (CNS)39,43–50.  66 

The parameters of the ultrasound stimulation, such as the fundamental and pulsing 67 
frequencies, influence somatosensation. For instance, lower fundamental frequencies elicit 68 
stronger sensations34–37,41,42,51–53. Notably, certain parameters such as fundamental frequency 69 
diaer in their relative strength of key biophysical eaects like particle displacement and acoustic 70 
radiation force (ARF). Therefore, parameter mapping studies provide a valuable opportunity to 71 
elucidate the primary biophysical mechanisms underlying ultrasonic neuromodulation34. 72 
However, studies using peripherally focused ultrasound typically employ stimulation parameters 73 
distinct from those used during TUS, and do not fully explore the conditions relevant in the 74 
context of somatosensory co-stimulation during transcranial neuromodulation. Therefore, in the 75 
present study we investigate peripheral somatosensory eaects across parameters relevant 76 
specifically to transcranial ultrasound for neuromodulation of the human brain.   77 

 In this pre-registered54 study, we bring TUS somatosensory confounds into focus by 78 
qualitatively characterising their nature and systematically mapping the confound-parameter 79 
space to identify avenues to minimise their impact. To ensure suaicient sensitivity to detect the 80 
eaects of manipulating stimulation parameters, we intentionally operate under conditions that 81 
we expect will amplify somatosensory confounds. We further leverage this systematic 82 
investigation to explore the primary biophysical mechanisms of TUS that drive neuromodulation 83 
and provide preliminary evidence of particle displacement as a central biophysical mechanism. 84 
By putting forward actionable strategies to mitigate somatosensory confounds, we equip 85 
researchers with tools to optimise TUS studies for minimal burden and high inferential power, 86 
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thus advancing TUS towards reliable and impactful applications across scientific, commercial, 87 
and clinical settings.  88 

2. Methods  89 

2.1. Participants 90 

Twenty-nine participants were recruited, and twenty-five participants completed the study (14 91 
female, 11 male, aged 25±4.3). Three participants were excluded after MRI intake, because the 92 
target sample size was achieved. One participant was excluded for psychological distress 93 
unrelated to TUS. All participants were free of psychiatric and neurological disorders, had no 94 
contraindications to brain stimulation, and provided informed consent. The study was approved 95 
by the Radboud University faculty of Social Sciences ethics committee (ECSW-2024-085) and 96 
conducted in accordance with the Declaration of Helsinki.  97 

 98 

2.2. MRI 99 

Both T1w and ultra-short echo time (UTE) MRI scans were acquired for each participant to 100 
support TUS neuronavigation and acoustic simulations55,56. See Supplementary Table 2 for 101 
sequence specifications.  102 

 103 

2.3. Transcranial ultrasonic stimulation (TUS) 104 

TUS was delivered using two NeuroFUS systems (supplier/support: BrainBox Ltd., Cardia, UK; 105 
manufacturer: Sonic Concepts Inc., Bothell, WA, USA). Each of the four-channel radiofrequency 106 
amplifiers powered one piezoelectric transducer via an electrical impedance matching network. 107 
The experiment involved three transducers: a two-element 250 kHz transducer (250-2CH; serial 108 
number: CTX250-014, aperture diameter d = 45 mm, area = 15.90 cm2), a two-element 500 kHz 109 
transducer (500-2CH; serial number: CTX500-006, d = 45 mm, area = 15.90 cm2), and a four-110 
element 250 kHz transducer (250-4CH; serial number: CTX250-026, d = 64 mm, area = 33.18 cm2; 111 
Fig. 1E). Detailed specifications for each transducer along with hydrophone measurements are 112 
reported in Supplementary Figs. 1-2 and Supplementary Table 1, in line with ITRUSST 113 
Standardised Reporting Guidelines57. Transducer performance was monitored across 114 
sessions58,59. 115 

Transducers were coupled to the scalp using ultrasound gel59 and a gel-pad (Aquasonic 116 
100 & Aquaflex, Parker Laboratories, NJ, USA). Prior to coupling, the participant’s hair around the 117 
stimulation site was prepared with ultrasound gel. Gel-pad thicknesses were 6, 8, and 4 mm for 118 
250-2CH, 250-4CH, and 500-2CH transducers respectively, to optimise coherence of intensities 119 
in the scalp between transducers (Fig. 1F; see Supplementary Figs. 1-2 for details).  120 

Transducer position was determined and maintained during the experiment by means of 121 
individualised neuronavigation based on participants’ T1w MRI scans (Localite GmbH, Sankt 122 
Augustin, Germany). TUS was targeted at the white matter of the temporal lobe – a region not 123 
expected to either produce or interact with sensory perception. A representative post-hoc 124 
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acoustic simulation shows that temporal white matter targeting was successful (Fig. 1A; see 125 
Supplementary Fig. 3 for simulation methodology).  126 

During the TUS experiment, two transducers were positioned bilaterally over the temporal 127 
window and held in place mechanically by articulated arms fastened to scaaolding built around 128 
the participant chair (Fig. 1B). A chin rest ensured that the participant was held firmly in place. 129 
Only one transducer administered stimulation per trial. To control for any putative diaerence in 130 
sensitivity to peripheral co-stimulation between the two sides of the head confounding observed 131 
diaerences between conditions, the transducer sides were switched halfway through the 132 
experiment, with the initial side counterbalanced between participants. 133 

 134 

2.4. Somatosensory outcome measures  135 

We quantified participants’ experience of TUS peripheral somatosensory co-stimulation through 136 
continuous visual analogue scales (VAS) and sensory thresholds. VAS ratings ranged from 0 (no 137 
sensation) to 10 (very intense sensation). First, participants provided an overall rating of their 138 
somatosensory experience of TUS (i.e., the ‘general’ rating scale). This initial rating captures the 139 
holistic perception of somatosensory co-stimulation intensity. Next, to gain more insight into the 140 
nature of the somatosensory eaects, participants separately rated three subscales for tactile, 141 
thermal, and painful sensations specifically. This approach allowed us to capture both the overall 142 
experience of somatosensation, as well as to independently evaluate the nature of the 143 
sensations (Fig. 1C).  144 

 Sensory thresholds were measured by asking participants whether they could perceive a 145 
given protocol (yes/no) administered at various intensities. A custom thresholding procedure was 146 
used building on the parameter estimation by sequential testing method60,61 (see Supplementary 147 
Fig. 4 for details). The threshold was defined as the TUS intensity at which a fitted psychometric 148 
curve predicted a 50% likelihood of perception.  149 

At the end of the experiment, we qualitatively characterised the somatosensory 150 
confound. Participants first responded to an open question prompting them to describe the 151 
sensations they experienced throughout the study. They then completed an adapted closed-152 
format psychometric questionnaire for reporting somatosensory percepts62 (Fig. 2).  153 

 154 

2.5. Study design 155 

A sham-controlled, double-blind online TUS design was implemented, incorporating inter-156 
subject trial-level counterbalancing. Full details on counterbalancing and task structure are 157 
provided in Supplementary Fig. 5.  158 

The sham condition involved an auditory stimulus played over speakers, also present 159 
during TUS trials as an auditory mask. The volume was set uniformly across participants and was 160 
experienced as quite loud but not intolerable. This sound was designed to replicate the 161 
experiential qualities of our TUS protocols as closely as possible. Both the auditory stimulus and 162 
the code to generate it are publicly available here: https://doi.org/10.5281/zenodo.14052159. The 163 
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PsychoPy63 IDE for Python was used to administer sham/auditory masking and TUS, set TUS 164 
parameters, and to record participants’ responses.  165 

The standard TUS protocol (Fig. 1D, bold) was applied using transducer 250-2CH at a 250 166 
kHz fundamental frequency (f0) with a square wave pulse repetition frequency (PRF) of 5 Hz, pulse 167 
repetition interval (PRI) of 200 ms, a pulse duration (PD) of 100 ms, a duty cycle (DC) of 50%, and 168 
a pulse train duration (PTD) of 1 second. The spatial-peak pulse-average intensity (ISPPA) was 19.72 169 
W/cm2, and the corresponding near-field intensity in the scalp (ISPPA.SCALP) was 13.06 W/cm2. An 170 
inter-trial interval of approximately 10 seconds was used. All conditions adhered to ITRUSST 171 
recommendations for biophysical safety64 (see Supplementary Table 1 for safety metrics). To 172 
identify strategies to mitigate the somatosensory confound, we investigated multiple facets of 173 
this standard protocol, as well as transducer characteristics. Each section below describes a 174 
diaerent investigation.    175 
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 176 

