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  44 

Abstract 45 

Afferent input from the periphery to the cortex contributes to the control of grasping. 46 

How sensory input is gated along the ascending sensory pathway and its functional role during 47 

gross and fine grasping in humans remain largely unknown. To address this question, we 48 

assessed somatosensory evoked potential components reflecting activation at subcortical and 49 

cortical levels and psychophysical tests at rest, during index finger abduction, precision, and 50 

power grip. We found that sensory gating at subcortical level and in the primary somatosensory 51 

cortex (S1), as well as intracortical inhibition in the S1, increased during power grip compared 52 

with the other tasks. To probe the functional relevance of gating in the S1, we examined 53 

somatosensory temporal discrimination threshold (STDT) by measuring the shortest time interval 54 

to perceive a pair of electrical stimuli. STDT increased during power grip and higher threshold 55 

was associated with increased intracortical inhibition in the S1. These novel findings indicate 56 

that humans gate sensory input at subcortical level and in the S1 largely during gross compared 57 

with fine grasping. Inhibitory processes in the S1 may increase discrimination threshold to allow 58 

better performance during power grip. 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 
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 67 

Significance statement 68 

Most of our daily life actions involve grasping. Here, we demonstrate that gating of 69 

afferent input increases at subcortical level and in the primary somatosensory cortex (S1) during 70 

gross compared with fine grasping in intact humans. The precise timing of sensory information is 71 

critical for human perception and behavior. Notably, we found that the ability to perceive a pair 72 

of electrical stimuli, as measured by the somatosensory temporal discrimination threshold, 73 

increased during power grip compared with the other tasks. We propose that reduced afferent 74 

input to the S1 during gross grasping behaviors diminishes temporal discrimination of sensory 75 

processes related, at least in part, to increased inhibitory processes within the S1.  76 

 77 

 78 

 79 

 80 
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 90 

Introduction 91 

Somatosensory information plays a critical role in the control of grasping behaviors (for 92 

reviews see Kaas, 1993; Johansson and Flanagan, 2009). For example, lesion studies in monkeys 93 

showed significant deficits in the control of finger movements during precision grip after 94 

temporary inactivation of area 3b, a region that is involved in processing of cutaneous and 95 

proprioceptive input (Hikosaka et al., 1985; Brochier et al., 1999). In agreement, patients with 96 

partial (Blennerhassett et al., 2007; Enders and Seo, 2016) and complete (Rothwell et al., 1982) 97 

somatosensory loss showed an impaired ability for surface discrimination and grip force control 98 

during grasping. Gating of sensory input occurs at cortical and subcortical levels in the ascending 99 

sensory pathway in a task-dependent manner (Ghez and Pisa, 1972; Coulter, 1974; Tsumoto et 100 

al., 1975; Chapman et al., 1988; Hantman and Jessell, 2010; Seki and Fetz, 2012). Despite all 101 

this evidence, the mechanisms contributing to somatosensory gating during fine and gross 102 

grasping in humans remain unknown. 103 

Somatosensory evoked potentials (SSEPs) are commonly used to assess transmission at 104 

different levels of the ascending sensory pathway. SSEP components, such as the P14, likely 105 

reflect the arrival of medial lemniscal signals to the thalamus (Desmedt and Cheron, 1981; Lee 106 

and Seyal, 1998). Whereas the N20 and P25 likely reflect activation of cortical area 3b (Forss et 107 

al., 1994; Allison et al., 1991; Huttunen et al., 2006) and area 1 (Jones et al., 1978; Allison et al., 108 

1991; Ishikawa et al., 2007), respectively. SSEPs are attenuated during voluntary activity 109 

compared with rest, reflecting gating of afferent input to filter irrelevant signals during a motor 110 

behavior and the magnitude of sensory gating depends on the nature of the motor task (Starr and 111 

Cohen, 1985; Borich et al., 2015; Sugawara et al., 2016; Lei and Perez, 2017). Here, we used 112 
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SSEPs to assess contributions from cortical and subcortical regions to sensory gating during fine 113 

and gross grasping in humans.  114 

Neuroimaging studies showed differential activation in the primary somatosensory cortex 115 

(S1) during both fine and gross grasping (Ehrsson et al., 2000) and during grasping tasks 116 

involving activation of different number of digits (Begliomini et al., 2007; Fabbri et al., 2016). 117 

The long-latency component of the cutaneous reflex, which likely reflects activity in the S1 118 

(Jenner and Stephens, 1982), is reduced during power grip compared with more isolated finger 119 

voluntary contractions (Datta et al., 1989). Moreover, corticospinal excitability is reduced during 120 

power grip compared with more fine hand motor tasks and subcortical pathways contribute, at 121 

least in part, to this effect (Tazoe and Perez, 2017). We hypothesized a more pronounced gating 122 

of sensory input at the S1 and at subcortical levels during power grip compared with precision 123 

grip. Electrophysiological (Conte et al., 2012) and neuroimaging (Pastor et al., 2004) studies 124 

showed that the S1 contributes to somatosensory temporal discrimination threshold (STDT). 125 

Behavioral studies showed that STDT changes in a task-dependent manner and its modulation 126 

occurs via sensory gating processes in the S1 (Conte et al., 2016). Therefore, to examine the 127 

functional role of somatosensory gating we tested the STDT, measured by the shortest time 128 

interval to perceive a pair of electrical stimuli, during power and precision grip.  129 

 130 

 131 

 132 

 133 

 134 

 135 
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Materials and Methods 136 

Subjects. Twenty-two right-handed healthy volunteers (31.2±10.1 years old, 7 females) 137 

participated in the study. The study was performed in accordance with the Declaration of 138 

