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Abstract 38 

Background: Paralysis and neuropathy, affecting millions of people worldwide, can be 39 

accompanied by significant loss of somatosensation. With tactile sensation being central to 40 

achieving dexterous movement, brain-computer interface (BCI) researchers have used 41 

intracortical and cortical surface electrical stimulation to restore somatotopically-relevant 42 

sensation to the hand. However, these approaches are restricted to stimulating the gyral areas of 43 

the brain. Since representation of distal regions of the hand extends into the sulcal regions of 44 

human primary somatosensory cortex (S1), it has been challenging to evoke sensory percepts 45 

localized to the fingertips. 46 

Objective/Hypothesis: Targeted stimulation of sulcal regions of S1, using 47 

stereoelectroencephalography (SEEG) depth electrodes, can evoke focal sensory percepts in the 48 

fingertips. 49 

Methods: Two participants with intractable epilepsy received cortical stimulation both at the 50 

gyri via high-density electrocorticography (HD-ECoG) grids and in the sulci via SEEG depth 51 

electrode leads. We characterized the evoked sensory percepts localized to the hand. 52 

Results: We show that highly focal percepts can be evoked in the fingertips of the hand through 53 

sulcal stimulation. fMRI, myelin content, and cortical thickness maps from the Human 54 

Connectome Project elucidated specific cortical areas and sub-regions within S1 that evoked 55 

these focal percepts. Within-participant comparisons showed that percepts evoked by sulcal 56 

stimulation via SEEG electrodes were significantly more focal (80% less area; p=0.02) and 57 
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localized to the fingertips more often, than by gyral stimulation via HD-ECoG electrodes. 58 

Finally, sulcal locations with consistent modulation of high-frequency neural activity during 59 

mechanical tactile stimulation of the fingertips showed the same somatotopic correspondence as 60 

cortical stimulation. 61 

Conclusions: Our findings indicate minimally invasive sulcal stimulation via SEEG electrodes 62 

could be a clinically viable approach to restoring sensation. 63 

Highlights 64 

 Stimulation of S1 sulcal regions via minimally invasive stereoelectroencephalography 65 

(SEEG) electrodes localized evoked percepts to fingertips more often than gyral 66 

stimulation. 67 

 fMRI, myelin, and cortical thickness maps from Human Connectome Project delineated 68 

hand and finger representation in sulcal S1. 69 

 Sulcal stimulation evoked percepts that were more focal than those evoked by cortical 70 

surface stimulation at the postcentral gyrus.  71 

 Neural activity recorded in sulcal areas strongly correlated to mechanical tactile 72 

stimulation. 73 

Introduction 74 

Over 5 million people are living with paralysis in the United States alone [1] with spinal 75 

cord injury (SCI) being one of the leading causes. Up to 12% of individuals with SCI have 76 

complete tetraplegia and experience total loss of upper limb somatosensation [2]. Meanwhile, of 77 

422 million people worldwide with diabetes mellitus [3], up to 64% can experience peripheral 78 

neuropathy leading to significant impairment of the sense of touch [4]. Such loss of sensation 79 

critically impairs the ability to perform dexterous manipulation of objects [5,6]. Intracortical brain-80 

computer interfaces (BCI) have shown tremendous success in decoding intended movements from 81 

neural activity recorded in the primary motor cortex [7,8] and subsequently, restoring motor 82 

control of their own hand in people with tetraplegia [9]. However, this significant progress in 83 

neurorehabilitation is often hampered by the lack of tactile feedback. Without somatosensation, 84 
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users of BCI systems rely heavily on visual feedback while interacting with objects precluding 85 

fine motor control, such as manipulation of small objects, inability to detect object contact to 86 

transition from reaching to grasping, modifying grasp strength to prevent slipping, or interacting 87 

with objects outside the line of sight. 88 

Recently, tactile percepts in the hand have been evoked in humans through intracortical 89 

microstimulation using microelectrode arrays [10–12] or cortical surface stimulation using 90 

electrocorticography (ECoG) grids [13–15] in the primary somatosensory cortex (S1), specifically 91 

cortical area 1. Although such artificial sensory feedback helps improve the user performance with 92 

a BCI system [16], focal percepts in fingertips that would be critical for dexterous manipulations 93 

as those mentioned above [17] have been difficult to achieve. In a recent study, targeting fingertip 94 

representations in the cortex required extensive intraoperative mapping using mechanical 95 

stimulation at the periphery [12] relying on spared neural pathways which may not be feasible in 96 

many patients with SCI. A primary reason for the inability to reliably evoke fingertip percepts 97 

could be that cortical stimulation in these studies has been restricted to the gyral areas of S1, i.e., 98 

the postcentral gyrus, or area 1. 99 

Functional magnetic resonance imaging (fMRI) has shown individual digit representations 100 

to occur in the central and postcentral sulcus in addition to the postcentral gyrus, covering the 101 

cytoarchitectonically distinct cortical areas 3a, 3b, 1 and 2 [18–21]. As observed in non-human 102 

primates [22–24], these imaging studies suggest that a mirror-reversal of phalange representation 103 

occurs at the area 3b/1 border located in the central sulcus close to the crown of the postcentral 104 

gyrus. This places the proximal phalanges close to that border while more distal phalanges, 105 

including the fingertips, occur towards the area 3a/3b border located on the posterior wall of the 106 

central sulcus [18,25]. Another representation of the distal phalanges appears to occur in area 1, 107 

towards the posterior regions of the postcentral gyrus [18,25,26]. This would be consistent with 108 

the observations from a recent human somatosensory mapping study [27]. However, other studies 109 

show representation of distal phalanges closer to the 3b/1 border [28,29]. Thus, it is still unclear 110 

how the fingertip representation is distributed across the central sulcus and postcentral gyrus in 111 

human S1 [30]. 112 

Recent advances in stereotactic placement of depth electrodes, also known as 113 

stereoelectroencephalography (SEEG), increasingly provide reliable access to deeper cortical and 114 
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subcortical targets in the brain [31]. These electrodes are increasingly used in the clinic for seizure 115 

onset localization in patients with medically refractory epilepsy [32]. In addition, SEEG electrodes 116 

have been used to map and document the sensory percepts evoked while stimulating the human 117 

parietal [33] and insular cortices [34]. Comparing separate cases involving SEEG and ECoG 118 

implantations, SEEG electrodes have been shown to be a clinically useful alternative for electrical 119 

brain stimulation (EBS) to map eloquent cortical areas [35,36]. In fact, a recent study showed that 120 

SEEG-mediated EBS could identify sensorimotor areas with high accuracy and specificity [37]. 121 