Fig. 1. | TUS experimental setup and methodology. (A) Representative acoustic simulation of temporal lobe white 177 
matter targeting, depicting the min-max normalised -3dB (full-width half-maximum) intensity profile for 250 kHz 178 
stimulation. (B) Experimental setup. (C) Experimental task. Top: yes/no questions used to estimate sensory thresholds 179 
(psychometric curve not visible to participant). Bottom: visual analogue scales. First, the overall holistic experience of 180 
somatosensory co-stimulation is captured with the ‘general’ VAS. Here, we determine whether TUS was felt only 181 
slightly, or very strongly. Next, subscales for tactile, thermal, and painful sensations capture the constituent sensory 182 
components specifically. (D) TUS protocol. Manipulated parameters are noted, with the standard protocol depicted in 183 
bold/black. Each parameter is manipulated separately while the other parameters remained standard with one 184 
exception: when investigating diUerent PRFs, full ramping was applied at each level. (E) Full-field hydrophone 185 
measurements for each transducer to quantify the intended transcranial acoustic field. The highlighted band reflects 186 
the transducer near-fields. (F) Near-field higher-resolution hydrophone measurements for each transducer, used to 187 
equalise exposure in the scalp. Gel-pad thickness (blue) for each transducer and the scalp (beige) are depicted. The 188 
gel-pad thicknesses, focal depths, and absolute stimulation intensities were adjusted such that the integrated 189 
maximum/total intensity in the scalp was equalised between transducers (see Supplementary Fig. 1-2 for details).    190 
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2.5.1. Dose & dose modality (intensity/pulse duration) 191 

We heuristically defined dose as exposure, that is, the integrated spatial-peak pulse-average 192 
intensity in the scalp (∫ 𝐼!""#_!%#&") over the PTD. While recent discussions in the field distinguish 193 
between exposure and absorbed, equivalent, and eaective dose65 – each accounting for 194 
interactions with biological tissue – we use the broader term ‘dose’ here for simplicity. Dose is 195 
given by the formula:  196 

𝐷𝑜𝑠𝑒 = 𝑃𝐷 ⋅ 𝑃𝑅𝐹	 ⋅ 𝑃𝑇𝐷	 ⋅ 	 𝐼!""#.!%#&"  197 

 We applied stimulation at four doses: 3.3/6.5/9.8/13.1 J/cm2. The same dose was 198 
achieved via manipulation of two ‘dose modalities’: ISPPA.SCALP and pulse duration (PD). We 199 
included dose modality to determine whether somatosensory co-stimulation was influenced by 200 
‘dose sharpness’, i.e., the speed of equal dose delivery through shorter and higher intensity 201 
pulses versus longer and lower intensity pulses. Here, the interaction between ‘Dose’ and ‘Dose 202 
Modality’ (ISPPA.SCALP/PD) can yield insight into whether increasing intensity versus pulse duration 203 
has a diaerent eaect on the magnitude of somatosensory co-stimulation. Levels for ISPPA.SCALP were 204 
6.5/13.1/19.6/26.1 W/cm2, with PD = 100 ms held constant (‘PD 100ms’). Levels for pulse duration 205 
were 50/100/150/200 ms, with ISPPA.SCALP = 13.1 W/cm2 held constant (see Fig. 1D).  206 

 207 

2.5.2. Amplitude modulation (ramping) 208 

We determined the eaect of ramping on sensory thresholds by comparing square-wave 209 
modulated TUS with tapered cosine ramped amplitude modulation durations of 1 ms 210 
(0.01*PD100ms), 10 ms (0.1*PD100ms), and 50 ms (0.5*PD100ms; maximum ramping).  211 

 212 

2.5.3. PRF 213 

PRFs were administered at 5/10/50/100/200/500/1000 Hz, covering the range of typically applied 214 
PRFs in the human literature to date3,11,14,66. Here, amplitude modulation consisted of a fully 215 
smoothed Tukey ramp (PD = PRI; tapered cosine ramp duration = 0.5⋅PRI), creating a more 216 
narrowband frequency distribution for the administered PRF, in contrast to the wider frequency 217 
distribution of square-wave pulse envelopes. 218 

 219 

2.5.4. Fundamental frequency (f0) 220 

Stimulation was applied at 250 and 500 kHz using two transducers (250-2CH & 500-2CH). Focal 221 
depths, intensities, and gel-pad thicknesses were adjusted to optimise comparability and 222 
account for varying intensity (distribution) in the scalp between the two transducers (see Fig. 1F 223 
and Fig. 5). The dose-response relationship was mapped for 500 kHz, similar to 250 kHz, by 224 
manipulating the ISPPA.SCALP (18.5/30.8/43.1 W/cm2; Supplementary Fig. 8). 225 

 226 
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2.5.5. Transducer aperture area 227 

The impact of aperture area on somatosensory co-stimulation was investigated by comparing 228 
two transducers with aperture areas of 15.90 and 33.18 cm2 (250-2CH & 250-4CH), each applying 229 
the same integrated total intensity to the scalp. The larger aperture transducer spread this energy 230 
over a wider area, thus reducing the intensity per unit area.  231 

 232 

2.5.6. Near-field peak amplitude  233 

The annular arrays commonly used in human TUS research can produce near-field intensity 234 
peaks when the focus is steered axially. We quantified the impact of these near-field peaks on 235 
peripheral somatosensory co-stimulation by applying our standard TUS protocol at focal depth 236 
settings of 35.7, 38.3, 40.3 (standard), 42.1, and 44.1 mm. These depths corresponded to 237 
manufacturer-reported near-field peak intensities in the scalp of 5.3, 9.4, 13.8, 17.9, and 22.3 238 
W/cm², respectively. 239 

 240 

2.5.7. Temporal summation  241 

To examine whether somatosensory co-stimulation changes progressively throughout an online 242 
experiment, we tested three scenarios. First, we applied the standard protocol at approximately 243 
1-minute intervals over a 10-minute segment of the experiment. Second, we applied the standard 244 
protocol in a series of six consecutive trials. Third, protocols were delivered in inter-subject 245 
counterbalanced sets, or "blocks”, allowing us to compare VAS ratings between consecutive sets 246 
of multiple TUS protocols (see Supplementary Fig. 5 for details).  247 

To investigate possible sustained eaects outlasting the stimulation period, as relevant for 248 
oaline protocols with their longer pulse train durations (PTDs), we extended the PTD to 10 249 
seconds at an ISPPA.SCALP of 5.23 W/cm². Participants continuously reported their sensations on a 250 
VAS throughout this extended PTD, capturing the onset, development, and persistence of 251 
somatosensory co-stimulation in response to sustained stimulation. 252 

 253 

2.6. Analysis 254 

Data were processed, visualised, and analysed with R (v4.4.0). Data and code to reproduce the 255 
results will be provided following peer review. Sham-correction was performed by subtracting the 256 
average VAS rating for sham trials from each trial-level VAS rating per participant (see 257 
Supplementary Fig. 6 for sham). Linear mixed models (LMMs) were fitted to assess main eaects 258 
and interactions for manipulated parameters on VAS ratings and sensory thresholds, typically 259 
with a maximal random eaects structure67. These models were implemented through the lme468 260 
package in R. Statistical significance was set at a two-tailed α=0.05 and computed with t-tests 261 
using the Satterthwaite approximation of degrees of freedom.  262 

 For visualisation, VAS ratings were z-score normalised per participant to account for 263 
individual diaerences. These normalised data were used exclusively for visualisation to match 264 
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the analyses they represent, as the linear mixed models we employed also account for this inter-265 
individual variability.  266 

3. Results 267 

All participants reported feeling tactile, thermal, and painful sensations during the experiment. 268 
One participant experienced psychological distress unrelated to TUS and discontinued 269 
participation; their data was not analysed. Another participant displayed skin irritation at the 270 
stimulation site after participation, which resolved within a few hours. There were no further 271 
adverse events.  272 

 273 

3.1. Qualitative characterisation of the somatosensory confound 274 

On a closed psychometric questionnaire, more than half of participants reported warmth, 275 
buzzing, prickling, sharpness, electric current, vibration, pulsing, stinging, and tingling (Fig. 2). In 276 
response to an open question, the most prevalent sensations were warmth/heat, pain, a 277 
needle/pinprick, prickling, vibration, and electric current/shocks (Fig. 2). These sensations were 278 
measured after completion of the main experiment and therefore pertain to sensory experiences 279 
across the entire experiment. The co-occurrence of these sensations is depicted in 280 
Supplementary Fig. 7. 281 

 This somatosensory co-stimulation likely arises from direct stimulation of 282 
mechanoreceptors and sensory fibres, which are present in greater density at the temples as 283 
compared to the top of the scalp. TUS applied over the temples may additionally engage 284 
trigeminal ganglion cell bodies. Indeed, two participants reported referred sensations to their 285 
teeth and nose, respectively.  All subsequent results we discuss pertain to the trial-by-trial VAS 286 
ratings (general/tactile/thermal/painful) during the main experiment.  287 

 Tactile sensations were rated significantly higher on the VAS than thermal and painful 288 
sensations for each applied intensity (Fig. 3; all p < 0.001). Thermal and painful sensations did 289 
not diaer significantly for lower doses (i.e., 3.3 and 6.5 J/cm2), but painful sensations became 290 
significantly more salient than thermal sensations at higher doses (i.e., 9.8 and 13.1 J/cm2, all p < 291 
0.001, Fig. 3A), potentially resulting from hyperactivation of receptor structures including those 292 
innervating A-b fibres51,69, or from central prioritisation of pain processing.  293 
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 294 

