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Abstract 62 

How do object perception and action interact at a neural level? Here we test the 63 

hypothesis that perceptual features, processed by the ventral visuo-perceptual 64 

stream, are used as priors by the dorsal visuo-motor stream to specify goal-65 

directed grasping actions. We present three main findings, obtained by combining 66 

time-resolved transcranial magnetic stimulation (TMS) and kinematic tracking of 67 

grasp-and-rotate object manipulations, in a group of healthy human participants 68 

(N=22). First, the extrastriate body area (EBA), in the ventral stream, provides an 69 

initial structure to motor plans, based on current and desired states of a grasped 70 

object and of the grasping hand. Second, EBA’s contributions are earlier in time 71 

than those of a caudal intraparietal region known to specify the action plan. Third, 72 

EBA’s contributions are particularly important when desired and current object 73 

configurations differ, and multiple courses of actions are possible. These findings 74 

specify the temporal and functional characteristics for a mechanism that integrates 75 

perceptual processing with motor planning. 76 

 77 

Significance statement 78 

It has long been recognized that there must be interactions between the dorsal and 79 

ventral cortical streams of visual information processing, but it remains unclear how 80 

and when these interactions occur. By studying goal-oriented movements involving 81 

the manipulation of an object, we show that the extrastriate body area (EBA), a 82 

region in the ventral visuo-perceptual stream, provides the dorsal visuo-motor 83 

stream with a representation of a desired goal-state, before the dorsal visuo-motor 84 

stream specifies the motor plan. These findings suggest that perceptual processing, 85 

as implemented in the EBA, has functional precedence over visuo-motor processing 86 

during the selection of goal-oriented movements.  87 

 88 

Keywords: Transcranial magnetic stimulation, ventral stream, perception-action, 89 
visuomotor transformations 90 
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Introduction 91 

Goal-directed actions are programmed by a dorsal occipito-parietal stream 92 

based on visuo-spatial information. However, flexible manual behavior, especially 93 

interactions with objects, often additionally relies on perceptual features. Those 94 

features are represented in an anatomically separate occipito-temporal stream 95 

geared to process visual material for identification and recognition (Kravitz et al. 96 

2013). In this study we address a current debate in the literature, namely how and 97 

when this perceptual information is used during action planning (Gallivan and 98 

Culham 2015; Lingnau and Downing 2015). An influential account emphasizes 99 

relative differences in processing speeds between dorsal and ventral streams 100 

(Milner et al. 2003) and assumes the integration of executive and perceptual 101 

processes is time-consuming. In this account the ventral stream could serve as a 102 

post-hoc interpreter of actions, either perceived or planned (Downing and Peelen 103 

2011; Lingnau and Downing 2015), or contribute to action planning, but only when 104 

preparation is sufficiently delayed (Rossetti and Pisella 2002; Cohen et al. 2009). 105 

Here, we consider an alternative mechanism, testing whether perceptual features 106 

are used as priors by the dorsal visuomotor stream to specify a motor plan 107 

(Verhagen et al. 2012). We test this hypothesis by considering an occipito-temporal 108 

region in the ventral visual stream, the extrastriate body area (EBA; (Downing et 109 

al. 2001)). This region responds to the perception of body parts, but it is also active 110 

during motor planning (Astafiev et al. 2004; Kühn et al. 2011), and it represents a 111 

desired postural configuration during actions that require anticipation of future 112 

states (Zimmermann et al. 2012). These action-oriented anticipatory abilities are 113 

lost in patients with bilateral ventral stream lesions (Dijkerman et al. 2009).  114 

We address these hypotheses using time-resolved neural interference with 115 

transcranial magnetic stimulation (TMS) in a rigorous four-level factorial design that 116 

controls for the current and intended object state, for the number of possible 117 

courses of action, for the time of interference, and for the site of interference. We 118 

asked participants to grasp a bar and rotate it to match a target orientation, 119 

exploiting the fact that when multiple end-state postures are possible participants 120 

prioritize postural comfort in the final state of the action. Using this motor control 121 
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strategy involves selecting a comfortable body posture compatible with an object’s 122 

final configuration, necessitating the anticipation of that object-configuration 123 