Helsinki. All subjects gave informed consent to the experimental procedures, which were 139 

approved by the local ethics committee at the University of Miami. 140 

Electromyographic (EMG) recordings. EMG was recorded from the first dorsal interosseous 141 

muscles (FDI) through surface electrodes (Ag-AgCl; 10-mm diameter) secured to the skin over 142 

the belly of the muscle. EMG signals were amplified and filtered (bandwidth 30-2000 Hz) with a 143 

bioamplifier (Neurolog System, Digitimer, UK) and then converted to digital data with a 144 

sampling rate of 5 kHz with an A/D converter (CED Micro 1401, Cambridge Electronic Design, 145 

UK) and stored on a computer for off-line analysis.  146 

Experimental paradigm. Subjects were seated in a custom chair with both arms flexed at the 147 

elbow by 90°. Testing was completed when subjects performed index finger abduction, precision 148 

and power grip (Fig. 1A) in a randomized order. During index finger abduction, subjects were 149 

instructed to press with their index finger against a custom lever in the abduction direction with 150 

the forearm pronated and the wrist restrained by straps. During precision grip, subjects were 151 

instructed to grasp a small cylinder (diameter: 6 mm, length: 31 mm, weight: 1.36 g; Bunday et 152 

al., 2014) between the thumb and index finger while the forearm was maintained in the neutral 153 

position and the wrist was restrained by straps. During power grip, subjects were instructed to 154 

grasp the same small cylinder within the hand while all fingers were flexed at the 155 

metacarpophalangeal and proximal interphalangeal joints, with the forearm maintained in the 156 

neutral position and the wrist restrained by straps (Tazoe and Perez, 2017). The cylinder was 157 
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maintained in vertical position during precision and power grip. During testing, subjects were 158 

instructed to maintain 5% and 30% of maximal voluntary contraction (MVC; Fig. 1B) in the FDI 159 

muscle during index finger abduction, precision and power grip. At the beginning of the 160 

experiment, subjects performed two or three brief MVCs for 3-5 s into index finger abduction, 161 

separated by 60 s of rest. EMG activity from the FDI muscle was displayed continuously on an 162 

oscilloscope and verbal feedback was provided to the subjects to ensure that physiological 163 

measurements were acquired at similar levels of background EMG activity during 5% of MVC 164 

(index finger abduction=6.3±1.9%, precision grip=5.9±1.3%, power grip=5.6±1.6%; F(1.3, 165 

20.6)=1.7, p=0.2) and 30% of MVC (index finger abduction=27.5±3.6%, precision 166 

grip=27.0±6.3%, power grip=27.2±4.9%; F(2, 32)=0.1, p=0.9; Figs. 2A and C). A total of 167 

6.5±2.3% trials in which mean rectified EMG activity was ±2 SD of the mean EMG, measured 168 

100 ms before the stimulus artifact, were excluded from the analysis (Bunday et al., 2014). We 169 

examined motor output steadiness by measuring the coefficient of variation (CV) of the rectified 170 

EMG (SD/mean EMG) signals from the FDI muscles during all tasks (Perez and Rothwell, 171 

2015). Physiological measurements included SSEPs (P14/N20, N20/P25, and P25/N33 SSEP 172 

components) and paired-pulse SSEP suppression within the S1. STDT was measured to analyze 173 

temporal process of sensory inputs in the S1 as described below. 174 

SSEPs. We recorded SSEPs from the left S1 following electrical stimulation of the right ulnar 175 

nerve at the wrist (300 pulses at 5 Hz, 0.1 ms pulse duration), with pairs of adhesive Ag-AgCl 176 

electrodes positioned 5 cm lateral, 5 cm anterior (frontal component) and 2 cm posterior (parietal 177 

component) to the vertex. These locations correspond to regions anterior and posterior of the C3 178 

area in the 10–20 system (Fig. 1C; Lei and Perez, 2017). The ground electrode was located on 179 

the forehead. The peak-to-peak amplitude of SSEP components (P14/N20, N20/P25, and 180 
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P25/N33; Fig. 1D) were tested while the FDI was at rest or maintain 5% and 30% of MVC 181 

during index finger abduction, precision and power grip (Figs. 2A and C). The P14 component 182 

could be reliably identified in 10 out of 18 subjects in all tasks, consistent with previous results 183 

(Ragert et al., 2011). Therefore, the data was analyzed for all SSEP components (n=10) and for 184 

the N20/P25 and P25/N33 separately (n=18). When the P14 was present, its amplitude was 185 

measured from the P14 to the N20 peak (P14/N20), the N20 was measured from the N20 to the 186 

P25 peak (N20/P25), and the P25 was measured from the P25 to the N33 peak (P25/N33). When 187 

the P14 was not present, the N20 was measured from the baseline to the P25 peak (N20/P25) and 188 

the P25 was measured from the P25 to the N33 peak (P25/N33). Baseline was defined as the 189 

mean amplitude 100 ms before the stimulus artifact and onset latency as values 2SD above the 190 

mean baseline. At rest, the P14/N20 (1.1±0.5 μV) was smaller compared with the N20/P25 191 

(2.9±1.5 μV, p<0.001) and P25/N33 (2.5±1.1 μV, p<0.001; n=10). No difference was found 192 

between the amplitude of the N20/P25 (3.1±1.4 μV) and P25/N33 (2.9±1.1 μV, p=0.4; n=18). To 193 

assess possible spillover effects from a previous component the N20/P25 and P25/N33 were also 194 

measured from baseline to the P25 and N33 peak, respectively (Cohen and Starr, 1987). 195 