Moreover, implantation procedures for SEEG electrodes are minimally invasive (~2mm 122 

craniostomy) with lower rates of infection [38] compared to subdural strip and ECoG electrodes 123 

which require a craniotomy several centimeters wide [39]. 124 

In this first-in-human study, we explored the representation of the hand in the sulcal regions 125 

of S1 using SEEG electrodes. We implanted both SEEG and HD-ECoG electrodes in the sulcal 126 

and gyral areas of S1, respectively, in two patients with intractable epilepsy. A within-participant 127 

comparison of the percepts evoked by the two electrode types allowed us to map the hand 128 

representations in both the gyral and sulcal areas of S1 and compare the corresponding evoked 129 

percepts. Electrode implantation was guided by high-resolution fMRI obtained during a finger-130 

tapping task analyzed using the processing pipelines of the Human Connectome Project (HCP). 131 

Upon administering intracortical direct electrical stimulation to the sulcal or gyral areas, the 132 

participants reported sensory percepts that were localized to the contralateral arm, hand, and even 133 

fingertips. Strikingly, we observed that tactile percepts evoked by sulcal stimulation were much 134 

more focused in their spatial extent. Furthermore, the percepts evoked by sulcal stimulation tended 135 

to be in and around the fingertips more often. T1-weighted (T1w) and T2-weighted (T2w) 136 

structural images provided the T1w/T2w-based myelin content and cortical thickness maps which 137 

enabled atlas-based parcellation of the cortical areas, somatotopic subregions, and sub-areas of the 138 

sensorimotor cortex [40] further informing location of electrodes and the corresponding evoked 139 

percepts. SEEG-mediated recording of neural activity in the sulcal areas evoked upon mechanical 140 

tactile stimulation enabled precise localization of cortical regions involved in processing of 141 

sensory information from specific finger and palm regions.  142 

These results demonstrate that stimulation of sulcal regions of S1 can be achieved using 143 

SEEG and can activate fingertip representations. Combined with the minimally invasive 144 
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implantation procedure for SEEG electrodes, this approach for sulcal stimulation can be an 145 

effective and reliable for evoking focal percepts in the hand and fingers that are functionally 146 

relevant to people with tetraplegia. Furthermore, they can be an effective tool for passive mapping 147 

of the brain for clinical purposes. 148 

Methods 149 

Participants: Two patients undergoing pre-operative seizure monitoring for surgical treatment of 150 

intractable epilepsy took part in this study. Participant 1 was implanted with SEEG leads for 7 151 

days after which they were explanted. Mapping of percepts evoked by stimulating through these 152 

electrodes was performed on Day 6 post-implant. About 3 months later, the patient was 153 

implanted with HD-ECoG grids for 8 days and percept mapping was performed on day 7 post-154 

implant. In case of participant 2, SEEG leads were implanted for 14 days. About a month later, 155 

the participant was implanted with HD-ECoG grids for 10 days. Recording of neural activity 156 

with SEEG electrodes in response to peripheral tactile stimulation was done on Day 9 post-157 

implant. Percept mapping was performed on Day 12 and Day 9 for SEEG and HD-ECoG 158 

electrodes, respectively. Recording of neural activity using SEEG electrodes helped localize the 159 

seizure onset close to the sensorimotor areas. However, additional grid electrodes were needed to 160 

further localize the seizure onset and, more importantly, the borders of sensorimotor cortices to 161 

help guide the resection. This two-staged approach of implanting SEEG leads followed by grid 162 

and/or strip electrodes is often used in such a situation at the Comprehensive Epilepsy Center at 163 

Northwell Health.  164 

The decisions regarding whether to implant, the electrode targets, and the duration for 165 

implantation were based entirely on clinical grounds without reference to this investigation. 166 

Based on these clinical indications, all electrodes were implanted in the right hemisphere for 167 

both participants. Patients were informed that participation in this study would not alter their 168 

clinical treatment, and that they could withdraw from the study at any time without jeopardizing 169 

their clinical care. All procedures and experiments were approved by the Northwell Institutional 170 

Review Board and participants provided informed consent prior to enrollment into the study. 171 

Imaging: Participants were scanned a week before their first implant on a 3T MRI scanner 172 

(Skyra, Siemens, Germany) with a 32-channel head coil. HCP-like structural and functional MRI 173 

were acquired: T1-weighted (T1w) 3D MPRAGE sequence, 0.8 mm isotropic resolution,  174 
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TR/TE/TI = 2400/2.07/1000 ms, flip angle = 8 degree, in-plane under-sampling (GRAPPA) = 2, 175 

acquisition time 7 min; T2-weighted (T2w) 3D turbo spin echo (SPACE) sequence, 0.8 mm 176 

isotropic resolution, in-plane under-sampling (GRAPPA) = 2, TR/TE = 3200/564 ms, acquisition 177 

time 6.75 min;  task fMRI using the CMRR implementation of multiband gradient echo echo-178 

planar imaging (EPI) sequence [41], 2.1 mm isotropic resolution, 70 slices with a multiband 179 

factor of 7 [42], FOV 228 mm × 228 mm, matrix size 108 × 108, phase partial Fourier 7/8, 180 

TR/TE = 1000/35 ms, flip angle = 60 degree, phase encoding direction = anterior-posterior (A-181 

P), echo spacing = 0.68 ms, 240 volumes in 4 min; and a pair of reversed polarity (A-P / P-A) 182 

spin echo EPI field mapping acquisitions with matched echo train length and echo spacing to the 183 

fMRI acquisition. The task was button-pressing on the PST button response unit (Psychology 184 

Software Tools, Sharpsburg, PA, USA) using a single finger (wrist restrained with strap on the 185 

button response unit and neighboring fingers taped down with medical tape), repeating 6 times of 186 

20-second off (resting with cue of a blank dark screen) and 20-second on (tapping with 187 

continuous video cue of the same finger motion presented from a projector screen). Participant 1 188 

performed task once for each of thumb, index, and little fingers (phase-encoding direction A->P) 189 

while participant 2 performed two repetitions for each of thumb, index, and middle fingers 190 

(phase-encoding directions A->P and P->A). Due to limited scanner time, we consistently used 191 

three fingers in the button task. The motivation for including digits 1, 2, and 5 in participant 1 192 

was to map the extents of the hand while in participant 2, our motivation evolved to focus on the 193 

first three digits as they are functionally more important in grasping and manipulating objects. 194 

The MRI preprocessing began with the HCP minimal preprocessing pipelines version 3.27 [43] 195 

including, motion correction, distortion correction, cortical surface reconstruction and subcortical 196 

segmentation, generation of T1w/T2w-based myelin content and cortical thickness maps, 197 

transformation of the fMRI data to MNI and CIFTI grayordinate standard spaces using folding-198 

based registration with MSMSulc [44,45], and 2 mm FWHM surface and subcortical parcel 199 

constrained smoothing for regularization.  The fMRI data were cleaned of spatially specific 200 

structured noise using the HCP’s multi-run (version 4.0) ICA-FIX [46–48] for multi fMRI 201 