Fig. 2. Characterisation of peripheral somatosensation during TUS. Descriptors were acquired via questionnaires 295 
completed after the main experiment. Here, participants retrospectively reported on all sensations they experienced 296 
across the entire session, encompassing all administered protocols collectively. Bars depict the percentage of 297 
participants who reported a given sensation on a closed psychometric questionnaire. The word cloud depicts 298 
descriptors mentioned in response to an open question, with size reflecting the frequency of a given descriptor. 299 

 300 

3.2. Dose-response relationship of somatosensory confounds 301 

For both 250 and 500 kHz TUS, linear mixed models revealed that higher doses resulted in more 302 
peripheral somatosensation, as quantified by VAS ratings. At 250 kHz f0, four dose levels were 303 
tested (Fig 3B; 3/6/9/12 J/cm2). Dose was manipulated along two modalities, by increasing either 304 
intensity or pulse duration. A three-way LMM with a random intercept for Dose, Dose Modality, 305 
and Sensation Modality revealed a significant three-way interaction (F(2,4662) = 5.91, p = 0.003, 306 
ηp

2 = 0.003). Follow-up two-way LMMs with Dose and Dose Modality as predictors all revealed a 307 
significant main eaect of Dose (all p < 0.0001). At a 500 kHz fundamental frequency (f0), there was 308 
a significant eaect of Dose, manipulated solely though ISPPA.SCALP, for each Sensation Modality 309 
(Supplementary Fig. 8; all p < 0.001).  310 

While these findings show that reducing dose can ameliorate the somatosensory 311 
confound across fundamental frequencies, it also poses a risk of diminishing the intended 312 
central nervous system neuromodulation. Importantly, our experiments also revealed 313 
opportunities to minimise the somatosensory confound while maintaining dose. For example, we 314 
found that ‘dose sharpness’, quantified as the ratio of peak intensity to duration at equivalent 315 
dose, predicts tactile somatosensory co-stimulation, which is the most prominent (Fig. 3B). Here, 316 
at equivalent doses, interactions reveal that shorter and higher intensity pulses cause more 317 
tactile somatosensation than longer and lower intensity pulses (Dose x Dose Modality: 318 
F(1,1522.2) = 15.5, p < 0.0001, ηp

2 = 0.01), with follow-up LMMs showing significant diaerences 319 
between Dose Modality for the lowest and highest conditions (Dose = 3.3: F(1,374) = 7.03, p = 320 
0.008, ηp

2 = 0.018; Dose = 13.1: F(1,373) = 10.3, p = 0.001, ηp
2 = 0.027). We note that this 321 
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relationship was significant for tactile sensations but was absent for painful and thermal 322 
sensations. Here, dose sharpness is experienced as ‘tapping’ rather than pain or heat. Thus, 323 
tactile sensations can be minimised while maintaining dose by favouring longer pulses with lower 324 
intensities over short pulses with higher intensities.  325 

 326 

Fig. 3. Dose-response of somatosensory confounds. (A) Dose-response of the somatosensory confound (250 kHz). Peripheral 327 
sensations become stronger as dose increases, both when increasing dose via intensity (left) and pulse duration (right) 328 
modalities. Tactile sensations are felt the earliest and the strongest. At higher doses, painful sensations become significantly 329 
stronger than thermal sensations. Points represent mean z-scored VAS ratings, error bars depict the standard error. (B) For 330 
tactile sensations specifically, higher ‘dose sharpness’ elicits stronger sensations. That is, shorter, higher intensity pulses cause 331 
more tactile sensations than longer, lower intensity pulses. Data reflect the absolute diMerence in VAS rating for the darker pulse 332 
waveform compared to the lighter pulse waveform. (C) Distribution of absolute VAS ratings across all conditions of the 333 
experiment, including participant ratings for the magnitude of co-stimulation they felt overall (i.e., general), as well as subscales 334 
for tactile, painful, and thermal sensations. 335 

 336 
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3.3. Pulse shaping & temporal characteristics  337 

3.3.1. Amplitude modulation (ramping) 338 

Ramping significantly decreased the somatosensory confound (Fig. 4A; F(3,72) = 8.46, p < 339 
0.0001, ηp

2 = 0.261), resulting in less sensation in response to 10 and 50 ms of tapered cosine 340 
amplitude modulation compared to square wave modulation (10 ms: p = 0.023; 50 ms: p < 341 
0.0001; FDR corrected for multiple comparisons). In line with our findings for ‘dose sharpness’, 342 
this result suggests that the gradient of change in TUS amplitude may contribute to tactile 343 
peripheral co-stimulation.  344 

 345 

3.3.2. Pulse repetition frequency (PRF) 346 

Pulse repetition frequencies of 100 Hz and lower were associated with more peripheral 347 
somatosensation (i.e., lower thresholds) than higher pulse repetition frequencies (Fig. 4B). There 348 
was a significant main eaect of PRF on thresholds (F(6,144) = 4.10, p = 0.001, ηp

2 = 0.146; see 349 
Supplementary Table 3 for post-hoc paired comparisons). Sensations for grouped PRFs of 5, 10, 350 
50, and 100 Hz were significantly lower than for PRFs of 200, 500, and 1000 Hz (F(1,24) = 13.6, p 351 
= 0.001, ηp

2 = 0.361). These results suggest that peripheral sensory nerves are preferentially 352 
activated by neurophysiologically relevant PRFs within their endogenous firing rates. 353 

 354 

3.3.3. Temporally summative somatosensory co-stimulation   355 

3.3.3.1. No inter-trial cumulation of somatosensory confounds in an online paradigm  356 

VAS ratings remained stable throughout this online experiment for a single stimulation protocol 357 
interspersed throughout a 10-minute stimulation period (Trial: F(1,24) = 0.061, p = 0.808, ηp

2 = 358 
0.003, BF01 = 30.8), and for six successive trials of the same protocol (F(1,24) = 0.427, p = 0.52, 359 
ηp

2 = 0.017, BF01 = 28.1; see Supplementary Fig. 9). These results also demonstrate the 360 
consistency of the VAS ratings as an outcome measure. When assessing blocks of trials in which 361 
the same set of protocols were administered, VAS ratings also remained consistent over time 362 
(F(1,24) = 1.63, p = 0.214, ηp

2 = 0.064, BF01 = 283.6). In this specific but representative online 363 
experimental paradigm (ITI = 10 s, PTD = 1 s), there was no inter-trial cumulation of the 364 
somatosensory confound.  365 

 366 

3.3.3.2. Cumulation of somatosensory co-stimulation for o:line paradigms  367 

Oaline TUS protocols are typically characterised by longer pulse train durations where 368 
somatosensory co-stimulation may develop as stimulation progresses.  Here, we show that 369 
following participants’ initial response to peripheral co-stimulation, sensations continue to build 370 
steadily until the stimulation ends, whereafter sensations subside almost immediately. Some 371 
minor sensory eaects persist for a few seconds before returning fully to baseline.  372 

 373 
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 374 

Fig. 4. Pulse shaping & temporal characteristics. (A) Ramping for 10 and 50 ms significantly reduced the 375 
somatosensory confound. Normalised thresholds are depicted on a flipped y-axis, where visually higher points reflect 376 
stronger sensations (i.e., lower thresholds). The histogram depicts the average threshold as a percentage, and the 377 
pulse envelopes illustrate the integrated intensity as a percentage, both as compared to a square-wave pulse. (B)  378 
Higher pulse repetition frequencies (PRFs) elicited significantly less somatosensory co-stimulation than lower PRFs. 379 
(C) After a sharp initial incline, somatosensory co-stimulation increases steadily during a 10 second PTD, indicating 380 
that somatosensory confounds may develop over the longer PTDs typically used in oUline protocols. (D) 381 
Somatosensory co-stimulation remains constant across repeated sets (‘blocks’) of protocols, demonstrating that 382 
there is no inter-trial temporal summation of somatosensory co-stimulation in this online protocol. Additionally, there 383 
was no inter-trial temporal summation for identical protocols applied consecutively, nor when interspersed throughout 384 
the experiment (see Supplementary Fig. 9). Points represent condition means and error bars depict the standard error.  385 

 386 

3.4. Transducer-specific characteristics  387 

3.4.1. Fundamental frequency & biophysical mechanisms  388 

TUS at a 500 kHz f0 elicited significantly less somatosensory co-stimulation than a 250 kHz f0, 389 
regardless whether the maximum or total integrated intensity in the scalp was equalised (Fig. 5A; 390 
∫max.: F(1,24) = 97.6, p <0.0001, ηp