(Rosenbaum et al. 2001, 2012). A neural implementation of this anticipatory 124 

strategy requires sensorimotor transformations that integrate predicted hand-object 125 

configurations with biomechanical constraints and the current body posture. We 126 

hypothesized these transformations to be causally supported by neural activity in 127 

either EBA or in the caudal section of the intraparietal sulcus (IPS), a portion of the 128 

dorsal visuomotor stream involved in integrating current body posture with motor 129 

plans (Wolpert and Ghahramani 2000; Zimmermann et al. 2012). To probe the 130 

temporal and causal dependences of these ventral and dorsal stream areas, we 131 

used single-pulse TMS to disturb processing in EBA and IPS at different time-points 132 

during planning of actions with different demands on grip- and end-posture 133 

selection. 134 

If EBA provides the dorsal visuomotor stream with a desired goal posture for 135 

actions that involve object manipulations and require anticipation of future postural 136 

states (van Nuenen et al. 2012; Zimmermann et al. 2012), then TMS to EBA should 137 

be particularly disruptive during early stages of motor planning, before the 138 

involvement of the dorsal visuomotor stream, especially when the action allows 139 

choices between different possibilities. We contrast this hypothesis to other 140 

accounts predicting that EBA computations are inconsequential for motor behavior 141 

(Downing and Peelen 2011), or relevant only during late planning stages of actions 142 

(Milner and Goodale 2008). 143 
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Methods 144 

Overview 145 

The experiment consisted of four experimental sessions, i.e. one intake session and 146 

three TMS sessions. During the intake session, participants practiced the 147 

experimental task, underwent a short TMS session to determine their motor 148 

threshold, were familiarized with stimulation of the EBA and IPS, and participated in 149 

a number of MR scans. The three TMS sessions followed the same procedure: after 150 

TMS stereotaxic registration and coil placement, participants performed a motor 151 

task while being stimulated with single-pulse TMS on a trial-by-trial basis delivered 152 

through one of three coils placed on their head (Figure 1C). Measures of task 153 

performance collected on a trial-by-trial basis (see “TMS procedures”) were used to 154 

assess the consequences of TMS on EBA and IPS. The study was approved by the 155 

local ethical commission (CMO Arnhem-Nijmegen, The Netherlands). For clarity, 156 

experimental factors are marked in SMALL CAPS, and conditions within experimental 157 

factors are marked in UPPER CASE.  158 

 159 

Participants 160 

Thirty-one healthy, right-handed participants gave written informed consent to 161 

participate in the study and were financially compensated with 10 euro/hour. This 162 

study is based on the twenty-four participants (24±3 years old, 13 male) that 163 

completed the experiment. Seven participants did not complete the whole set of 164 

experimental sessions for various reasons (one participant was unable to maintain 165 

his/her head in a sufficiently stable position; two participants repeatedly missed 166 

their appointments, two participants developed a mild headache, two participants 167 

felt otherwise uncomfortable). Two subjects were excluded from the analyses due 168 

to responses systematically above the reaction-time cutoff (see ”Motor task”). This 169 

study is based on the twenty-two remaining participants (24±3 years old, 13 male). 170 

 171 

Motor task 172 

 173 
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<< Insert Figure 1 about here >> 174 

 175 

The participants followed a single set of instructions across two experimental 176 

factors with two conditions each (ACTION-TYPE: HOLD, ROTATE; GRIP-OPTIONS: 177 

SINGLE, MULTIPLE). They were asked to grasp a bar (length: 30 cm; diameter: 2 178 

cm; one end colored black, other end white) using a power grip with their right 179 

hand, around the border between the black and white portions of the bar, and to 180 

rotate it in order to align the white portion of the bar with one of 256 light-emitting 181 

diodes (LEDs) distributed in a circle around a low-friction turning platform 182 

supporting the bar (Figure 1B). Two metal rods of 10 cm length connected the bar 183 

with the turning platform. The distance between the rods was 13 cm, allowing 184 

participants to grasp the bar in between the rods. On each trial, the bar could be 185 

grasped in two ways, i.e. with the thumb on the white or on the black end of the 186 

bar. Grips with the thumb placed on the white end of the bar are arbitrarily labeled 187 

as ‘toward’ (i.e. with the thumb toward the target LED), and those with the thumb 188 

placed on the black end as ‘away’ (i.e. with the thumb away from the target LED).  189 