(multiple finger tasks) and linear trends without regressing out motion parameters. Somatotopic 202 

functional responses were estimated (first-level for participant 1 and second-level fixed-effect 203 

averaging of the two phase-encoding directions for participant 2) using a generalized linear 204 

model (GLM)-based fMRI analysis [49] on the grayordinate data space for each finger. 205 
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Electrode localization: The SEEG electrodes (Model Number 2102-16-093, PMT Corporation, 206 

Chanhassen, MN, USA) consisted of 16 contacts, cylinders with 2 mm length, 0.8 mm diameter, 207 

and 4.43 mm spacing (center to center) with about 5.02 mm2 of surface area per contact. The 208 

lead spanned a length of 68.5 mm from tip to end of last contact. The HD-ECoG grids (PMT 209 

Corporation) consisted of 2 mm diameter flat contacts with 3.14 mm2 surface area per contact, in 210 

an 8x8 arrangement with 5 mm spacing (center to center) in participant 1 with and a 16x16 211 

contact arrangement with 4 mm spacing in participant 2. Since both patients had clinical 212 

indications that required mapping of the sensorimotor cortex, task-based fMRI activation maps 213 

were used to guide electrode placement. 214 

For digital localization of the electrodes, we used the freely available iElvis toolbox, 215 

available at https://github.com/iELVis/ [50]. Briefly, the electrodes were manually localized 216 

using the software BioImage Suite (http://www.bioimagesuite.org) on a postimplant CT which 217 

was co-registered using an affine transformation (6 degrees-of-freedom FLIRT; 218 

www.fmrib.ox.ac.uk/fsl) to a pre-implantation 3T high-resolution T1w MRI. We used the 219 

FreeSurfer [51] output from the HCP minimal processing pipeline [40] to obtain the pial surface. 220 

The subdural HD-ECoG electrodes were projected to the smoothed pial surface. The smoothed 221 

pial surface, also called the outer smoothed surface, is generated by Freesurfer and wraps tightly 222 

around the gyral surfaces of the pial layer while bridging over the sulci. No correction was 223 

applied to SEEG electrode coordinates. 224 

To visualize the fMRI activation maps and the electrodes simultaneously, we used HCP 225 

Connectome Workbench. Before importing the electrode coordinates into Workbench, we 226 

applied a RAS coordinate offset (the right-hand coordinate system of R = thumb, A = index, and 227 

S = middle finger) as follows –  228 

transformed_RAS_coordinates = Norig*inv(Torig)*RAS_coordinates 229 

where the transformation matrices Norig is obtained by mri_info --vox2ras 230 

[subject]/mri/orig.mgz and Torig is obtained by mri_info --vox2ras-tkr [subject]/mri/orig.mgz 231 

The transformed coordinates were then imported as foci using the T1w surfaces into a 232 

developmental version of Connectome Workbench. 233 
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Electrical brain stimulation (EBS): Intracranial EBS is a routine clinical procedure to identify 234 

eloquent cortex to be spared from surgical resection. Generally, EBS was carried out towards the 235 

end of implantation period after sufficient seizure data had been collected and participants were 236 

back on their anti-seizure medications. 237 

For this study, we used routine EBS parameters with a S12D Grass current-controlled 238 

cortical stimulator (Grass Technologies, Pleasanton, CA). We used pairs of electrodes for bipolar 239 

stimulation and delivered current-regulated, symmetric biphasic square-wave pulses with 0.2 ms 240 

width per phase, at 20 or 50 Hz, with stimulation amplitudes between 0.5–6 mA, for 0.5–2 241 

seconds while the participant was quietly resting and asked to report the occurrence of any 242 

sensation. The different sites were first screened for a possible percept with 50 Hz stimulation – 243 

a stimulation frequency that provides a good trade-off between obtaining a stimulation effect and 244 

eliciting a seizure and is in accordance with common procedure established across up to 70% of 245 

epilepsy monitoring centers [52]. The stimulation amplitude was initially set at 0.5 mA – the 246 

lowest possible amplitude on the clinical stimulator. If no percept was evoked, the stimulation 247 

amplitude was increased in gross (~0.5mA) increments until a percept was elicited, or after-248 

discharges occurred, up to a maximal amplitude of 6 mA. Once a percept was felt the amplitude 249 

was more finely adjusted (using the analogue adjustment knob) to find the threshold of 250 

perception. The stimulation was repeated at this final threshold value at least two times to ensure 251 

the evoked percept was consistent. If a percept was evoked even at 0.5 mA at 50 Hz, the 252 

frequency was decreased to the next frequency (20 Hz) and the above process was repeated. The 253 

stimulation pulse had a cathodic leading phase. Stimulation time was always limited to a 254 

maximum of 2 seconds. Stimulation was stopped immediately and much before the maximum 255 

time had elapsed if the subject reported a sensation. For every sensation on the hand that was 256 

reported, the participant was asked to draw the affected area on a schematic of a hand. The 257 

sensations were described as “tingling” or “sensation of electricity”. While the intensity of the 258 

percepts changed with stimulation amplitude, none of the other qualities of the evoked percepts 259 

such as location, size, and qualitative description changed with stimulation amplitude. 260 

Without informing the participant, sham trials (0 mA stimulation) were intermixed with 261 

real stimulation trials to rule out any placebo effects. Intracranial EEG was acquired 262 

continuously using a clinical recording system (XLTEK, Natus Medical) at 512 Hz or 1 kHz and 263 
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monitored across all implanted electrodes for the presence of after-discharges and seizures. No 264 

seizures were caused during stimulation of the areas reported here. 265 

Analysis of sensory percepts: For this study, we focused our analysis to the sensory percepts 266 

localized to the hand and wrist. Some of the SEEG and HD-ECoG electrodes did evoke complex 267 

percepts that included both sensory as well as motor components, including percepts that were 268 

accompanied with an overt movement or a sensation of movement, presumably a proprioceptive 269 

sensation. We included only those electrodes that evoked a tactile sensation by itself, without any 270 

overt or perceived sensation of movement. To digitize the participant responses, we used a script 271 

custom-written in MATLAB to redraw the participant drawings on a computer. Surface areas of 272 

the digitized percepts were then calculated and used for all further analysis. 273 

Recording of neural activity: In addition to the clinical recording system, neural activity was 274 

recorded for participant 2 using SEEG electrodes with a Neuroport System (Blackrock 275 

Microsystems, Salt Lake, Utah) with a sampling rate of 10 kHz while performing mechanical 276 

stimulation of the fingertips of their left hand. We used a Semmes-Weinstein Monofilament 277 