2 = 0.803; ∫total: F(1,24) = 58.7, p <0.0001, ηp
2 = 0.71). 391 

Therefore, increasing f0 can decrease somatosensory confounds. 392 

 We note that the direction of this relationship suggests that particle displacement may 393 
be a primary biophysical mechanism driving peripheral neuromodulation, as this biophysical 394 
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eaect is stronger at lower fundamental frequencies70. To further test this hypothesis, we 395 
investigated whether somatosensory co-stimulation scaled with pressure (~particle 396 
displacement) or intensity (~ARF). Specifically, we compared non-nested LMMs using intensity 397 
(𝐼) or pressure (√𝐼) as a predictor. Across all Sensory Modalities, we found that pressure was 398 
>90% likely to better explain the variance in our data than intensity (general: ΔAIC = 10.8, w = 399 
0.995; tactile: ΔAIC = 9.7, w = 0.992; thermal: ΔAIC = 5.9, w = 0.949; painful: ΔAIC = 4.9, w = 0.921).  400 

 401 

3.4.2. Transducer aperture area 402 

A larger aperture area four-element annular array transducer (33.18 cm2) elicited significantly 403 
less somatosensory co-stimulation than a smaller two-element transducer (15.90 cm2) when 404 
equalising the integrated total intensity in the scalp (Fig 5B; F(1,24) = 40.5, p < 0.0001, ηp

2 = 0.628). 405 
Decreasing the intensity per unit area in the near-field using larger aperture transducers can 406 
maintain transcranial intensities while minimising peripheral somatosensory confounds. 407 

 408 

3.4.3. Near-field peaks  409 

The amplitude of near-field peaks in the scalp – sometimes caused by axial steering with 410 
commonly used annular arrays – significantly impacts peripheral somatosensory co-stimulation 411 
(F(1,24) = 37.9, p < 0.0001, ηp

2 = 0.612). Greater near-field peak amplitudes present at higher focal 412 
depths for this transducer (250-2CH) resulted in more somatosensation (Fig. 5C). These 413 
sensations could be eliminated by minimising near-field peaks in the scalp through improved 414 
transducer manufacturing and/or using an appropriate combination of axial steering and 415 
coupling medium oaset.  416 

 417 

Fig. 5. Transducer-specific parameters. (A) Higher fundamental frequencies elicit significantly less somatosensory co-418 
stimulation, both when the integrated maximum intensity (bottom left) and integrated total intensity (bottom right) in 419 
the scalp are equalised. (B) A larger aperture area transducer delivering an equal integrated total intensity (bottom) 420 
also elicited less co-stimulation. (C) Higher magnitude near-field intensity peaks caused by axial steering to larger focal 421 
depths for this transducer elicited more somatosensory co-stimulation. On the lower panel, white lines indicate the 422 
manufacturer axial profile measurements for the applied focal depths. Points indicate conditions means and error bars 423 
depict standard error.    424 
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4. Discussion 425 

In this pre-registered54 study, we present evidence of peripheral somatosensory confounds 426 
during TUS in humans. A comprehensive understanding of the nature of these confounds and the 427 
conditions under which they arise is necessary to conduct well-controlled, robust, and minimally 428 
burdensome TUS research. Therefore, we systematically mapped the confound parameter space 429 
and demonstrated that somatosensory co-stimulation can be minimised by avoiding near-field 430 
peaks in the scalp, spreading energy across a greater area of the scalp, using ramped pulses, 431 
lowering ‘dose-sharpness’, and administering higher pulse repetition frequencies, higher 432 
fundamental frequencies, and lower doses. We also identify particle displacement as a putative 433 
biophysical driving force behind peripheral somatosensory confounds. With appropriate 434 
mitigation strategies, somatosensory co-stimulation can be minimised while maintaining 435 
meaningful TUS doses. Our findings lay the foundation for TUS parameter optimisation to 436 
enhance specificity and reliability in research and clinical settings.  437 

 438 

4.1. Dose-response of the somatosensory confound 439 

All participants experienced tactile, thermal, and painful sensations, with common descriptors 440 
including ‘buzzing’, ‘prickling’, ‘sharpness’, and ‘electric current’ (Fig. 2). Note that any noxious 441 
sensations are not caused by biological damage, and these sensations not present for all 442 
protocols. The primary determinant of somatosensory confounds is dose, defined as the integral 443 
of intensity over the pulse train70. This definition also aligns with the term ‘exposure’, whereas a 444 
more precise account of dose (e.g., absorbed, equivalent, or eaective) would consider 445 
interactions with biological tissues (see Nandi et al., 2025)65. Nonetheless, the broader term 446 
‘dose’ is used here for simplicity. Higher doses amplify the somatosensory confound, both when 447 
the achieved by increasing intensity or pulse duration, suggesting that these modalities are, to 448 
some extent, interchangeable components of dose.   449 

Without adequate controls, observed eaects may be erroneously attributed to 450 
transcranial neuromodulation, while their causative origin lies in peripheral confounds. Indeed, 451 
such misinterpretations have already arisen in the context of the TUS auditory confound14. The 452 
challenge, then, lies in determining how best to minimise this confound without simply reducing 453 
dose, which risks compromising the intended neuromodulatory eaects in the brain. Multiple 454 
strategies for addressing this challenge are discussed below.  455 

 456 

4.2. Pulse shaping & temporal characteristics 457 

Reducing ‘dose sharpness’ by delivering an equivalent dose with longer, lower-intensity pulses 458 
instead of shorter, higher-intensity pulses eaectively minimises tactile co-stimulation, which is 459 
the most prominent somatosensory confound (Fig. 3). Note that there likely remains an absolute 460 
minimum intensity required for neuromodulation, and excessively high duty cycles may negate 461 
certain pulse repetition frequency (PRF) related eaects71,72. Nonetheless, several studies 462 
demonstrate that increasing dose through longer pulse durations can also reliably produce 463 
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robust TUS eaects27,71–73, and this therefore constitutes one avenue for somatosensory confound 464 
mitigation.  465 

 In addition, ramping the pulse envelope can eaectively reduce somatosensory confounds 466 
by more than 50% (Fig. 4A). Specifically, we show that 10 and 50 ms tapered cosine ramps 467 
significantly increase sensory thresholds. However, it is important to note that ramping inherently 468 
reduces dose by lowering the intensity integral in proportion to the ramp length. There may be a 469 
trade-oa wherein the benefits of confound minimisation become outweighed by the reduction in 470 
dose beyond a given tipping point. In the present study, a 10 ms ramp duration oaered the optimal 471 
balance: confounds were reduced by ~45%, while dose was only marginally reduced by 12.5%, 472 
compared to a square-wave envelope. Previous studies have demonstrated that eaective CNS 473 
neuromodulation remains feasible with ramped pulses8,27,74–76, thus supporting the viability of 474 
ramping for mitigation of somatosensory confounds, in addition to its well-established eaicacy 475 
for auditory confounds24,26,27,77.  476 

 Pulse repetition frequencies (PRFs) of 200 Hz and higher elicited ~30% less sensations 477 
than lower frequencies, suggesting that PRF can be tuned to minimise the somatosensory 478 
confound (Fig. 4B). Importantly, the dependence of co-stimulation magnitude on PRF suggests a 479 
relationship to endogenous neurophysiological firing rates74,78. For example, perhaps Type 1 480 
rapidly adapting mechanoreceptors were preferentially activated in this study, given their 481 
sensitivity to the lower range of the applied PRFs79,80. Diaerent PRFs may elicit distinct eaects in 482 
relation to mechanoreceptive frequency sensitivity and firing rates36. Although higher PRFs can 483 
reduce co-stimulation, they are associated with stronger auditory confounds and oaer limited 484 
opportunities for ramping, which our results suggest could be a more eaective mitigation 485 
approach. Nonetheless, PRF can be considered as one of several parameters that can be 486 
optimised, with higher PRFs remaining capable of eliciting convincing neuromodulatory 487 
eaects11,81. 488 

 Over longer timescales, somatosensory co-stimulation may develop progressively. 489 
Indeed, we show that longer pulse train durations, commonly used in oaline TUS protocols, can 490 
elicit a gradual buildup of co-stimulation. Dividing these protocols into segments could mitigate 491 
this eaect. For example, intermittent TUS protocols, such as the ‘accelerated theta-burst’ 492 
protocol, successfully incorporate 30-minute intervals between pulse trains82. 493 

 In contrast, there was no inter-trial cumulation of co-stimulation throughout this online 494 
experiment. Bayesian analyses strongly indicated equivalence in VAS ratings for identical 495 
protocols delivered successively or interspersed throughout trials, and between consecutive 496 
sets of protocols. The absence of inter-trial cumulation validates the feasibility of trial-based 497 
study designs where conditions are repeated over time.  498 

 499 

4.3. Transducer-specific parameters 500 

Intensity peaks in the transducer near-field can significantly contribute to peripheral co-501 
stimulation and should be circumvented. These near-field peaks are common for the transducers 502 
widely employed in human TUS research, such as the annular arrays used in this study. Our 503 
findings show that, as the focal depth for our annular array transducer increased, so did both 504 
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near-field peaks and somatosensory confounds (Fig 5C, lower panel). For currently available 505 
transducer designs, it is crucial to consider the transducer-specific focal depths at which these 506 
peaks occur and ensure they do not overlap with peripheral nerve structures. This can be 507 
achieved by selecting an appropriate combination of focal depth and coupling medium 508 
thickness.  509 