Each participant executed a total of 1278 trials (426 trials per session), pseudo-190 

randomly intermixed across conditions. In each session, trials were performed in 191 

nine blocks of maximally 50 trials each. Within the factor ACTION-TYPE, there were 192 

ROTATE trials (n=483, the bar was to be rotated by 180°) and HOLD trials (n=483, 193 

the bar was to be held around its original orientation). There were also filler trials 194 

(the bar was to be rotated by 90° clockwise (n=156) or 90° counterclockwise 195 

(n=156)), introduced to reduce task predictability, but excluded from subsequent 196 

analyses. In order to further avoid the development of stereotyped movement 197 

patterns and trigger a novel action plan on each trial, the target displayed in each 198 

trial was extracted from one of four uniform distributions of targets with average = 199 

0°, ±90°, 180° and a range of ±7° for HOLD, filler, and ROTATE trials, respectively. 200 

Put differently, the bar needed to be rotated in all conditions, including the HOLD 201 

condition, and to different extents even within trials of the same condition. Slow 202 

responses (reaction time longer than 1000ms) and large errors in bar placement 203 

(>36°) were marked as incorrect trials and excluded from the analyses. 204 
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The motor task included a second experimental factor, GRIP-OPTIONS, with two 205 

conditions (SINGLE, MULTIPLE). This factor accounts for the fact that in this task, 206 

given human biomechanical constraints and end-state comfort effects (Rosenbaum 207 

et al. 2006), some object orientations allow for both toward and away grips 208 

(MULTIPLE-option trials), whereas other object orientations evoke a clear 209 

preference for a particular grip (SINGLE-option trials; Figure 2C). The number of 210 

trials contributing to the single- and multiple-option categories was matched 211 

between participants by considering 25% of the trials multiple-option and 212 

classifying the remaining 75% as single-option. This ratio was based on the 213 

observation that the switch range for grip selection (Figure 2B) equaled 214 

approximately 25% of the full orientation range. 215 

A trial timecourse (Figure 1A) was as follows: At trial onset, the opening of a liquid 216 

crystal display (LCD) shutter screen allowed the participant to see the bar and a 217 

target LED. As soon as the participant moved his right hand from a touch sensor 218 

positioned along his midsagittal plane (Figure 1B), the screen turned opaque again, 219 

preventing vision of the hand, of the bar, and of the target. At the end of each trial, 220 

when the participant positioned his right hand again on the touch sensor, the 221 

shutter remained opaque, while the bar was silently and automatically rotated into 222 

a new orientation, randomly sampled from all possible orientations, and a new 223 

target LED was switched on.  224 

Motion tracking (Polhemus Liberty, Colchester, USA) was used to record movements 225 

of the right hand using three sensors attached to participants’ right index finger, 226 

little finger and wrist. Position and orientation of each sensor was sampled at 240Hz 227 

and stored for offline analyses. 228 

 229 

TMS procedures  230 

The TMS procedures considered two experimental factors related to the location 231 

and timing of the TMS intervention. The factor TMS-SITE had three conditions (EBA, 232 

IPS, SHAM). The experiment was set-up to use active sites (EBA, IPS) in a factorial 233 

design, with a passive control (SHAM) for reference. The difference between EBA 234 
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and IPS conditions captures site-specific effects of active stimulation, while the 235 

SHAM condition captures general (acoustic) effects of coil discharge. The factor TMS-236 

TIME had two conditions (EARLY, LATE). In relation to the factor TMS-SITE, during the 237 

intake session, participants’ heads were coregistered to their individual structural 238 

Magnetic Resonance scans using “Localite TMS navigator” neuronavigation software 239 

(v2.2.0, Localite, Sankt Augustin, Germany). The skull locations with the minimal 240 

distance from the desired target locations (EBA, IPS) were estimated by the Localite 241 

software, and those two distances were used to define a subject- and site-specific 242 

stimulator output (see below same section). The desired EBA location was 243 

determined according to a participant-specific fMRI localizer (see ”Functional 244 

localization of EBA”). The average MNI coordinates (with standard deviations) of the 245 