Similarly, no differences were found between the amplitude of the N20/P25 (1.6±1.2 μV) and 196 

P25/N33 (1.3±1.7 μV, p=0.3) measured from baseline to the P25 and N33 peak (n=10). Signals 197 

were amplified (gain 50K, bandwidth 3 Hz-2 kHz) and the stimuli were delivered at an intensity 198 

of ~10% of the maximal motor response (M-max) across tasks during 5% of MVC (index finger 199 

abduction=11.3±2.0% of M-max, precision grip=12.0±3.1% of M-max, power grip=11.7±2.9% 200 

of M-max; F(2, 32)=1.3, p=0.3) and 30% of MVC (index finger abduction=11.4±2.1% of M-max, 201 

precision grip=11.5±2.3% of M-max, power grip=11.7±2.5% of M-max; F(2, 32)=0.1, p=0.9; Figs. 202 

2B and D). Since we found that sensory gating increased during power grip compared with the 203 
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other tasks we performed two control experiments to assess the contribution of different fingers 204 

to our effects. First, we examined the effect of the number of digits used during a precision grip 205 

on SSEP  measurements by testing SSEPs during a precision grip using the index finger and 206 

thumb and a precision grip with all five digits (n=8). Second, we examined the contribution of 207 

afferent input from different fingers during precision grip by testing SSEPs during a precision 208 

grip using index finger and thumb, middle finger and thumb, ring finger and thumb, and little 209 

finger and thumb (n=8).  210 

Paired-pulse SSEP suppression. Paired-pulse SSEP suppression was measured to make 211 

inferences about the contribution of intracortical inhibitory mechanisms on SSEP components 212 

(Hoffken et al., 2013). Paired-pulse SSEP suppression was measured in the left S1 using a 213 

paired-pulse paradigm where repeated paired pulses were applied to the right ulnar nerve at the 214 

wrist at an inter-stimulus interval (ISI) of 40 ms while the FDI maintain 30% of MVC during 215 

index finger abduction, precision grip, and power grip (n=12). The stimulation was given at an 216 

intensity needed to elicit a response in the left FDI muscle of ~10% of the M-max across 217 

conditions (index finger abduction=11.2±2.9% of M-max, precision grip=11.9±2.4% of M-max, 218 

power grip=12.2±2.8% of M-max; F(2, 32)=1.3, p=0.3). Paired-pulse SSEP suppression was 219 

calculated as a ratio of the amplitude of the second response (A2) and the amplitude of the first 220 

response (A1) measured in each of the SSEP components. Because the amplitude of A1 221 

decreased during power grip compared with index finger abduction and precision grip, paired-222 

pulse SSEP suppression was also tested adjusting the size of A1 by asking subjects to perform 223 

5% of MVC during power grip. Three hundred paired-pulses were applied during each task.   224 
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STDT.  We used a previously established paired-pulse paradigm to test STDT (Conte et al., 2010, 225 

2012) at rest and during 30% of MVC while performing index finger abduction, precision and 226 

power grip (n=12). The electrical perceptual threshold (ETP) was measured by using constant 227 

current square wave electrical pulses (0.5 ms pulse width duration, 3 Hz stimulation frequency, 228 

DS7A, Digitimer Ltd.) through surface electrodes with the anode located 0.5 cm distally to the 229 

cathode. The electrodes were applied on the distal phalanx of the right index finger. The EPT 230 

was defined for each subject by delivering series of stimuli that were manually increased in 231 

increments of 0.1mA up to 10 mA. Subjects were asked to report verbally when the first 232 

sensation was felt. The intensity used for STDT was 1.5×EPT. Each subject was given practice 233 

trials to recognize the electrical pulses and familiarize with the task. STDT was assessed by 234 

delivering pairs of stimuli starting with ISI of 0 ms and progressively increasing the ISI steps by 235 

10 ms. Subjects were asked to report verbally whether they perceived a single stimuli or two 236 

temporally separate stimuli. The first of three consecutive ISI at which participants recognized 237 

the stimuli as temporally separated was considered STDT. To keep the subject’s attention level 238 

constant during the test and to minimize the risk of perseverative responses, the STDT testing 239 

procedure included “catch” trials consisting of a single stimulus delivered randomly.  240 

Data analysis. Normal distribution was tested by the Shapiro-Wilk's test and homogeneity of 241 

variances by the Levene’s test of equality and Mauchly’s test of sphericity. When normal 242 

distribution could not be assumed, data was log transformed. When sphericity could not be 243 

assumed, the Greenhouse-Geisser correction statistic was used. Repeated measures ANOVAs 244 

were performed to determine the effect of FORCE (5% and 30% of MVC) and CONDITION 245 

(rest, index finger abduction, precision and power grip) on the M-wave, and CV EMG. The same 246 

analysis was used to determine the effect of TASK (index finger abduction, precision grip, and 247 
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power grip) and FORCE on mean rectified EMG activity and the effect of FORCE, 248 

CONDITION and COMPONENT (P14/N20, N20/P25 and P25/N33) on the latency and 249 

amplitude of each SSEP component when measured from baseline and from the preceding peak. 250 

We also examined the effect FORCE and TASK on the latency and amplitude of the N20/P25 251 

and P25/N33 SSEP components. Repeated measures ANOVAs were used to determine the effect 252 

of TASK and CONDITION (rest and 30% of MVC) on paired-pulse SSEP suppression and 253 