The spread of intensity across the scalp can also be exploited to minimise confounds. 510 
Specifically, we show that a 33.18 cm2 aperture area transducer evoked substantially less 511 
somatosensation than a 15.9 cm2 aperture area transducer delivering the same integrated total 512 
intensity in the scalp. Multi-transducer constellations and hemispheric arrays7–9,83,84 can 513 
therefore also be expected to circumvent peripheral somatosensory confounds, ostensibly up to 514 
very high transcranial intensities, without a substantial impact on CNS neuromodulation.  515 

Finally, higher fundamental frequencies (500 kHz) produced fewer somatosensory 516 
confounds than lower frequencies (250 kHz), even when integrated maximum and total 517 
intensities in the scalp were equalised. Importantly, the intensity in the brain was higher for 500 518 
kHz stimulation, thus demonstrating that higher frequencies maintain their advantage in 519 
reducing somatosensory confounds even if considering diaerences in acoustic transmission. 520 
Reduced co-stimulation compared to 250 kHz could be influenced by factors including smaller 521 
near-field volumes (5x) and potential destructive interference in the scalp caused by reflections 522 
oa the skull for 500 kHz (λ = 3 mm) but not for 250 kHz (λ = 6 mm) where wavelength more closely 523 
matches scalp thickness. However, where these factors can be controlled, for example during 524 
ultrasound of the fingertip, lower frequencies are also more eaective in eliciting sensations34–525 
37,42,51,51,52. While we cannot assert whether the primary or secondary characteristics of 526 
fundamental frequency drive our results, there undoubtedly remains a practical advantage of 527 
higher frequencies for confound mitigation. Importantly, there remains a dose-response eaect at 528 
500 kHz, highlighting that increasing frequency is not a one-stop solution for somatosensory 529 
confounds.  530 

 531 

4.4. Particle displacement as a primary biophysical driving force underlying peripheral 532 

somatosensation 533 

The systematic parameter optimisation approach taken here presents a valuable opportunity to 534 
infer the primary biophysical eaects that drive neuromodulatory eaicacy by leveraging known 535 
parameter-biophysics relationships. This approach is one of the few viable methods for making 536 
such inferences in healthy human populations. However, limited conclusions can be drawn 537 
based on this study alone, and it remains an open question whether peripheral biophysical 538 
parameter-eaect relationships will translate to the central nervous system.  539 

 Putative biophysical mechanisms include acoustic cavitation, particle displacement, 540 
acoustic radiation force (ARF), and their respective strain. Cavitation is an unlikely mechanism, 541 
as somatosensory co-stimulation occurred well below the cavitation threshold, and empirically 542 
observed cavitation is not related to evoked sensations during ultrasound directly focused at the 543 
PNS34. ARF is dependent on absorption and scales with f0 and intensity70. However, we observed 544 
eaects that were inversely related to f0 and scaled linearly with pressure. The observation of 545 
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stronger eaects at lower fundamental frequencies that scale with pressure implicate particle 546 
displacement over ARF as the primary driving force behind peripheral somatosensory co-547 
stimulation, in line with findings from peripherally targeted ultrasound34–36. 548 

 This preliminary evidence for particle displacement as a primary biophysical mechanism 549 
does not preclude a complementary role of ARF (strain). In fact, ARF may particularly contribute 550 
to tactile sensations, which were most pronounced at a higher ‘dose sharpness’ and in absence 551 
of ramping. Here, the sharper (temporal gradient of) ARF displacement could resemble a light 552 
‘tap’ that peripheral mechanoreceptors are highly sensitive to. Nonetheless, the increase in 553 
sensations with longer pulse durations across all modalities indicates that a temporally stable 554 
component – either sustained ARF displacement or, more likely, the sign-alternating ultrasonic 555 
stimulus itself – also contributes to these eaects.  556 

 It is likely that multiple biophysical eaects of ultrasound work in tandem to drive 557 
(peripheral) neuromodulation. Future parametric studies can help us converge on a unified 558 
theory of key biophysical mechanisms. This pursuit will be critical to identify the principal 559 
biophysical eaects in PNS and CNS neuromodulation, thus allowing for optimisation of TUS 560 
eaicacy in the CNS while minimising eaects on the PNS. For instance, if ARF were ultimately 561 
identified as a central CNS mechanism, as has been suggested34,45,85,86, then adaptation towards 562 
higher sub-MHz frequencies and ARF interference setups87 would become strong avenues to 563 
maximise eaective dose.  564 

 565 

4.5. Limitations 566 

This study deliberately applied TUS in a manner expected to cause stronger somatosensory co-567 
stimulation to avoid floor eaects and have suaicient sensitivity to detect the eaects of changes 568 
in stimulation parameters. Specifically, we used lower frequencies (250 kHz), included near-field 569 
intensity peaks, and stimulated through the temporal window where somatosensory co-570 
stimulation is more pronounced. Additionally, participants focused on co-stimulation, rather 571 
than on a cognitive task that might have reduced confound salience, though this does not negate 572 
risks of cueing or ineaective blinding. By operating under conditions that amplify confounds, we 573 
reliably mapped parameter-confound relationships, thereby providing actionable strategies to 574 
minimise co-stimulation that will also hold at lower confound levels.  575 

 Furthermore, we did not directly assess the eaicacy of (in)active control conditions or 576 
alternative interventions such as topical anaesthetic in blinding participants to stimulation.  The 577 
latter is unlikely to fully ameliorate (painful) somatosensory co-stimulation considering its 578 
primary eaects on C-fibres37 and its limited eaicacy to this end for transcranial electric 579 
stimulation88. Nevertheless, further research is needed to empirically support optimal controls 580 
for somatosensory confounds when present.  581 

 582 

 583 
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4.6. Somatosensory confound mitigation strategies  584 

We propose the following workflow to minimise and control for somatosensory confounds in 585 
human TUS research. First, the likelihood of peripheral confounds should be assessed during 586 
study piloting. If somatosensory co-stimulation is likely, researchers can determine whether 587 
transducer-specific characteristics like near-field intensity peaks and energy dispersion in the 588 
scalp can be adapted to circumvent confounds. These interventions will have little-to-no impact 589 
on CNS neuromodulatory eaicacy. Next, pulsing parameters can be optimised by introducing 590 
ramping and decreasing ‘dose sharpness’. If somatosensory confounds persist, researchers can 591 
consider adjusting fundamental frequency, PRF, or dose itself (Fig. 6). However, undesired impact 592 
on CNS neuromodulation should be carefully considered for these manipulations. For example, 593 
fundamental frequency selection should holistically balance the required target spatial 594 
resolution, as well as the relevant safety metric boundaries, desired primary biophysical eaects, 595 
and practical constraints59,70,71. 596 

 Robust control conditions will be required in cases where the somatosensory confound 597 
cannot be fully alleviated. Common sound-only sham conditions will not suaiciently mimic 598 
somatosensory co-stimulation. Therefore, active or inactive control stimulation sites are 599 
preferred, where this limitation is addressed by precisely replicating auditory and somatosensory 600 
confounds without delivering eaective dose. Defocusing the transducer may also be an eaective 601 
control technique, though this is not possible for all transducers. Furthermore, care should be 602 
taken that there is a similar intensity profile in the scalp during verum and control conditions. 603 
Using these controls, we can make substantiated inferences on direct neuromodulatory eaects, 604 
even when peripheral confounds are present.  605 

 606 

 607 
Fig. 6. Approaches to minimise TUS peripheral confounds in order of risk of influencing neuromodulation in the brain. 608 
Conditions under which somatosensory co-stimulation is less pronounced are illustrated in green.  609 

  610 
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Conclusion  611 

Managing somatosensory confounds is critical to minimise participant burden and ensure valid 612 
and replicable findings as TUS research progresses toward higher doses, more frequent 613 
transducer placement at the sensitive temples of the head, and smaller transducers. This study 614 
characterises the range of somatosensory co-stimulation experienced during TUS and identifies 615 
eaective mitigation strategies. These include reducing near-field intensity peaks in the scalp, 616 
dispersing energy across the scalp, ramping the pulse envelope, and lowering ‘dose sharpness’. 617 
Higher pulse repetition frequencies, higher fundamental frequencies, and lower doses further 618 
minimise these eaects. Where confounds cannot be fully resolved, robust control conditions, 619 
such as (in)active controls that replicate auditory and somatosensory confounds, are essential 620 
to isolate direct neuromodulatory eaects. By adopting these strategies, researchers can enhance 621 
the reliability of TUS research and accelerate eaective ultrasonic neuromodulation in scientific, 622 
commercial, and clinical domains. 623 

  624 
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Data availability 625 

Data and code to reproduce the results reported in this study will be made available following 626 
peer review.  627 
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Supplementary Table 1 | TUS specifications per ITRUSST standardised reporting1 guidelines  

Transducer and drive system parameters  

Transducer 
Centre 
frequency 

Radius of 
curvature 

Aperture 
diameter 

Number of 
elements Element distribution Matching Drive system 

250-2CH* 250 kHz 45 mm 45 mm 2 annular array, bowl, 
equal area 

2-channel electrical impedance 
matching network using a 4-to-2 
combination network  

TPO-203-035 

500-2CH* 500 kHz 45 mm 45 mm 2 annular array, bowl, 
equal area 

2-channel electrical impedance 
matching network 

TPO-105-010 

250-4CH* 250 kHz 64 mm 64 mm 4 annular array, bowl, 
equal area 

4-channel electrical impedance 
matching network 

TPO-105-010 

*Manufacturer: Sonic Concepts Inc., Bothell, WA; Supplier/support: BrainBox Ltd., Cardi@, UK.  