EBA locations across the group were [-48 (2.4), -77 (4.0), 7 (4.8)]. EBA was 246 

stimulated in an inferior-superior direction. The desired IPS location was based on 247 

coordinates from a previous study that involved this portion of the posterior parietal 248 

cortex in state estimation during action planning (MNI: [-22 –60 58]; Zimmermann 249 

et al., 2012). IPS was stimulated in an inferior/posterior-superior/anterior direction, 250 

roughly perpendicular to the orientation of the intraparietal sulcus. MNI coordinates 251 

of the IPS target were transformed to subjects’ individual brain space using the 252 

inverse normalization parameters obtained during preprocessing of the MRI data. 253 

Coil orientation was slightly adjusted to optimize participants’ comfort, when 254 

necessary. SHAM-TMS was implemented by using a coil tilted by 90° degrees and 255 

interposed between the two coils targeting EBA and IPS (Figure 1C). This coil 256 

configuration delivered an ineffective cortical stimulation, while closely matching the 257 

auditory stimulation produced by the other TMS coils. Participants wore ear plugs 258 

across the duration of the experiment.  259 

The three coils were firmly held in place with mechanical arms (Manfrotto, Cassola, 260 

Italy), and their location relative to the EBA and IPS targets was continuously 261 

monitored with Localite. At the beginning of each trial, if the head had moved more 262 

than 5 mm away from the desired configuration, the trial was delayed and 263 

participants were asked to move their head back to its previous position. 264 

Throughout the experiment, only two coils were simultaneously connected at any 265 

given time to the two available stimulators (MagVenture (Farum, Denmark) X100 266 
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stimulators). After each block of 50 trials, one of the previously active coils was 267 

disconnected, and the previously disconnected coil was connected. The order of 268 

active coils was counterbalanced over sessions and randomized over participants. 269 

EBA and IPS stimulation was achieved with MagVenture MC-B65-HO Butterfly coils 270 

with an average winding diameter of 55 mm, with biphasic pulse shape. A C-B60 271 

Butterfly coil was used for sham stimulation. The stimulation intensity was 272 

customized for each site and participant, according to the formula: 273 

Intensity [%] = 50% + 2.4%/mm * (distance[coil-target] – 20mm) 274 

This formula was obtained through a pilot study performed in 10 independent 275 

participants using the same equipment. The pilot study, following the procedures of 276 

Stokes et al. (Stokes et al. 2005), indicated that the realized intensity at the target 277 

location can be kept stable by increasing stimulator output by 2.4% of maximum 278 

stimulator output (MSO) for each millimeter of additional space between the coil 279 

and the target location. Accordingly, we set the stimulator output to achieve 50% 280 

MSO at 2 cm from the coil, for each site and for each participant. The average 281 

stimulation intensity (with standard deviations) for EBA was 54% (7.0) MSO, and 282 

for IPS it was 69% (7.3) MSO. Stimulation intensity for the coil used for SHAM TMS 283 

was set to 100% MSO to closely match the sound level of the other TMS coils. 284 

In relation to the factor TMS-TIME, during the experiment, single TMS pulses were 285 

delivered at any time within two epochs of the interval between trial onset and 286 

release of the start button. A pilot study indicated that, on average, participants 287 

take about 600ms to initiate their movement under the present experimental 288 

conditions. Accordingly, single pulse TMS was delivered either EARLY during 289 

planning (100-300ms after trial onset) or LATE during planning (300-500ms after 290 

trial onset). No pulses were delivered if participants had already released the start 291 

button before the randomly selected time of stimulation had elapsed, and those 292 

trials were excluded from subsequent analyses.  293 

 294 

Measures of task performance 295 
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The effects of TMS on task performance were indexed with three parameters that 296 

captured features of motor preparation (planning time), of motor performance 297 

towards the initial bar configuration (grip choice), and of motor performance 298 

towards the desired bar configuration (goal-state error). All analyses were done in 299 

MatLab (version R2009b; MathWorks, Natick, MA) using n-way ANOVAs (function: 300 

anovan) with participant as a random factor. In the following section, we define the 301 

procedures used to quantify planning time, grip choice, and goal-state error. 302 