STDT and the effect of DIGITS (index finger and thumb, middle finger and thumb, ring finger 254 

and thumb, and little finger and thumb) and NUMBER OF DIGITS (precision grip with two and 255 

five digits) on the amplitude of each SSEP component as needed. Tukey post hoc analysis was 256 

used to test for significant comparisons. Pearson correlation analysis was used as needed 257 

corrected for multiple comparisons. Significance was set at P< 0.05. Group data are presented as 258 

the mean±SD in the text. 259 

 260 
 261 
 262 

Results 263 

EMG and M-wave 264 

Figures 2A and B illustrate examples of rectified EMG activity and M-wave measured in 265 

the right FDI across force levels in a representative subject. Note that EMG activity increased 266 

during increasing levels of voluntary contraction while the M-wave remained similar.  267 

Repeated measures ANOVA showed an effect of FORCE (F(1, 17)=1046.2, p<0.001), 268 

TASK (F(3, 51)=306.7, p<0.001) and in their interaction (F3, 51)=162.0, p<0.001) on mean rectified 269 

EMG activity in the FDI. Post-hoc analysis showed that mean rectified FDI EMG activity 270 

increased at 30% and 5% of MVC compared with rest during all tasks (index finger abduction: 271 

5% of MVC=6.4±1.7%, p<0.001, 30% of MVC=26.8±3.5; p<0.001; precision grip: 5% of 272 
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MVC=5.9±1.3%, p<0.001, 30% of MVC=27.1±5.7; p<0.001; power grip: 5% of 273 

MVC=5.7±1.7%, p<0.001; 30% of MVC=25.8±3.3; p<0.001). Mean rectified EMG activity was 274 

larger at 30% compared with 5% of MVC during index finger abduction (p<0.001), precision 275 

(p<0.001) and power grip (p<0.001; Fig. 2C). We found no effect of Force (F(1, 17)=0.6, p=0.4), 276 

TASK (F(2.0, 34.0)=1.2, p=0.3) and in their interaction (F(1.7, 28.8)=0.05, p=0.9; Fig. 2D) on the M-277 

wave amplitude used during testing.  278 

We also found an effect of TASK (F(2, 34)=3.8, p=0.03), but not FORCE (F(1, 17)=3.0, 279 

p=0.1), or in their interaction (F(2, 34)=0.1, p=0.9) on the CV of the EMG. The CV decreased 280 

during power grip (0.92±0.06) compared with index finger abduction (0.96±0.07, p=0.01) and 281 

precision grip (0.95±0.09, p=0.03) at 30% of MVC but not at 5% (p=0.3) of MVC. No changes 282 

were found in the CV of the EMG between index finger abduction and precision grip (p=0.8).  283 

 284 
SSEPs latency 285 

Repeated measures ANOVA showed an effect of COMPONENT (F(2, 18)=117.1, 286 

p<0.001), but not FORCE (F(1, 9)=1.2, p=0.3), TASK (F(3, 27)=2.3, p=0.1) or in their interaction 287 

(F6, 54)=1.4, p=0.2) on SSEPs latency. The latency of the P14 (p=0.9), N20 (p=0.4), and P25 288 

(p=0.9) were similar across tasks (Table 1). Repeated measure ANOVA also revealed an effect 289 

of COMPONENT (F(1, 17)=42.5, p<0.001), but not FORCE (F(1, 17)=2.3, p=0.1), CONDITION 290 

(F(3, 51)=1.7, p=0.2), or in their interaction (F(3, 51)=0.4, p=0.8) on the latency of N20 and P25. No 291 

differences were found across tasks for the N20 (p=0.9) and P25 (p=0.8; Table 1).  292 

 293 
SSEP amplitude 294 
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Repeated measures ANOVA showed an effect of COMPONENT (F(2, 18)=4.1, p=0.03), 295 

FORCE (F(1, 9)=21.2, p<0.001), TASK (F(3, 27)=32.9, p<0.001) but not in their interaction (F6, 296 

54)=1.8, p=0.1) on the SSEPs amplitude. The P14/N20 amplitude was reduced at 5% and 30% of 297 

MVC compared with rest during index finger abduction (5% of MVC=85.9±15.9%, p=0.02; 298 

30% of MVC=62.7±21.0; p<0.001), precision grip (5% of MVC=84.9±14.9%, p=0.02; 30% of 299 

MVC=62.3±25.7; p=0.001), and power grip (5% of MVC=68.6±24.7%, p=0.003; 30% of 300 

MVC=40.3±20.7; p<0.001). Note that the P14/N20 amplitude was reduced largely during 30% 301 

compared with 5% of MVC during all tasks (index finger abduction, p=0.006; precision grip, 302 

p=0.02; power grip, p=0.02; Fig. 3A). We also found that the N20/P25 and P25/N33 amplitudes 303 

were reduced at 5% and 30% of MVC compared with rest during index finger abduction 304 

(N20/P25: 5% of MVC=90.8±9.1%, p=0.01; 30% of MVC=75.7±15.3; p<0.001; P25/N33: 5% 305 

of MVC=89.7±10.5%, p=0.01; 30% of MVC=78.0±16.2; p=0.002), precision (N20/P25: 5% of 306 

MVC=85.5±13.9%, p=0.009; 30% of MVC=69.8±16.7; p<0.001; P25/N33: 5% of 307 

MVC=83.3±17.2%, p=0.01; 30% of MVC=76.1±18.4; p=0.002) and power (N20/P25: 5% of 308 

MVC=84.4±15.1%, p=0.01; 30% of MVC=57.2±13.7; p<0.001; Fig. 3B; P25/N33: 5% of 309 

MVC=81.1±25.4%, p=0.04; 30% of MVC=76.7±16.6; p=0.002; Fig. 3C) grip. However, the 310 