(TouchTest Sensory Probes) of evaluator size, 4.31 (2 g). A visual cue, visible only to the 278 

experimenter and not the participant, signaled the start and end of each repetition as well as the 279 

specific finger to which the mechanical stimuli was to be targeted. During this period, the 280 

experimenter repeatedly tapped the cued finger with a Semmes-Weinstein Monofilament 281 

repeatedly, approximately once every second. This cue signal was aligned to the recorded neural 282 

data to analyze only the epochs of stimuli. Due to time constraints and patient fatigue, we 283 

unfortunately were not able to perform the recording task in participant 1. 284 

Two separate electrodes located in soft tissue lacking neural activity were used for the 285 

system ground and for the reference. Subsequent analysis involved multiple steps to extract 286 

information regarding power modulation in different frequency bands. Signals from neighboring 287 

electrodes were subtracted in software to provide bipolar data with reduced noise. Non-288 

overlapping Blackman windows of 200 ms in length were applied, followed by a short Fast Fourier 289 

Transform (sFFT) for each window (with a resulting frequency resolution of 5 Hz). The signal 290 

amplitudes at each frequency were then integrated (averaged) across pre-selected frequency bands 291 

as follows: 0–10, 10–15, 15–30, 30–100, 100–500, and 500–5000 Hz. These frequency bands have 292 

been shown to contain signals with amplitude modulation with a high degree of repeatability (high 293 
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temporal correlation) related to movement and tactile stimuli [53]. These amplitude features for 294 

all bipolar recordings were standardized by subtracting their mean and dividing by their standard 295 

deviation across the entire task. For the analysis in this study, we chose neural activity in the high 296 

gamma or 100-500 Hz frequency band. Numerous invasive studies have shown that high-gamma 297 

power changes in the sensorimotor area are associated with passive somatosensory stimulation 298 

[54–56].  Epochs aligned with each visual cue (animated hand) presented to the participant during 299 

each task were created, starting at the cue onset, and extending to 400 ms after the cue offset. All 300 

aligned trials for each epoch (cue) type were averaged to form a composite temporal response. To 301 

quantify the degree of repeatability, or temporal correlation, the mean correlation coefficient 302 

(MCC) was computed by averaging the correlation coefficients obtained for the amplitude features 303 

for each trial with respect to their cue-aligned composite [53]. 304 

Results 305 

Study participants were first implanted with SEEG leads, subsequently replaced by a HD-306 

ECoG grid, for extraoperative monitoring of neural activity to localize the epileptogenic zone. 307 

During routine clinical intracranial EBS using either of these electrodes, participants were asked 308 

to report the sensory percepts that were evoked. A total of 28 SEEG electrode contacts each were 309 

localized to S1 and the nearby white matter in the two participants. For HD-ECoG, participant 1 310 

had 22 contacts over S1 while participant 2 had 57 contacts over S1 (  311 
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Table 1).  For this study, we focused on the sensory percepts localized to the hand and 312 

wrist. Stimulation amplitudes that evoked sensations in the hand area ranged from 0.5–6 mA 313 

with stimulation frequencies of either 20 or 50 Hz, and a pulse width of 200 µs. After each 314 

stimulation trial (lasting 0.5–2 s), the evoked percept was reported by the participant and was 315 

recorded by the experimenter. A total of 40 electrode pairs (5 & 6 SEEG electrode pairs, and 10 316 

& 19 HD-ECoG electrode pairs in participants 1 and 2, respectively) across the two participants 317 

evoked at least one sensory percept in the contralateral hand or arm. Other electrodes evoked 318 

percepts that were localized to more proximal areas of the arm or even perceived bilaterally. 319 

These were not included for analysis in this study. The mean stimulus amplitude for SEEG-320 

mediated sulcal stimulation at threshold of perception was 1.09 ± 1.07 mA and 1.59 ± 1.68 mA 321 

for participants 1 and 2, respectively given stimulation frequency of predominantly 20 Hz. 322 

Meanwhile, mean stimulus amplitude at threshold for gyral stimulation with HD-ECoG 323 

electrodes was 0.989 ± 0.37 mA and 2.25 ± 1.23 mA for participants 1 and 2, respectively with a 324 

stimulation frequency of 50 Hz. It is worth noting that the stimulation frequency had to be 325 

lowered to 20 Hz to determine the thresholds for SEEG electrodes as compared to HD-ECoG 326 

electrodes (50 Hz). Since the lowest stimulation amplitude possible was restricted to 0.5 mA, the 327 

threshold search procedure included the drop down in frequency to allow more granularity in 328 

threshold determination as described in the Methods. All stimulation amplitude, frequencies and 329 

percept descriptions at threshold are included in Tables 2 and 3. 330 

HD-ECoG and SEEG electrodes provide access to different cortical areas. 331 Jo
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To locate the representation of the fingers in S1 (332 

 333 

Figure 1 insets), the participants performed button-press tasks using thumb (D1, red), index (D2, 334 

green), and little finger (D5, blue, participant 1) or middle finger (D3, blue, participant 2) during 335 

functional imaging. The motivation for including digits 1, 2, and 5 in participant 1was to map the 336 

extents of the hand while in participant 2, our motivation evolved to focus on the first three 337 

digits, as they are functionally more important in grasping and manipulating objects.  The fMRI 338 
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activation results were thresholded to optimize the visualization of topological features in area 3b 339 

(  340 

Figure 1, right panels), located on the posterior wall of the central sulcus, and overlaid (from top 341 

to bottom without transparency: red, green, and blue) on group average cortical areal maps [40]. 342 

Figure S1 demonstrates that the group average cortical areal definitions align well with the 343 

individual subject cortical myelin and thickness maps. Overlapping activation in area 4 (anterior 344 

wall of the central sulcus) and 3a (fundus of the central sulcus) are evident (most of the blue and 345 
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a large portion of the green are hidden beneath the red color) in both participants. A 346 

topologically meaningful representation of D1, D2, and D3/D5 can be observed in the lateral-347 

medial axis in area 3b in both participants. Interestingly, activation in regions medial to the 348 

D3/D5 representation can be observed in D1 (red) and D2 (green) tasks. Less consistent 349 

individual digit representations were observed in area 1 (postcentral gyrus), except for an 350 

overlapping activation in the lateral location of D1 for all finger tasks.  Even less consistent or 351 

appreciable activations exist in area 2 at the chosen threshold level (Figure S2). 352 

We were interested in further elucidating the digit representations in the sulcal and gyral 353 

areas of S1. Specifically, we wanted to determine whether electrical stimulation using SEEG 354 

depth electrodes can effectively target these digit representations in the sulcal areas of S1. 355 

Overlaying the electrodes that evoked sensations in the hand on top of the fMRI maps shows that 356 

the HD-ECoG electrodes (fuschia spheres in Fig. 1) appear to cluster in area 1 which covers the 357 
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apical surface of the postcentral gyrus. Meanwhile, the SEEG electrodes (cyan spheres in 358 