 
Driving system settings  

Transducer 
Operating 
frequency TPO output ISPPA setting Measured ISPPA* Measured ISPPA.SCALP* Focal position setting 

250-2CH 250 kHz 12.5 W/cm2 
25 W/cm2 
37.5 W/cm2 
50 W/cm2 

9.86 W/cm2 
19.72 W/cm2 
29.59 W/cm2 
39.45 W/cm2 

6.53 W/cm2 
13.06 W/cm2 
19.59 W/cm2 
26.13 W/cm2 

35.7 mm 
38.3 mm 
40.3 mm 
42.1 mm 
44.1 mm 

500-2CH 500 kHz 30 W/cm2 
50 W/cm2 
70 W/cm2 

32.57 W/cm2 
54.29 W/cm2 
76.00 W/cm2 

18.47 W/cm2 
30.78 W/cm2 
43.09 W/cm2 

33.2 mm 

250-4CH 250 kHz 33.1 W/cm2 28.94 W/cm2 13.82 W/cm2 30.4 mm 

*Hydrophone measurements were made to determine the actual ISPPA value in free-water. These values are used throughout the article.  
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Free field pressure parameters  

Transducer 
Measured 
field 

ISPPA 
(W/cm2)* 

Position of 
ISPPA (mm)** 

volume  
-3dB (mm3) 

lateral  
-3dB (mm) 

axial  
-3dB (mm) 

volume  
-6dB (mm) 

lateral  
-6dB (mm) 

axial  
-6dB (mm) 

250-2CH full 23.669  37 745.5 5.59 31.48 2771.25 8.33 52.79 
near 15.676 9.5 51.22 3.07 7.05    

500-2CH full 32.574 33.5 152.5 3.47 17.65 551.25 5.23 29.17 
near 18.468 6.75 11.64 1.97 3.96    

250-4CH full 26.229 28 223.25 3.85 19.05 770.63 5.41 35.79 
near 12.527 12.5 31.19 2.06 13.48    

 

*The ISPPA was calculated for a TPO interface ISPPA setting of 30 W/cm2. ISPPA for the full-field measurement is relevant to the focal region in the brain, while ISPPA for the near-field 
measurement refers to the peak-intensity in the near-field relevant for the scalp. This is referred to as ISPPA.SCALP in the main text.  
**The axial position of the ISPPA relative to the exit plane of the transducer.  

 

Upper-bound safety metrics 

Transducer 
Max. free-
water ISPPA  

ISPPA_TC_SIM 
(%transmission)1 MITC_SIM

2 MITC_EST Max. ISPPA.SCALP  MISCALP_EST4 Max. TR5 CEM 43°C6 
250-2CH 39.45 W/cm2 17.1 W/cm2 (43.5%) 1.43 1.62 26.13 W/cm2 1.83 0.95 °C 1.17e-05 
500-2CH 76.00 W/cm2 26.8 W/cm2 (35.3%) 1.27 1.33 43.09 W/cm2 1.66 1.07 °C 1.09e-05 

 
Safety metrics are calculated for upper-bound stimulation parameters (i.e., highest doses) to demonstrate the safety of all protocols administered during this study.  
1Representative simulated transcranial ISPPA in the brain.  
2Representative simulated transcranial mechanical index (MITC_SIM) in the brain.  
3Estimated transcranial mechanical index (MITC_EST) using the open-source TUS calculator:  https://www.socsci.ru.nl/fusinitiative/tuscalculator/.  
4Estimated mechanical index in the scalp (MISCALP_EST) using the open-source TUS calculator: https://www.socsci.ru.nl/fusinitiative/tuscalculator/.   
5Maximum simulated thermal rise (TR). The simulation was run for the highest dose level for both transducers.  
6Thermal dose in cumulative equivalent minutes (CEM) at 43 °C.  
All parameters fall within ITRUSST biophysical safety recommendations2. 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 19, 2025. ; https://doi.org/10.1101/2025.03.19.642045doi: bioRxiv preprint 

https://www.socsci.ru.nl/fusinitiative/tuscalculator/
https://www.socsci.ru.nl/fusinitiative/tuscalculator/
https://doi.org/10.1101/2025.03.19.642045
http://creativecommons.org/licenses/by/4.0/


   
 

   
 

Pulse timing parameters  

Protocol types   Duration Ramp shape Ramp duration Repetition interval (frequency) 
standard/‘dose modality:  

pulse duration’ 
pulse 50/100/150/200 ms none none 200ms (5Hz) 
pulse train 1 s none none 

 

‘temporal summation:  
longer PTD’ 

pulse 100 ms none none 200ms (5Hz) 
pulse train  10 s none none 

 

‘ramping’ pulse 100 ms Tukey 0/1/5/50 ms 200ms (5Hz) 
pulse train  1 s none none 

 

‘PRF’ pulse 1/2/5/10/100/200 ms Tukey 0.5/1/2.5/5/50/
100 ms 

1ms (1000Hz), 2ms (500Hz), 5ms (200 Hz), 
10ms (100Hz), 100ms (10Hz), 200ms (5Hz) 

pulse train  1 s  none   
 

This table depicts the pulse timing parameters for the standard protocol in blue, as well as the relevant timing for manipulated parameters in italics. This includes the investigation of 
dose by varying pulse duration, the longer pulse train duration (PTD) applied to mimic o@line protocols while participants continuously rated somatosensory co-stimulation, ramping, 
and pulse repetition frequency (PRF) where full ramping was administered.  
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Supplementary Table 2 | MRI acquisition parameters  
Scan TR TE FoV read FoV phase voxel N slices 
T1w 2700 ms 3.69 ms 230 mm 128.1% 0.9 mm iso 224 

UTE 3.6 ms 0.07 ms 240 mm 100.0% 0.8 mm iso 320 

This table shows the MRI acquisition parameters. Scans were acquired using a 3T Siemens Skyra MRI scanner (Siemens 
Medical Solutions, Erlangen, Germany) with a 32-channel head coil. Anatomical T1w scans were used for online 
neuronavigation. UTE scans were acquired to generate pseudo-CT images for post-hoc simulation
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Supplementary Table 3 | Post-hoc pairwise comparisons for the eDect of PRF on 
thresholds 

Contrast p value (uncorrected) p value (FDR corrected) 
PRF5 - PRF10 0.4893 0.6146 
PRF5 - PRF50 0.9895 0.9895 
PRF5 - PRF100 0.8800 0.9240 
PRF5 - PRF200 0.0006* 0.0042* 
PRF5 - PRF500 0.0446* 0.0967. 
PRF5 - PRF1000 0.0208* 0.0645. 
PRF10 - PRF50 0.4976 0.6146 
PRF10 - PRF100 0.3998 0.5597 
PRF10 - PRF200 0.0054* 0.0283* 
PRF10 - PRF500 0.1848 0.2986 
PRF10 - PRF1000 0.1023* 0.1952 
PRF50 - PRF100 0.8696 0.9240 
PRF50 - PRF200 0.0006* 0.0042* 
PRF50 - PRF500 0.0460* 0.0967. 
PRF50 - PRF1000 0.0215* 0.0645. 
PRF100 - PRF200 0.0003* 0.0042* 
PRF100 - PRF500 0.0311* 0.0817. 
PRF100 - PRF1000 0.0139* 0.0586. 
PRF200 - PRF500 0.1375 0.2406 
PRF200 - PRF1000 0.2393 0.3590 
PRF500 - PRF1000 0.7555 0.8814 

 

Post-hoc paired comparisons between each applied level of PRF, both without correction for multiple comparison 
(middle column), and with false discovery rate (FDR) correction for multiple comparisons. ‘*’ = significant, ‘.’ = trend. 
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Supplementary Fig. 1 | Full-field hydrophone measurements   

 

Hydrophone measurements of the min-max normalised pulse-average intensity (IPA) for the full acoustic field along the 
axial plane (left) and the lateral cross-section at the focus (right) of each transducer. The original resolution (0.5 mm) 
has been upscaled for visualisation by a factor of 10 using linear interpolation. Intensity distribution lines depict the 
maximum IPA per slice, where the full-width-half-maximum of the ISPPA (FWHM; -3dB) is indicated by the dotted grey line.  
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Supplementary Fig. 2 | Near-field hydrophone measurements  

 

Hydrophone measurements of the min-max normalised pulse-average intensity (IPA) for the near-field at an increased 
resolution of 0.25 mm. These data were used to determine the gel pad thicknesses (blue) and stimulation intensities.  
Note that the bottom-right panel depicts the normalised distributions of the axial maximum intensity for each 
transducer. In practice, the relative stimulation intensities of the transducers were adjusted to achieve comparable 
levels of integrated maximum intensity and integrated total intensity in the scalp (beige) between transducers (see 
main text Fig. 4).  