N20/P25, but not P25/N33, amplitude was more suppressed at 30% compared with 5% of MVC 311 

across tasks when the components were analyzed from the previous peak (index finger 312 

abduction, N20/P25: p=0.03; P25/N33: p=0.08; precision grip, N20/P25: p=0.002; P25/N33: 313 

p=0.4; power grip, N20/P25: p<0.001; P25/N33: p=0.8) and from the baseline (index finger 314 

abduction, N20/P25: p=0.02; P25/N33: p=0.2; precision grip, N20/P25: p=0.01; P25/N33: p=0.1; 315 

power grip, N20/P25: p=0.005; P25/N33: p=0.5). Similar results were found in subjects who 316 

showed the N20/P25 and P25/N33 without the P14 [FORCE (F(1, 17)=5.1, p=0.03), TASK (F(3, 317 
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51)=21.3, p<0.001), not COMPONENT (F(1, 17)=0.3, p=0.6), but in their interaction (F(3, 51)=3.9, 318 

p=0.01) on the N20/P25 and P25/N33 amplitude] and when the amplitude of the N20/P25 and 319 

P25/N33 was analyzed from the baseline [FORCE (F(1, 17)=7.2, p=0.01), TASK (F(3, 51)=16.7, 320 

p<0.001), not COMPONENT (F(1, 17)=0.8, p=0.5), but in their interaction (F(3, 51)=4.5, p=0.008) 321 

on the N20/P25 and P25/N33 amplitude].  322 

Figure 4A illustrates examples of SSEP traces recorded in a representative subject at rest 323 

(black) and during index finger abduction (blue), precision (grey) and power (orange) grip at 5% 324 

of MVC. Note that the amplitude of the P14/N20, but not N20/P25 and P25/N33, decreased 325 

during power grip compared with index finger abduction and precision grip. Repeated measures 326 

ANOVA showed an effect of TASK (F(2, 18)=3.7, p=0.04), but not COMPONENT (F(2, 18)=0.9, 327 

p=0.4) or in their interaction (F(4, 36)=1.3, p=0.3) on SSEPs amplitude at 5% of MVC. The 328 

P14/N20 was more suppressed during power grip compared with index finger abduction and 329 

precision grip (power grip=68.6±24.7%; index finger abduction=85.9±15.9%, p=0.02; precision 330 

grip=84.9±14.9%, p=0.01; Fig. 4C) while no differences were observed in the P14/N20 between 331 

index finger abduction and precision grip (p=0.7). No differences were also found in the 332 

N20/P25 (p=0.5) and P25/N33 (p=0.6) amplitude across tasks. Similar results were found in 333 

subjects who showed the N20/P25 and P25/N33 without the P14/N20 [TASK (F(2, 34)=1.9, 334 

p=0.2)].  335 

At 30% of MVC, the amplitude of the P14/N20 and N20/P25, but not P25/N33, was 336 

reduced during power grip compared with index finger abduction and precision grip (Fig. 4B). 337 

Repeated measures ANOVA showed an effect of TASK (F(2, 18)=4.0, p=0.03), COMPONENT 338 

(F(2, 18)=6.4, p=0.008) and in their interaction (F(4, 36)=2.9, p=0.03) on SSEPs amplitude at 30% of 339 

MVC. The amplitude of the P14/N20 (power grip=40.3±20.7%; index finger 340 
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abduction=62.7±21.0%, p=0.004; precision grip=62.3±25.7%, p=0.02) and the N20/P25 (power 341 

grip=57.2±13.7%; index finger abduction=75.7±15.3%, p<0.001; precision grip=69.8±16.7%, 342 

p=0.03), but not P25/N33 (power grip=76.7±16.6%; index finger abduction=78.0±16.2%, p=0.8; 343 

precision grip=76.1±18.4%, p=0.9) were more attenuated during power grip compared with 344 

index finger abduction and precision grip amplitude (Fig. 4D). No differences were found in the 345 

amplitude of the P14/N20 (p=0.9), N20/P25 (p=0.4), and P25/N33 (p=0.7) between index finger 346 

abduction and precision grip. The same results were found in subjects who showed the N20/P25 347 

and P25/N33 without the P14/N20 [TASK (F(2, 34)=3.8, p=0.03), COMPONENT (F(1, 17)=4.6, 348 

p=0.04), and in their interaction (F(2, 34)=3.6, p=0.03) on the N20/P25 and P25/N33 amplitude at 349 

30% of MVC]. In additional experiments, we found no effect of DIGITS (index finger and 350 

thumb, middle finger and thumb, ring finger and thumb, or little finger and thumb, F(1, 7)=0.6, 351 

p=0.5; Figs. 5A and C) and NUMBER OF DIGITS (precision grip with two or five digits, F(1, 352 

7)=0.4, p=0.6; Figs. 5B and D) on SSEPs amplitude. 353  354 

Paired-pulse SSEP suppression  355 

Figure 6A illustrates raw data showing paired-pulse SSEP suppression of the N20/P25 356 

during index finger abduction (blue), precision grip (grey), and power grip (orange) at 30% of 357 

MVC in a representative subject. Note that paired-pulse suppression of the N20/P25 was more 358 

pronounced during power grip compared with index finger abduction and precision grip.  359 