 359 

Figure 1) that evoked sensory percepts in the hand, when projected to the cortical surface, 360 

localize predominantly to the areas 3a and 3b of S1 which are located at the fundus and posterior 361 

wall of the central sulcus, respectively. In case of SEEG, the electrode pairs always consisted of 362 

adjacent electrodes within the same lead. The orientation of all HD-ECoG electrode pairs was 363 
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parallel to the example electrode pair shown for each participant in the Figure 1 (white 364 

rectangle).  365 

Fingertip percepts evoked by sulcal stimulation. 366 

We characterized the sensory percepts evoked by direct electrical stimulation of S1 gyral 367 

and sulcal areas using HD-ECoG or SEEG electrodes, respectively. In both participants, 368 

electrical stimulation was gradually ramped up until percept threshold was reached, at which 369 

point the participants described what they perceived. We observed that the percepts evoked by 370 

sulcal stimulation tended to be highly focal, often restricted to within a single segment of a 371 

finger, and often at the fingertips. The SEEG electrodes that evoke these percepts were 372 

predominantly located near the anterior wall of the postcentral gyrus (Figure 2, panels A and C; 373 

Figure S3). Meanwhile, the percepts evoked by gyral stimulation often extended over multiple 374 

segments of a digit or multiple digits (Figure 2, panels B and D). Interestingly, we observed a 375 

paucity in percepts restricted to fingertips alone when stimulating S1 gyral areas. As expected, 376 

the evoked percepts exhibit a somatotopical organization of the hand, with thumb percepts 377 

evoked by electrodes that were more laterally located, while percepts in the index and middle 378 

fingers and the wrist were evoked by electrodes that were more dorsal (Figure 2D).  379 

Focal and distal percepts evoked by sulcal stimulation. 380 

Comparing the areas enclosed by the sensory percepts showed that sulcal stimulation using 381 

SEEG electrodes evoked percepts that were significantly smaller than those evoked by gyral 382 

stimulation using HD-ECoG electrodes (Figure 3A, p=0.02, Wilcoxon ranksum test, χ2 = 5.57). 383 

This suggests that the sensory percepts evoked by sulcal stimulation tend to be more focal in 384 

their spatial spread. Comparing the probability of occurrence of percepts of different sizes also 385 

showed significant skew towards percepts with smaller area in case of sulcal stimulation (Figure 386 

3B, p<<0.01, Kolmogorov-Smirnov test). 387 

To evaluate if there was a difference in the location of the percepts evoked by gyral and 388 

sulcal stimulation, we determined the probability that an evoked percept covered a particular area 389 

of the hand. Figure 4 shows a probability of a percept covering a region of the hand normalized 390 

to the maximal number of percepts covering any area of the hand. Fingertips are most often 391 

covered by percepts evoked by SEEG-mediated sulcal stimulation (Figure 4A) while gyral 392 

stimulation evoked percepts cover the middle phalanges most often (Figure 4B). Percepts 393 
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covering the index fingertip sensation were evoked most often (evoked by 4 electrodes) followed 394 

by middle and ring fingertips (evoked by 3 electrodes). Given that 12 SEEG electrodes evoked 395 

sensations localized to the hand and wrist, percepts that spread over the fingertips constituted up 396 

to 25-30% of those evoked by SEEG electrodes located in the sulcal regions of S1. In 397 

comparison, only 6-12% of the percepts evoked by the electrodes locate on the postcentral gyrus 398 

(2-4 out of 31 electrodes) covered the fingertips while the most represented region of the hand 399 

were the middle phalanges of the fingers and the ulnar side of the hand (up to 30%).  400 

Cortical activity recorded during mechanical tactile stimuli. 401 

While implanted with SEEG electrodes, participant 2 also received mechanical tactile 402 

stimulation of the thumb, index and middle finger pads and the resultant neural activity in S1 403 

was recorded (see Figure S4). We aimed to further confirm the previously identified sulcal 404 

locations were involved in fingertip tactile sensation. We identified electrodes from which neural 405 

activity were recorded that showed a high degree of repeatability (mean correlation coefficient, r 406 

≥ 0.6) among features in the high gamma band (100–500 Hz) across repeated cycles of 407 

mechanical stimulation, i.e., tapping of the fingertips. We show that sulcal electrodes recording 408 

stimulus evoked somatosensory activity were spatially clustered (Figure 5A). Interestingly, the 409 

sulcal electrodes that evoked a sensory percept in the hand overlapped or were located close to 410 

the sulcal electrodes that were activated by tactile stimulation of the fingertips (Figure 5B).  411 

Discussion 412 

In this study, we demonstrate that sulcal stimulation in human S1 evokes sensory 413 

percepts localized to the fingertips more often than gyral stimulation. SEEG electrodes provided 414 

an effective way to deliver targeted electrical stimulation to sulcal regions of S1. Using these 415 

electrodes, in two participants, we were able to evoke sensory percepts restricted to single 416 

segments of a digit, including fingertips and more focal than those evoked by gyral stimulation 417 

using HD-ECoG electrodes. We were also able to record neural correlates of mechanical tactile 418 

stimuli delivered at the fingertips on sulcal contacts that were spatially clustered. The findings in 419 

this study suggest that evoking fingertip percepts through intracortical stimulation would require 420 

accessing the sulcal regions of S1. Additionally, it shows the potential of electrodes targeted to 421 

the sulcal regions in providing intuitive and useful somatosensory feedback for dexterous hand 422 

movements in sensorimotor BCIs. 423 
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We used neuroimaging tools designed by the Human Connectome Project to elucidate the 424 

precise subregions of S1 in relation to electrode implantation. Though the fMRI activation maps 425 

highlight the somatotopic subregion corresponding to the hand area in S1, the cortical areas of S1 426 

are not clearly delineated. In this study, the intrinsic blood-oxygen-level-dependent (BOLD) 427 

point spread function at 3T, and the less well-defined finger task do not allow us to detect fMRI 428 

activation patterns of the distal (i.e., fingertip) vs proximal phalanges. However, previous studies 429 

with 7T fMRI have been able to localize representation of the fingertips in S1 [18].  The group 430 

average cortical parcellations based on T1w/T2w-based myelin content and cortical thickness 431 

maps could effectively guide implantation of SEEG electrodes to target the finger representations 432 

in S1. 433 

The well-known somatotopy of the human S1 represents the digits D1 (thumb) to D5 434 

(little finger) in lateral-to-medial succession from the lateral border of the upper extremity 435 

subregion. Such somatotopic mapping was characteristically depicted in the task fMRI 436 

activations in area 3b in both participants [20,21], notwithstanding the possibility of visually-437 

driven contribution [57], while thenar (muscles under the base of the thumb) and palm sensation 438 

during finger tapping likely account for the activations observed in areas medial to the D5 439 

representation. We interpret the overlapping activations from all fingers within the representation 440 

of D1 in area 1 as an inadvertent result of increased counter-balance pressure of the thumb 441 

pressing against the surface underneath, while the other fingers were lifted during finger tapping. 442 