Near-field hydrophone measurements were required to accurately assess the e>ects of 
fundamental frequency and transducer aperture diameter on peripheral somatosensory co-
stimulation. These investigations involved di>erent transducers with varying intensity profiles, 
which had to be equalised to make valid comparisons.  

To this end, we utilised the integrated maximum and/or total intensity in the scalp (5.5 mm 
width3–5) as a metric to optimise comparability between transducers. First, we identified focal 
depth settings at which the acoustic profiles were most similar (250-2CH: 40.3 mm; 250-4CH: 
30.4 mm; 500-2CH: 33.1 mm). Next, we determined the gel pad thicknesses to optimise 
coherence of acoustic profiles and the integrated maximum and/or total intensity in the scalp 
(250-2CH: 6 mm; 250-4CH: 8 mm; 500-2CH: 4 mm). Finally, we set stimulation intensities in the 
scalp. For equal integrated maximum intensities, we compared fundamental frequencies using 
transducer 250-2CH at 26.13 W/cm2 and transducer 500-2CH at 30.78 W/cm2 ISPPA.SCALP. For equal 
integrated total intensity, the intensity for 500-2CH was increased to 43.09 W/cm2. The intensities 
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used to compare transducer aperture diameter between 250-2CH and 250-4CH were 13.06 
W/cm2 and 13.82 W/cm2 ISPPA.SCALP, respectively.  

Hydrophone measurements were performed using an independent metrology setup 
enabling accurate positioning of a calibrated hydrophone (dx,y,z = 5 µm; HGL 0200, Onda Corp., 
Sunnyvale, USA). The transducer was submerged in degassed, filtered, and deionised water at 
ambient temperature in a plexiglass water tank (150x200x400 mm). A custom probe holder 
ensured orthogonal alignment of the transducer and hydrophone.  

The transducer was set to deliver 250 µs square-wave pulses at a power of 2.5 or 5.0 W 
per channel. These pulses were registered using a PicoScope 5244D (Pico Technology, UK) at a 
sampling frequency of 25 MHz using a custom closed-loop control program triggered by the 
transducer power output system. 

For full-field measurements, line scans were performed with 0.5 mm steps along the 
beam axis, centred on the focus, at distances from 3 to 120 mm relative to the exit plane of the 
transducer. A ~38 mm range was measured across the lateral cross-sections of the ultrasound 
beam. Full-field measurements were acquired to inform transcranial ultrasound for the 
experiment.  

To capture a higher resolution intensity field for depths relevant to peripheral stimulation 
of the scalp, we recorded near-field intensities using 0.25 mm steps for an axial range of 3 to 20 
mm from the transducer exit plane, and a lateral range of ~40 mm. Near-field measurements were 
acquired to inform the gel pad thicknesses and absolute free-water intensities required to 
equalise the integrated maximum intensity and/or integrated total intensity in the scalp.  

 Post-processing involved an FFT-based method to acquire a single average amplitude 
reading for each recorded pulse over the window between the pulse ring-up time and pulse 
cessation. Subsequently, the complete pressure field was spatially filtered along the axial 
direction using a FIR Butterworth low-pass filter to remove oscillating interference caused by 
reflections o> the hydrophone.  

The measured intensities were then re-scaled using the factor 
Powerexperiment/Powerhydrophone.measurement. Next, the location and value of the spatial-peak pulse-
average intensity at the focus (ISPPA) and the peak near-field intensity (ISPPA.SCALP) were extracted and 
the focal dimensions of the -3dB focal region were calculated using in the regionprops3 MATLAB 
function.  

Both full- and near-field measurements were performed for three transducers (i.e., 250-
2CH – TPO-203, 500-2CH – TPO-105, and 250-4CH – TPO-105; see Supplementary Table 2 for 
detailed specifications), at focal depth settings of 40.3, 33.2, and 30.4 mm, respectively. 

 

 

  

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 19, 2025. ; https://doi.org/10.1101/2025.03.19.642045doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.19.642045
http://creativecommons.org/licenses/by/4.0/


   
 

   
 

Supplementary Fig. 3 | Simulations 

Pseudo-CT scans (top left) were generated from UTE scans and used to assign acoustic medium properties. Next, we 
confirmed that the free-field simulations for both 250-2CH and 500-2CH transducers corresponded well with 
hydrophone measurements. We then ran acoustic and thermal simulations for upper-bound stimulation parameters 
to obtain safety-relevant metrics (top right). The transcranial full-width half-maximum (FWHM) intensity for 500 kHz 
stimulation is depicted on the bottom left. The subsequent thermal simulation is depicted on the right.  

 

We ran a representative simulation of acoustic wave propagation for 250 kHz and 500 kHz TUS 
using k-Plan, a user interface for the pseudo-spectral time-domain solver k-Wave6. First, we 
generated a pseudo-CT (pCT) scan from our ultra-short echo time (UTE) MRI scan using the open-
source ‘petra-to-pct’ toolbox (https://github.com/ucl-bug/petra-to-ct)7. Histogram normalisation 
was set to two peaks at a minimum distance of 1000 units and skull mask smoothing was set to 
5 mm.  

 In k-Plan, we first simulated our custom transducer models in free-water and confirmed 
that the full-field intensity profile was comparable to our hydrophone measurements. Next, we 
ran acoustic and thermal simulations to assess acoustic targeting and to estimate upper-
boundary safety metrics for these transducers. The maximum dose was simulated with: PD = 100 
ms, PRI = 200 ms, PTD = 1 s, ISPPA.FREE.WATER = 39.45 W/cm2 (250 kHz) or 76 W/cm2 (500 kHz).  

 The simulated pressure field was exported using the ‘k-plan-matlab-tools’ toolbox 
(https://github.com/ucl-bug/k-plan-matlab-tools). In MATLAB, the intensity field was calculated 

using 𝐼 = 	 !
!

"#$
 , where 𝜌 was 1000 kg/m3 and 𝑐 was 1500 m/s. A full-width half-maximum threshold 

(-3dB) was then applied to the intensity field, and the resulting field was overlaid onto the MRI 
scan.   
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Supplementary Fig. 4 | Thresholding procedure 

 

(A) Flowchart of the custom thresholding procedure. (B) Example thresholding data. For the top panels, the TPO 
interface ISPPA is displayed across trials to demonstrate the operation of the thresholding procedure. Green and red dots 
indicate ‘yes’ and ‘no’ responses respectively to whether the stimulus was felt. The dotted grey line depicts the 
estimated sensory threshold. The bottom panel depicts the fitted psychometric curve over the binary yes/no responses 
after completion of the thresholding procedure. In examples 1 and 2, the participant transitioned between ‘no’ and ‘yes’ 
within the three intermediate stimulus intensities tested in Phase IIA, therefore continuing directly to Parameter 
Estimation by Sequential Testing (PEST; Phase III). In example 3, the participant responded yes to all three intermediate 
intensities, so the lower boundary was re-tested (Phase IIB). Since the response was ‘no’, a slightly higher boundary 
was tested (Phase IIC). Then, the thresholding procedure continued to Phase III.  
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We measured sensory thresholds to precisely capture the e>ects of pulse repetition frequency 
and ramping on somatosensory co-stimulation. Typically, many trials are required to estimate 
sensory thresholds8. In the present experiment, that would have required a prohibitively large 
amount of ultrasonic stimulation. Therefore, we designed a custom thresholding procedure that 
consisted of three phases (Supplementary Fig. 4A).  

 Phase III consisted of five trials where we iteratively fit a logistic, psychometric function 
to the binary response data of all preceding trials using a Parameter Estimation by Sequential 
Testing (PEST) method9,10. We defined the logistic function as:  

𝑃(𝐼) = 	
1

1 + 𝑒%&((%)*)
 

where I is the TPO interface ISPPA value, x0 is the stimulus intensity at which the detection 
probability is an estimated 50%, and k is the slope of the psychometric curve. The curve was fit 
using the ‘curve_fit’ function from the SciPy package in Python. Initial parameter values for x0 and 
k were set to the t-1 stimulus intensity and 1, respectively, to improve convergence. We 
constrained the optimisation with bounds of -5-40 for x0 and 0.01-100 for k.   