Repeated measures ANOVA also showed an effect of TASK (F(2,22)=5.1, p=0.01) on 360 

paired-pulse SSEPs within the S1. We found that the A2/A1 ratio decreased during power grip 361 

compared with index finger abduction and precision grip for the N20/P25 (power 362 

grip=65.4±16.6%; index finger abduction=77.8±18.9%, p=0.02; precision grip=76.3±18.5%, 363 
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p=0.002; Fig. 6B). No differences were found in the A2/A1 ratio (p=0.7) between index finger 364 

abduction and precision grip. Note that paired-pulse SSEP suppression of the other SSEP 365 

components remained similar during index finger abduction, precision and power grip (P14/N25: 366 

p=0.5; P25/N33: p=0.6). The majority of subjects showed higher paired-pulse SSEP suppression 367 

for the N20/P25 during power grip compared with index finger abduction (9/12 subjects) and 368 

precision grip (10/12 subjects; Fig. 6C). Note that the P14/N20 and the P25/N33 amplitude was 369 

reduced during power grip compared with index finger abduction and precision grip in 6/12 and 370 

5/12 subjects, respectively and increased or had a similar size to the other tasks in 6/12 and 7/12 371 

subjects, respectively. Because A1 size decreased during power grip compared with index finger 372 

abduction and precision grip, we also tested paired-pulse SSEP suppression by adjusting the size 373 

of A1. Similar to our previous results, we found that the A2/A1 ratio decreased during power 374 

grip compared with index finger abduction (p=0.02) and precision grip (p=0.02) for the 375 

N20/P25. 376  377 
STDT and correlation analysis  378 

Repeated measures ANOVA showed an effect of TASK on STDT (F(2,22)=19.8, p<0.001; 379 

Fig. 7A). STDT was higher during power grip (142±50 ms) compared with index finger 380 

abduction (100±34 ms, p<0.001) and precision grip (105±39 ms, p<0.001). Whereas no 381 

differences were found between index finger abduction and precision grip (p=0.3). The majority 382 

of subjects showed higher STDT during power grip compared with index finger abduction 383 

(11/12 subjects) and precision grip (10/12 subjects; Fig. 7B). A correlation was found between 384 

STDP and paired-pulse SSEP suppression during power grip (r=0.69, p=0.01; Fig. 7C). Here, 385 

note that individuals with higher STDT were those with more pronounced intracortical inhibition 386 

of the N20/P25 in the S1. 387 
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Discussion 388 

We provide evidence that humans gate sensory input at subcortical level and in the S1 389 

more pronouncedly during gross compared with fine grasping. We found that the amplitude of 390 

the P14/N20 and N20/P25, SSEP components reflecting contributions from subcortical pathways 391 

and the S1, respectively, decreases during power grip compared with the other tasks and rest. 392 

Intracortical inhibition in the S1 reduced the amplitude of the N20/P25 during power grip 393 

consistent with a cortical origin for this effect. We also found that STDT, reflecting the ability to 394 

perceive a pair of electrical stimuli, increased during power grip and higher threshold was 395 

associated with increased intracortical inhibition in the S1. Thus, we hypothesize that power grip 396 

increases inhibitory processes in the S1 diminishing the ability to discriminate sensory signals 397 

during the task.  398  399 
Mechanisms of sensory gating during grasping 400 

Somatosensory information is filtered (‘gated’) at different levels of the ascending 401 

sensory pathway during voluntary movement (Ghez and Pisa, 1972; Coulter, 1974; Tsumoto et 402 

al., 1975; Chapman et al., 1988; Hantman and Jessell, 2010; Seki and Fetz, 2012) and plays a 403 

critical role in the control of grasping (Kaas, 1993; Johansson and Flanagan, 2009). Here, we 404 

examined for the first time the contribution of cortical and subcortical sites to sensory gating 405 

during gross and fine grasping in intact humans. We found that gating of the P14/N20 and 406 

N20/P25 SSEP components increased during power grip compared with the other tasks and rest. 407 

This agrees with previous findings showing that the magnitude of sensory gating changes 408 

according to the nature and characteristics of the motor task (Starr and Cohen, 1985; Borich et 409 

al., 2015; Sugawara et al., 2016; Lei and Perez, 2017). The P14/N20 likely reflects the arrival of 410 

medial lemniscal signals to the thalamus (Desmedt and Cheron, 1981; Lee and Seyal, 1998) 411 
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while the N20/P25 likely reflects activation of cortical area 3b (Forss et al., 1994; Allison et al., 412 

1991; Huttunen et al., 2006). Note that the N20/P25 might be generated by EPSPs in the apical 413 

dendrites of somatosensory pyramidal neurons, which are caused by excitatory input from the 414 

thalamus (Hashimoto et al., 1996). Power grip could presumably reduce inputs to the thalamus 415 

and the S1. Animals (Riddle et al., 2009) and human (Baker and Perez, 2017; Tazoe and Perez, 416 

2017; Dean and Baker, 2017) studies showed that subcortical networks, such as the 417 

reticulospinal pathway, contribute to the control of gross grasping behaviors. The ascending 418 

reticular system located in the midbrain projects to thalamic neurons (Paré et al., 1988; Steriade 419 

et al., 1988) and transmission at the dorsal column nuclei as evidenced by gross lemniscal 420 

response is attenuated by reticular stimulation (Dawson, 1958). Therefore, flow of sensory input 421 

to the thalamus and thalamo-cortical networks to the S1 could be diminish during power grip. 422 

Note that the reticular nuclei can process sensory input from the periphery without the need to 423 

pass through the cortex (Leiras et al., 2010). Thus, another possibility is that sensory gating at the 424 

cortex is greater for power grip, as integration of sensory feedback is managed at the subcortical 425 

level. We also found that paired-pulse SSEP suppression in the S1 reduced the amplitude of the 426 

N20/P25, but no other SSEP components, during power grip compared with the other tasks. 427 