Among the fingers, the thumb shows the most consistent and distinct representation in the 443 

expected somatotopic subregion. This is consistent with the relatively isolated anatomical 444 

structure of D1 from other fingers. The less consistent and focal representation of the other 445 

fingers are potentially due to a couple of reasons. First, unlike other elegant sensory task designs 446 

with dedicated tactile or electrical stimulation devices for each finger, sensory activations from 447 

common motor tasks are inherently imprecise despite best-efforts in task instruction and subject 448 

compliance. Second, the isolation of single digit motion is much more difficult for the rest of the 449 

digits than the thumb. 450 

 Our observation of sulcal stimulation in human S1 evoking fingertip percepts more often 451 

than gyral stimulation is in agreement with functional imaging studies that have predominantly 452 

localized fingertip representation to the posterior wall of the central sulcus (area 3b) and 453 

occasionally at the crown of the postcentral gyrus [18–21,28]. With the mirror-reversal of 454 
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representation occurring at the area 3b-1 border, the representation of fingertips might still 455 

extend into the posterior regions of the postcentral gyrus as shown by some imaging [25,26,30] 456 

and recent stimulation studies [27]. However, in our study, we had only two SEEG contacts 457 

located deep in the postcentral sulcus in one participant that evoked percepts in the hand. None 458 

of the electrodes located in the posterior regions of the postcentral gyrus evoked fingertip 459 

percepts. It might be the case that the fingertip representations on the crown of the postcentral 460 

gyrus are small and require extremely precise targeting, while they are more extensive within the 461 

central sulcus and hence, easily accessible with SEEG electrodes.  462 

 Recently, both microelectrode arrays and ECoG grid electrodes have been used to 463 

provide artificial sensory feedback. While individual microelectrode array contacts evoke highly 464 

focal percepts restricted to individual phalanges, by activating very closely spaced cortical 465 

locations they provide only limited coverage of the hand, often restricted to only a few phalanges 466 

over two or three fingers [10–12]. Such high degree of anatomical overlap among the evoked 467 

percepts restricts the amount of sensory information that can be conveyed. Meanwhile, with 468 

larger size and inter-contact spacing when compared to microelectrode arrays, HD-ECoG 469 

electrodes elicit sensory percepts that tend to cover either multiple phalanges or entire digits 470 

[13,15,58]. Additionally, with the capability to record or modulate the neural activity of neurons 471 

that lie within 1-2 mm below the cortical surface [59], these electrodes provide access to only the 472 

gyral surfaces of the cortex. 473 

With the potential to reach sulcal areas of the cortex, SEEG electrodes provide a unique 474 

advantage of being able to evoke tactile sensations that are perceived to emanate from the 475 

fingers, particularly fingertips. A recent study has reported being able to target fingertip 476 

representations on the postcentral gyrus using microelectrode arrays in a patient with SCI [12]. 477 

However, such precise targeting was possible only after performing extensive intraoperative 478 

mapping of neural responses in S1 to peripheral stimulation of the fingertips relying on the 479 

relatively intact residual sensory pathways. Such an approach based on evoked responses in S1 480 

might not be feasible in case of other potential users of BCI with more severe loss of function. It 481 

is well established that motor imagery can be used to identify the hand area of the motor cortex 482 

in people with tetraplegia [9]. Moreover, in able-bodied individuals, motor imagery has been 483 

shown to activate both primary motor and somatosensory cortices [60]. In addition, the finger 484 

regions of the primary motor cortex and somatosensory cortex are juxtaposed against each other 485 
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across the central sulcus [61]. We therefore expect that motor imagery alone can help localize the 486 

finger regions in the somatosensory cortex in people with high-level tetraplegia guiding 487 

minimally invasive SEEG implantation. 488 

SEEG electrodes have recently been gaining favor for seizure onset localization as well 489 

as for mapping eloquent areas of the cortex in case of medically refractory epilepsy [32]. In 490 

contrast to other intracranial electrodes that require burr holes or large craniotomies for 491 

implantation, SEEG electrodes can be implanted using a minimally invasive approach via a 1–2 492 

mm craniostomy [31]. The minimally invasive approach for their implantation reduces the risk of 493 

hemorrhage and infection to 1% and 0.8% respectively from that of 4% and 2.3% for subdural 494 

electrodes such as ECoG grids [38,39]. 495 

  In this study, all stimulation was done using a bipolar configuration involving adjacent 496 

electrodes. While the inter-contact spacing are comparable (4-5 mm in HD-ECoG vs 4.43 mm in 497 

SEEG) between the two electrode types, the surface area of SEEG electrodes (~5 mm2) are 498 

almost twice that of HD-ECoG electrodes (~3 mm2). Combined with the lack of directionality, 499 

SEEG electrodes should potentially activate a wider area of cortex evoking bigger or mixed 500 

percepts. The high-level of two-point discrimination at fingertips is due to the high density of 501 

mechanoreceptors as well as smaller receptive fields for fingertips in S1. Stimulating cortical 502 

areas with small receptive fields have been shown to evoke smaller percepts in the human visual 503 

cortex [62]. A similar relationship between receptive field and percept size in S1 would enable 504 

cortical stimulation targeted at fingertip representations to evoke smaller percepts. It is possible 505 

that the difference in receptive field sizes between gyral and sulcal areas are a stronger 506 

determining factor of the evoked percept size than the electrode form factor.   507 

Future studies should explore denser, smaller and even directional SEEG electrodes that 508 

could restrict the effective volume of cortical tissue that is activated and thus, evoke more focal 509 

percepts. However, higher current density and the potential tissue damage are factors that will 510 

have to be considered as well. Another potential limitation of the current study is the low number 511 

of participants. However, we specifically included only those participants who had at least 2 or 512 

more electrodes in S1 that evoked percepts in the hand area. Moreover, the two participants 513 

included were implanted with both types of electrodes enabling a within-patient comparison. 514 

Proprioception is potentially as critical as tactile percepts for dexterous motor control. We did 515 
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not explicitly explore evoking proprioceptive percepts in this study. Non-human primate studies 516 

have shown that area 3a, located at the fundus of the central sulcus, has the largest incidence of 517 

proprioceptive cells [63]. SEEG electrodes present one of the best avenues to explore the 518 

effectiveness of evoking proprioceptive percepts by stimulating area 3a. 519 

The MCC (repeatability metric) of recorded neural activity during mechanical tactile 520 

stimulation of the fingertips highlighted SEEG contacts that were either identical or adjacent to 521 

those that evoked percepts in the hand. This overlap between receptive fields of mechanical 522 

stimuli at the periphery and the percept field evoked by cortical stimulation was potentially due 523 

to the relatively large size of the electrodes resulting in both activation as well as recording of 524 

neural activity of a relatively large pool of local neurons as compared to microelectrode arrays. 525 