 In some cases, participants already reported feeling stimulation at a TPO intensity setting 
of 1 W/cm2, or didn’t report feeling anything from 1-30 W/cm2. In the prior case, Phase IIA re-tested 
this minimum stimulus intensity. If the participant continued to respond ‘yes’, 1 W/cm2 was set 
as their threshold (floor e>ect). When participants did not report feeling anything from 1-30 
W/cm2, in Phase IIA stimulation intensity was increased to 40 W/cm2. If participants still did not 
feel anything, 40 W/cm2 was set as their threshold (ceiling e>ect).  
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Supplementary Fig. 5 | Study procedure and counterbalancing  

 

(A) Study procedure depicting the order of investigations taking place during the main experiment, with the type of 
counterbalancing indicated. (B) Counterbalancing example. We minimised variance in the frequency of conditions 
occurring across trial positions and the direct succession of conditions in one pair occurring more often than another 
pair. The frequency represents the number of participants in which that condition (e.g., square wave) occurs at each 
trial position.  

 

At the beginning of the experiment, participants completed practice trials, including the lowest 
and highest doses for both transducers (250-2CH & 500-2CH), to familiarise themselves with VAS 
ratings and get an idea of what to expect during the experiment.  

Next, di>erent TUS parameters were manipulated in the order specified in Supplementary 
Fig. 5A. This uniform order was used so that any cumulative e>ects of stimulation across the 
experiment were equal for each investigated parameter, such that the total energy applied prior 
to each separate ‘research question’ was the same. To account for any possible interaction 
between temporal summation of peripheral somatosensation over time and di>erences in the 
initial side that 250 kHz and 500 kHz stimulation were applied, the starting side of the two 
transducers was also counterbalanced across participants.  
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Participants took a short break after the ‘temporal summation: longer PTD’ and 
‘amplitude modulation (ramping)’ segments. Transducers were re-positioned and re-coupled at 
these times, as well as prior to the ‘transducer aperture diameter’ segment. Throughout the 
experiment, coupling quality was visually monitored at ~5-minute intervals. 

For all manipulated stimulation parameters except for ‘transducer aperture diameter’, we 
implemented trial-level counterbalancing across participants. First, we generated all possible 
orders of unique condition levels using MATLAB 2019b for each of the following parameters: 
intensity (250 kHz), pulse duration (250 kHz), intensity (500 kHz), near-field peak intensity 
modulated via focal depth, PRF and ramping. We then identified the subset of N = 25 orders that 
would optimise trial-level counterbalancing per condition.  

We evaluated counterbalancing quality via two metrics. First, we determined the 
frequency of each condition being administered at each trial position across participants, aiming 
to minimise variability in these frequencies to ensure that conditions were distributed as evenly 
as possible. Second, we determined how often two specific condition levels occurred 
consecutively, aiming to prevent specific pairs of conditions from occurring more often than other 
pairs.  

Specifically, we compiled 1e9 random sets of N=25 condition orders for each 
manipulated parameter. From these, we selected the set with the lowest variance in condition 
frequency across participants and minimal variance in consecutive condition transitions 
(Supplementary Fig. 5B).  

For VAS measurements, the same condition was repeated multiple times (n) per 
participant (see bottom-right of each box in Supplementary Fig. 5A). Here, the same order of 
conditions was presented n times. While this repetition could potentially amplify condition order 
e>ects within individuals, this approach mitigates the risk that temporal summation of 
somatosensory co-stimulation across trials could di>erentially impact di>erent conditions 
within a single participant. Moreover, applying conditions in sets allowed for comparisons 
between successive sets to assess temporally summative e>ects across multiple protocols 
simultaneously (see main text Fig. 4D). By counterbalancing across participants, we have 
e>ectively controlled for condition order e>ects at the between-subject level.  

The investigation of dose for 250 kHz stimulation included counterbalanced orders 
generated separately for ‘intensity’ and ‘pulse duration’ modalities, each including the sham 
condition as a level. This design resulted in 8 counterbalanced sham trials delivered to each side 
of the head. The orders for ‘intensity’ and ‘pulse duration’ dose modalities were then interleaved, 
with the starting modality counterbalanced between participants. Additionally, in the first ‘dose’ 
block we included interspersed trials with our standard protocol at ~1 minute intervals to monitor 
potential temporally summative e>ects on somatosensory co-stimulation across trials (see 
Supplementary Fig. 9).  

To investigate the e>ects of transducer aperture diameter, we administered six 
consecutive trials each of the standard stimulation protocol using the two-element 250-2CH and 
four-element 250-4CH. Here, conditions were measured consecutively to capture any temporal 
summation of somatosensory co-stimulation for identical consecutive trials (see Supplementary 
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Fig. 9). Which transducer was tested first was counterbalanced across participants, as was the 
side of the transducers.  

Sensory thresholds were measured for ‘PRF’ and ‘ramping’ sub-experiments. Here, 10-13 
trials of the same protocol, administered at di>erent intensities, were repeated to find the 
intensity at which the participant could perceive the stimulus 50% of the time (see 
Supplementary Fig. 4 for full details on the thresholding procedure).  

Finally, to assess temporal summation of somatosensory co-stimulation during a longer 
PTD, mimicking the types of protocols applied in ‘o>line’ TUS studies, we administered the 
standard protocol at an ISPPA.SCALP of 5.23 W/cm2 for a 10 second PTD and participants continuously 
reported their sensations on a VAS. Participants practiced the continuous VAS scale once without 
TUS and then completed this procedure twice with 10 s PTD TUS.  
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Supplementary Fig. 6. | VAS responses to sham trials  

 

The sham condition, consisting of an auditory stimulus administered over speakers, elicited minor somatosensory 
e@ects in some participants. Points represent participant-level medians used for sham-correction. Boxplots and half-
violins reflect the distribution of the data.  
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Supplementary Fig. 7 | Co-occurrence of somatosensory percepts  

 

Co-occurrence of items on the psychometric questionnaire. Percentages reflect the proportion of participants that felt 
each pair of sensations. The diagonal depicts the percentage of participants that reported feeling each individual 
sensation.  
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Supplementary Fig. 8 | Dose-response (500 kHz) 

 

There was a significant e@ect of dose on VAS ratings for 500 kHz TUS. Points represent mean normalised VAS ratings 
across participants, and error bars depict standard error. Blue = general, green = tactile, orange = thermal, red = painful.   
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Supplementary Fig. 9 | Inter-trial temporal summation  

There was no significant e@ect of trial on VAS ratings, with Bayesian analyses providing strong evidence for the null 
hypothesis (see main text for statistics). This result holds both for identical trials delivered interspersed throughout a 
block (left) and delivered consecutively (right). Points depict mean normalised VAS ratings; error bars depict standard 
error. 

 

  

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 19, 2025. ; https://doi.org/10.1101/2025.03.19.642045doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.19.642045
http://creativecommons.org/licenses/by/4.0/


   
 

   
 

References 
1. Martin E, Aubry JF, Schafer M, Verhagen L, Treeby B, Pauly KB. ITRUSST Consensus on 

Standardised Reporting for Transcranial Ultrasound Stimulation. ArXiv. Published online 
February 15, 2024:arXiv:2402.10027v1. 

2. Aubry JF, Attali D, Schafer M, et al. ITRUSST Consensus on Biophysical Safety for Transcranial 
Ultrasonic Stimulation. Published online July 12, 2024. doi:10.48550/arXiv.2311.05359 

3. Haeussinger FB, Heinzel S, Hahn T, Schecklmann M, Ehlis AC, Fallgatter AJ. Simulation of Near-
Infrared Light Absorption Considering Individual Head and Prefrontal Cortex Anatomy: 
Implications for Optical Neuroimaging. PLOS ONE. 2011;6(10):e26377. 
doi:10.1371/journal.pone.0026377 

4. Light AE. Histological study of human scalps exhibiting various degrees of non-specific 
baldness. J Invest Dermatol. 1949;13(2):53-59. doi:10.1038/jid.1949.67 

5. GARN SM, SELBY S, YOUNG R. SCALP THICKNESS AND THE FAT-LOSS THEORY OF BALDING. 
AMA Archives of Dermatology and Syphilology. 1954;70(5):601-608. 
doi:10.1001/archderm.1954.01540230051006 

6. Treeby BE, Cox BT. k-Wave: MATLAB toolbox for the simulation and reconstruction of 
photoacoustic wave fields. J Biomed Opt. 2010;15(2):021314. doi:10.1117/1.3360308 

7. Miscouridou M, Pineda-Pardo JA, Stagg CJ, Treeby BE, Stanziola A. Classical and Learned MR 
to Pseudo-CT Mappings for Accurate Transcranial Ultrasound Simulation. IEEE Trans Ultrason 
Ferroelectr Freq Control. 2022;69(10):2896-2905. doi:10.1109/TUFFC.2022.3198522 

8. Leek MR. Adaptive procedures in psychophysical research. Perception & Psychophysics. 
2001;63(8):1279-1292. doi:10.3758/BF03194543 

9. Holmes NP, ed. Somatosensory Research Methods. Humana Press; 2023. 

10. Taylor MM, Creelman CD. PEST: E>icient Estimates on Probability Functions. The Journal 
of the Acoustical Society of America. 1967;41(4A):782-787. doi:10.1121/1.1910407 

 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 19, 2025. ; https://doi.org/10.1101/2025.03.19.642045doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.19.642045
http://creativecommons.org/licenses/by/4.0/