GABAergic mediated cortical mechanisms play a role in modulating responses in the S1 during 428 

paired-pulse SSEP suppression (Hoffken et al., 2010; Stude et al., 2016). Then, another 429 

possibility is that intracortical circuits within S1 contributed to the pronounced sensory gating 430 

during power grip. This is supported by the reduced STDT during power grip compared with the 431 

other tasks. Electrophysiological (Conte et al., 2012) and neuroimaging (Pastor et al., 2004) 432 

studies showed that the S1 contributes to STDT, likely involving inhibitory interneurons within 433 
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the S1 (Rocchi et al., 2016). This is also supported by the positive correlation that we found 434 

where participants with higher STDT showed stronger intracortical inhibition in the S1.  435 

The S1 is one of the first cortical receiving stations for proprioceptive afferents (Corkin et 436 

al., 1970; Lemon and van der Burg, 1979). Thus, cortical processing of sensory input at the S1 437 

might have a limited contribution to the control of power grip as reflected by the pronounced 438 

gating of the N20/P25. Whereas gating of the N20/P25 was less pronounced during precision 439 

grip and more individuated finger voluntary contractions compared with power grip. This is 440 

consistent with evidence showing that somatosensory input is important to accomplish more 441 

skilled compared with less skilled behaviors (Gentilucci et al., 1994). It is also possible that the 442 

number of finger active during the task contributed to our results. Evidence showed that the S1 is 443 

more active during three- and five-digit than two-digit grasps, possible because of the 444 

recruitment of the somatotopic zones associated with these additional digits (Cavina-Pratesi et 445 

al., 2018). Our control experiments showed that gating of the N20/P25 was similar during a 446 

precision grip using two- and five-fingers, suggesting that it is less likely that this factor 447 

contributed to our results. This is consistent with evidence showing that the S1 can reflect 448 

differential activation during a precision grip and more gross coarse grasping regarding of the 449 

number of fingers active (Fabbri et al., 2016). Different fingers transmit different sensory 450 

information to the S1 (Overduin and Servos, 2004; van Western et al., 2004; Choi et al., 2015). 451 

Since we found no differences in the magnitude of sensory gating during a precision grip 452 

completed between the thumb and index finger as well as the thumb and any of the other finger, 453 

it is less likely that this factor affected our results. This is also consistent with evidence showing 454 

that the N20/P25 is suppressed during finger movements compared to rest independent of 455 

whichever finger was active (Turner et al., 2002).  456 
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We also found that the amplitude of the P25/N33 decreased during all tasks compared 457 

with rest but not in a task-dependent manner as for the other SSEP components. This is 458 

consistent with evidence showing that the P25/N33 is less affected by task context (Palmer et al., 459 

2016; Lei and Perez, 2017). Note that the N20/P25 can reflect activation of area 3b (Forss et al., 460 

1994; Allison et al., 1991; Huttunen et al., 2006) and the P25/N33 of area 1 (Jones et al., 1978; 461 

Allison et al., 1991; Ishikawa et al., 2007). Although somatosensory cortical areas 3b and 1 462 

represent the initial stages for tactile information processing these areas also exhibit distinct 463 

structural and functional organizational features (Iwamura, 1998). Area 3b has small receptive 464 

fields confined to single digit tips while the fields of area 1 neurons are typically larger and span 465 

more than one digit (Ashaber et al., 2014). A possibility would be that the P25/N33 is not largely 466 

gated during power grip and other tasks since sensory information from all fingers is needed to 467 

be sent to another part of the brain for use or further processing. This agrees with results showing 468 

that larger receptive fields of area 1 could be responsible for greater digit integration and 469 

complexity on sensory processing (Iwamura et al., 1983, 1993; Sinclair and Burton, 1991; Sripati 470 

et al., 2006; Bensmaia et al., 2008; Pei et al., 2010). It is also important to consider that the 471 

amplitude of the N20/P25 and P25/N33 could be affected by a spillover effect from a previous 472 

component. However, we observed similar results when the amplitude of the N20/P25 and 473 

P25/N33 were measured from baseline to the P25 and N33 peak, suggesting that it is less likely 474 

that this factor affected our results.  475  476 
Functional considerations  477 

A main function of the hand in power grip is to provide a means of resisting forces that 478 

may be applied to the object (Napier, 1956). Lesser afferent input might well reflect the 479 

increased resisting forces required during power grip. This agrees with previous data (Sugawara 480 
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et al., 2016) and with our results showing that sensory gating increases with increased level of 481 

force generation during power grip. However, during power grip, sensory gating is larger than 482 

during the other tasks even at higher levels of force generation, suggesting that the increased 483 

sensory gating might also serve other purposes. A possibility is that lesser afferent input during 484 

gross grasping contributes to decreased neural noise in the system to better respond to external 485 

loads applied to the hand (Kirimoto et al., 2014) and unexpected motor events (Bernier et al., 486 

2009). This agrees with results showing advantages in motor performance when the 487 

proprioceptive input is low (Jones et al., 2001; Balslev et al., 2004) or absent (Lajoie et al., 1992; 488 

Guedon et al., 1998). Pronounced sensory gating during power grip and increased inhibition in 489 

the S1 might also reflect the engagement of different cortical neuronal networks according to the 490 

nature of the power grip task (Tazoe and Perez, 2017). Evidence showed that distinct sets of 491 

cortical circuits and cortical areas could be engaged when humans perform a power grip 492 

compared with a precision grip (Groppa et al., 2012; Volz et al., 2014; Federico and Perez, 493 

2016).  494 

On the other side, patients with motor disorders showed abnormal processing of sensory 495 

signals (Bradley et al., 2009; Scontrini et al., 2009; Conte et al. 2010, 2014; Kimmich et al., 496 