This further supports that the sulcal locations identified during electrical stimulation are indeed 526 

related to and important in tactile sensory restoration. This could also potentially provide a safer 527 

way to map eloquent cortex avoiding direct electrical stimulation which could trigger after-528 

discharges or seizure activity  [64] as well as for recording task-related, highly relevant neural 529 

activity for BCI applications. 530 

Thus, we have shown that the representation of fingertips is readily accessible on the 531 

posterior wall of the central sulcus using SEEG electrodes. This suggests that sulcal stimulation 532 

mediated by SEEG electrodes offer a highly viable alternative to the current approaches 533 

restricted to gyral stimulation for restoring somatosensation. Future technical developments that 534 

will allow tightly spaced electrodes are important for greater success and efficacy. A recent 535 

review explored the potential of SEEG electrodes in BCI applications for decoding intended 536 

movement [65]. Combined with our findings on sulcal stimulation being able to provide highly 537 

focal and relevant somatosensory feedback, we venture that SEEG electrodes can potentially 538 

become an established approach for sensorimotor restoration in closed loop BCI applications. 539 

Moreover, with the ability of reaching deeper structures of the cortex, SEEG-mediated 540 

stimulation can potentially mitigate sensorimotor deficits arising due to even subcortical strokes 541 

along the cortico-spinal tract. 542 
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Figures 745 

 746 

Figure 1. fMRI activation maps for individual digits and electrode sites evoking sensory 747 

percepts in the hand region upon electrical stimulation. Sensorimotor cortex activation map 748 

shown in A. for digits D1 (red), D2 (green) and D5 (blue) in participant 1 and in B. for digits D1 749 

(red), D2 (green) and D3 (blue) in participant 2. SEEG (cyan spheres) and HD-ECoG (fuchsia 750 

spheres) electrodes that evoked at least one sensory percept in the hand area are overlaid over the 751 
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pial surface (left panels) and over the “very-inflated” representation of the cortical surface (right 752 

panels). An example bipolar electrode for HD-ECoG is shown (white rectangle). The black lines 753 

overlaid on the cortical surface delineate the cortical areal boundaries outside of sensorimotor 754 

cortex, and sensorimotor subregional boundaries inside sensorimotor cortex as derived from the 755 

HCP S1200 group average parcellation [40] based on myelin and cortical thickness maps and are 756 

labeled in yellow letters. The white lines demarcate the labeled somatotopic sensorimotor 757 

subregions based on resting state and task-based fMRI. The sensorimotor subareas are denoted 758 

by the intersection of the black and white boundaries. Gray shading denotes curvature of the 759 

cortical surface. Dashed yellow line denotes the central sulcus.  760 
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 761 

 762 

Figure 2. Self-reported sensory percepts in the hand upon stimulation in S1 sulcal (SEEG) 763 

or gyral (HD-ECoG) areas. A. All the sensory percepts reported by participant 1 upon sulcal 764 

stimulation through SEEG electrodes. The color of each electrode matches the color of the 765 

corresponding percept evoked. The third panel shows a 3D brain slice showing the same SEEG 766 

electrodes. B. All the sensory percepts reported by participant 1 upon gyral stimulation through 767 

HD-ECoG electrodes. C. All the sensory percepts reported by participant 2 upon sulcal 768 

stimulation through SEEG electrodes. The color of each electrode matches the color of the 769 

corresponding percept evoked. The third panel shows a 3D brain slice showing the same SEEG 770 

electrodes. Note the more posterior SEEG lead is not shown only in this panel but in 771 

Supplementary Figure S3. D. All the sensory percepts reported by participant 2 upon gyral 772 

stimulation through HD-ECoG electrodes.  An example bipolar electrode is shown (white 773 

rectangle). Black dashed line and white arrows denote the central sulcus.  774 
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 775 

Figure 3. Sensory percepts evoked by sulcal stimulation tend to be more focal in fingers. A. 776 

Boxplot showing the distribution of the areas covered by sensory percepts evoked by SEEG-777 

mediated sulcal stimulation and HD-ECoG-mediated gyral stimulation. * denotes significance in 778 

a Wilcoxon ranksum test, χ2 = 5.57; p=0.02. B. Histograms showing frequency of occurrence of 779 

percepts of different sizes for sulcal (blue) and gyral (orange) stimulation. The two distributions 780 

are significantly different in a Kolmogorov-Smirnov test, p<<0.01.  781 
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 782 

Figure 4. Heatmap of evoked percepts. A. Heatmap shows frequency of any region of the hand 783 

being part of a sensory percept evoked by S1 sulcal stimulation pooled from both participants. B. 784 

Heatmap shows frequency of any region of the hand being part of a sensory percept evoked by 785 

S1 gyral stimulation pooled from both participants. Number of percepts covering a region of the 786 

hand were normalized to the maximal number of percepts covering any area of the hand (n = 5 787 

for SEEG; n = 10 for HD-ECoG). 788 
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 790 

Figure 5. Recorded neural activity correlated with tactile stimulus of fingertips in 791 

participant 2. A and B. Electrodes that showed high degree of repeatability (r>0.6) of features 792 

across mechanical tactile stimulation cycles are shown (green spheres). The electrodes that 793 

evoked a percept in the hand area are also shown (red spheres). Overlapping electrodes are 794 

shown in yellow. Black dashed line denotes the central sulcus. B. shows a 3D brain slice 795 

showing the same SEEG electrodes.   796 Jo
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Supplementary Figures 797 

 798 

Fig. S1. Group cortical areal boundaries line up with individual myelin and cortical 799 

thickness maps. A. Color map shows the T1w/T2w-based myelin map for participant 1 as per 800 

color bar at bottom. B. Color map shows the cortical thickness for participant 1 as per color bar 801 

at bottom. C. Color map shows the T1w/T2w-based myelin map for participant 2. As per color 802 

bar below. D. Color map shows the cortical thickness for participant 2 as per color bar below. 803 

The black lines overlaid on the cortical surface delineate the cortical areal boundaries outside of 804 

sensorimotor cortex and sensorimotor subregional boundaries inside sensorimotor cortex as 805 

derived from the HCP S1200 group average parcellation [40] based on myelin and cortical 806 
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thickness maps and are labeled in yellow letters. The white lines demarcate the sensorimotor 807 

subregions based on resting state and task-based functional MRI. The sensorimotor subareas are 808 

denoted by the intersection of the black and white boundaries.  809 
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 810 

Fig. S2. fMRI activation maps for individual digits. Sensorimotor cortex activation map 811 

shown in A. for digits D1 (red), D2 (green) and D5 (blue) in participant 1 and in B. for digits D1 812 