2014). For example, in patients with Parkinson's disease increases in STDT has been associated 497 

with impaired finger dexterity (Lee et al., 2010), suggesting that the ability to process temporal 498 

sensory inputs contribute to motor tasks requiring fine fractionated finger movements. In 499 

agreement, we found that STDT values were higher during power grip compared with precision 500 

grip. Our results suggest the sensory thresholds in patients need to be considered in a task-501 

dependent manner. Although noninvasive stimulation has been used to change discrimination 502 
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thresholds in the S1 (Conte et al., 2012, 2016; Rocchi et al., 2016), we show here that 503 

discrimination thresholds can be also manipulated by simply modifying the grasping behavior. 504 
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Figure legends 832 

Figure 1. Experimental setup. A, Schematic of the hand posture used during testing in the 833 

index finger abduction, precision grip (grasping a small cylinder between the index finger and 834 

thumb) and power grip (grasping a small cylinder with a palmar opposition grasp with all finger 835 

flexed) task. B, Subjects were instructed to remain at rest or performed 5% or 30% of maximal 836 

voluntary contraction (MVC) with the first dorsal interosseous (FDI) muscle during index finger 837 

abduction, precision and power grip. Colored bars represent the targets to which subjects needed 838 

to move a cursor. Distance between the bars represents the percentage of MVC in the FDI 839 

muscle required to accomplish each task. C, Electrode positions for electroencephalographic 840 

(EEG) recordings. D, Somatosensory evoked potential (SSEP) recorded over the primary 841 

somatosensory cortex (S1) following ulnar nerve simulation for a representative subject. 842 

Waveform shows the average of 300 trials. The peak-to-peak amplitude of all SSEP components 843 

(P14/N20, N20/P25, and P25/N33) were measured as shown by the arrows.  844 

 845 
Figure 2. Electromyographic (EMG) activity and M-wave. A and B, Rectified EMG activity 846 

(A) and M-wave (B) measured in the right FDI muscle in a representative subject when the right 847 

hand performed 5% (teal) and 30% (pink) of MVC. Colored lines showed the smoothed rectified 848 

EMG when the right hand performed 5% (teal) and 30% (pink) of MVC. C and D, Group data 849 

(n=18) showing mean rectified EMG activity (expressed as % of MVC) (C) and mean M-wave 850 

(D) during index finger abduction, precision and power grip. Error bars indicate SEs. *P<0.05, 851 

comparison between 5% and 30% of MVC.  852 

Figure 3. SSEPs amplitude. Group data show the amplitude of P14/N20 (A), N20/P25 (B), and 853 

P25/N33 (C) SSEP components (expressed as % of resting SSEPs) during index finger 854 
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abduction, precision and power grip at 5% (teal) and 30% (pink) of MVC. The horizontal dotted 855 

line represents the amplitude of the SSEP components at rest. Error bars indicate SEs. *P<0.05, 856 

comparison between 5% and 30% of MVC. ¥P<0.05, comparison between rest and contraction.  857 

Figure 4. SSEPs during 5% and 30% of MVC. Raw SSEP traces recorded from the S1 in a 858 

representative subject when the right FDI was at rest (black) or performed index finger abduction 859 

(blue), precision (grey) and power grip (orange) at 5% (A) and 30% (B) of MVC. Each 860 

waveform represents the average of 300 SSEPs. Group data show the amplitude of all SSEP 861 

components (expressed as % of resting SSEPs) during index finger abduction (blue), precision 862 

(grey) and power grip (orange) at 5% (C) and 30% (D) of MVC. Error bars indicate SEs. 863 

*P<0.05, comparison between motor tasks.  864 

Figure 5. SSEPs during control experiments. SSEPs were tested during a precision grip using 865 

index finger and thumb, middle finger and thumb, ring finger and thumb, and little finger and 866 

thumb (A) and during a precision grip using the index finger and thumb and a precision grip with 867 

all five digits (B) at 30% of MVC. Group data (n=8) show the amplitude of all SSEP 868 

components (P14/N20, N20/P25, and P25/N33 in microvolts) during a precision grip using index 869 

finger and thumb (blue bars), middle finger and thumb (grey bars), ring finger and thumb (black 870 

bars), and little finger and thumb (green bars; C) and during a precision grip using the index 871 

finger and thumb (black bars) and a precision grip with all five digits (grey bars; D). Error bars 872 

indicate SEs. *P<0.05, comparison between motor tasks.  873 

Figure 6. Paired-pulse SSEP suppression within the S1. A, Raw SSEP traces showing paired-874 

pulse SSEP suppression of the N20/P25 in the S1 in a representative subject during index finger 875 

abduction (blue), precision (grey) and power grip (orange) at 30% of MVC at an ISI of 40 ms. 876 
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The amplitude of the N20/P25 component (A1 and A2, see methods for details) are marked. 877 

Each waveform represents the average of 300 SSEPs. B, Group data show mean paired-pulse 878 

ratios (A2/A1) during index finger abduction (blue), precision (grey) and power grip (orange). 879 

Note that paired-pulse SSEP suppression of the N20/P25 was increased during power grip 880 

compared with index finger abduction and precision grip, suggesting that intracortical inhibition 881 

in the S1 was increased. *P<0.05, comparison between motor tasks; ¥P<0.05, comparison 882 

between test SSEP and conditioned SSEP at each task.  883 

 884 
Figure 7. STDT and correlation analysis. A, Group data show mean STDT values during 885 

index finger abduction (blue), precision (grey) and power grip (orange). Data from individual 886 

subjects are also shown (B). C, Graphs also show a correlation between STDT and the paired-887 

pulse suppression of the N20/P25. Note that individuals with higher STDT also showed a larger 888 

suppression of the N20/P25.  889 
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