(red), D2 (green) and D3 (blue) in participant 2 over the “very-inflated” representation of the 813 

cortical surface (right panels). The black lines overlaid on the cortical surface delineate the 814 

cortical areal boundaries outside of sensorimotor cortex, and sensorimotor subregional 815 

boundaries inside sensorimotor cortex as derived from the HCP’s multimodal group average 816 

parcellation [40] based on myelin and cortical thickness maps and are labeled in yellow letters. 817 

The white lines demarcate the somatotopic sensorimotor subregions based on resting state and 818 

task-based fMRI. The sensorimotor subareas are denoted by the intersection of the black and 819 

white boundaries. Gray shading denotes curvature of the cortical surface. 820 
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 822 

 823 

Fig. S3. Posterior SEEG lead for participant 2. The coronal plane lies at the postcentral sulcus 824 

right behind the second lead (two dark blue spheres in the white matter). The color of each 825 

electrode matches the color of the corresponding percept evoked. White arrows denote the 826 

central sulcus. The red cortical surface denotes primary somatosensory cortex. 827 
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Table 1. Proportion of electrode that evoked sensations. Table showing total number of 829 

electrodes that were observed to be in S1 and nearby white matter, number of electrodes that 830 

evoked a sensory percept alone and number of electrodes that evoked a sensory percept in the 831 

hand and wrist region. 832 

Participant 
Type of 

electrode 

Total 

in S1 

No. of electrode pairs 

that evoked tactile 

sensation alone 

No. of electrode pairs that 

evoked sensation in hand 

and wrist 

Participant 1 SEEG 28 17 5 

 HD-ECoG 22 10 10 

Participant 2 SEEG 28 6 6 

 HD-ECoG 57 28 18 
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Table 2. Sensory percept details for participant 1. Table provides the electrode details, 834 

stimulation parameters that evoked a sensory percept in participant 1 and the percept description. 835 

All percepts were felt only in the contralateral (left) hand. 836 

Electrode 

Type 

Lead/ 

Grid 

Electrode 

Pair 

Threshold 

Amplitude (mA) 

Frequency 

(Hz) 
Percept Description 

SEEG RFp 7 – 8 0.5 20 Index and thumb 

 RFp 9 – 10 0.5 20 
Electrical sensation  

index fingertip 

 RFp 10 – 11 0.8 20 Front of index and thumb 

 RFp 12 – 13 3 50 Digits 1-2 and then palm 

 RPa 1 – 2 0.65 20 
Electrical sensation 

Digits 3-5, only tips 

HD-ECoG HDG 3 – 4 0.8 50 
Intense tingling 

Digits 4-5 on dorsal surface 

 

HDG 4 – 5 0.72 50 

Intense tingling 

Digits 4-5, on dorsal surface  

and down to the top of the palm 

just below 

 

HDG 5 – 6 0.7 50 

Tingling 

Digits 2-5, center of digits (not 

fingertips), on dorsal surface 

 
HDG 6 – 7 1 50 

Twitching sensation 

Digits 2-3, entire finger involved 

 
HDG 9 – 10 1.3 50 

Tingling 

index finger, dorsal surface 

 
HDG 11 – 10 0.6 50 

Tingling 

Digits 3-5, dorsal surface 

 
HDG 12 – 11 0.7 50 

Tingling 

Digits 4-5, dorsal surface 

 HDG 12 – 13 1 50 Tingling, pinky finger 

 HDG 13 – 14 1.3 50 Twitching sensation in pinky 

 HDG 15 – 14 1.77 50 Tingling in fingers 

 837 
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Table 3. Sensory percept details for participant 2. Table provides the electrode details, 839 

stimulation parameters that evoked a sensory percept in participant 2 and the percept description. 840 

All percepts were felt only in the contralateral (left) hand. 841 

Electrode 

Type 

Lead/ 

Grid 

Electrode 

Pair 

Threshold 

Amplitude (mA) 

Frequency 

(Hz) 
Percept Description 

SEEG RPs 9 – 10 0.5 20 

Tingling  

Digit 4,  

towards bottom of finger 

 RPs 10 – 11 0.5 20 

Tingling 

Digit 4 fingertip; some 

sensation in digit 3 

 RPs 11 – 12 0.65 20 Tingling, whole of digit 4 

 RPs 12 – 13 1 20 Tingling, digit 3 fingertip 

 RPi 5 – 6 4.8 20 Tingling by the thumb 

 RPi 6 – 7 2.1 20 
Tingling 

index finger, small spot 

HD-ECoG HDG 39 – 40 1.5 50 Tingling, wrist 

 HDG 40 – 41 1.7 50 Tingling, wrist 

 HDG 54 – 55 1.66 50 Tingling, palm 

 HDG 55 – 56 1.2 50 Tingling, palm 

 HDG 56 – 57 1.8 50 Tingling, palm 

 HDG 57 – 58 5.7 50 Tingling, palm 

 HDG 71 – 72 5.71 50 
Tingling, dorsal surface 

below digit 5 

 HDG 72 – 73 0.85 50 
Tingling, dorsal surface 

below digit 5 

 HDG 85 – 86 1.7 50 
Tingling, digit 3, inside 

surface 

 HDG 86 – 87 2.38 50 
Tingling, digit 3, inside 

surface 

 HDG 101 – 102 1.8 50 Tingling, 2nd and 3rd digits 

 HDG 102 – 103 2.1 50 Tingling, 2nd and 3rd digits 

 HDG 103 – 104 1.2 50 Tingling, 2nd and 3rd digits 

 HDG 104 – 105 2.08 50 Tingling, 2nd and 3rd digits 

 HDG 116 – 117 5 50 Tingling, digit 2 

 HDG 117 – 118 1.95 50 Tingling, digit 2 

 HDG 147 – 148 1.95 50 
Tingling, thumb  

(dorsal on knuckle) 

 HDG 148 – 149 3.43 50 
Tingling 

(dorsal on knuckle) 

 HDG 149 – 150 2.45 50 
Tingling 

(dorsal on knuckle) 
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 842 

843 

Fig. S4. Neural responses (spectrograms) for mechanical tactile stimuli to fingertip pads. A-844 

C. Unintegrated spectrogram results (5 Hz resolution) averaged across all trials for tactile stimuli 845 

presented to digits 1, 2, and 3, respectively. The cue period for stimuli lasted 3s and the spectral 846 

response plotted represents the change in signal amplitude (z-scored) change at various 847 

frequencies from the cue presentation at time=0.  D-F. Change in integrated amplitude features 848 

(integrated signal amplitudes across wider frequency ranges: 0-5, 5-10, 10-15, 15-30, 30-100, 849 

and 100-500Hz, as described in the Methods section). 850 

 851 

 852 
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