Planning time was defined as the time between trial onset (when the bar and its 303 

desired orientation became visible) and movement onset. Movement onset was 304 

based on the motion tracking data and defined as the last local minimum in wrist 305 

velocity before peak velocity of the hand transport phase towards the bar (Schot et 306 

al. 2010).  307 

Grip choice was defined as the probability of choosing a toward grip (i.e. that the 308 

bar was grasped with the thumb on the white end/towards the target LED) as a 309 

function of the initial orientation of the bar. Given human biomechanical constraints 310 

and end-state comfort effects, grip choice varies as a function of the initial and 311 

desired bar orientations, according to a logistic function (Rosenbaum et al. 2006). 312 

Accordingly, assessing the effects of TMS on grip choice requires a robust estimate 313 

of changes in the probability distribution of grip choices as a function of bar 314 

orientation. Estimating those changes involved three steps.  315 

 316 

<< Insert Figure 2 about here >> 317 

 318 

First, a grip probability function over the range of bar orientations (0°- 360°) was 319 

estimated by averaging single-trial grip choices over neighboring orientations with a 320 

moving Hanning weighting window (width: 45°, Figure 2A). Second, we created the 321 

condition for pooling data across participants by phase-adjusting the grip 322 

probability functions across participants, such that grip probability was consistently 323 

high at 0° and low at 180°. This was done by fitting a cosine with one free 324 
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parameter, the phase, to the moving average, and then shifting the data by the 325 

cosine’s phase parameter (Figure 2A). Third, the data were fitted to a psychometric 326 

function designed to parameterize grip choice biases (Figure 2B) according to a 327 

least-squares approach. The psychometric function was:  328 

GRIP CHOICE(φ) = ∝ * (ffall(φ) + frise(φ)) + β 329 

with: 330 

ffall(φ) = 1 −
γfall ∗ φ – δfall  331 

frise(φ) =
γrise ∗ φ – δrise  332 

 333 

Grip choice is a function of orientation (φ, Figure 2B) estimated as the sum of two 334 

logistic curves, one falling (ffall) and the other rising (frise), with six free parameters: 335 

amplitude (∝), offset (β), plus separate slope (γi, γ2) and phase-shift (δ1, δ2) 336 

parameters for each logistic curve. These parameters provide robust and 337 

interpretable estimates of factors that influence grip choice as a function of bar 338 

orientation. 339 

The amplitude parameter (∝, range: [0, 1]) measures to what extent grip choice is 340 

influenced by the expected body posture towards the end of the action (in short, ∝ 341 

= posture-bias). A large ∝ indicates a strong end-state comfort effect, namely a 342 

consistent preference in grasping the bar with one grip type within a range of goal 343 

orientations, and with the opposite grip type within a complementary range of goal 344 

orientations. A small ∝ indicates a weak end-state comfort effect, namely either a 345 

stereotyped or a random grip type irrespective of goal orientation. The offset 346 

parameter (β, range: [-0.5, 0.5]) accounts for biases towards either grip type 347 

irrespective of goal orientation (in short, β = systematic-bias). A large β (±0.5) 348 

indicates that a participant grasps the bar such that his thumb is always pointing 349 

towards the target LED at the end (or away, for β  -0.5). A small β indicates a 350 

weak systematic bias in grip choice. The slope parameters (γfall & γrise) measure the 351 

range of goal orientations over which participants switch their grip preference from 352 

one type to the opposite grip type (in short, 1/ γi = switch-range, range: [1, 180]). 353 
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The slope phase offset parameters (δfall, δrise, range: [0, 360]) indicate the 354 

orientations at which participants switch their grip preference from one type to the 355 

opposite grip type.  356 

Goal-state error was defined as the absolute (unsigned) difference (in °) between 357 

the desired orientation of the bar (as indicated by the target LED) and the final 358 

orientation of the bar. 359 

 360 

Statistical analyses of behavioral outcomes 361 

Statistical analyses were based on correct trials (i.e. error trials with technical 362 

errors, movement initiation before TMS pulse or slower than 1000ms, and/or wrong 363 

or incomplete actions were removed). Outliers were also removed (cutoff: path 364 

length and/or movement time four interquartile ranges [Q3-Q2] above the median). 365 

Statistical inferences are based on a two-tailed false-positive rate of p < 0.05. 366 

There were two main analyses. First, the experimental conditions’ effect on 367 

planning times and goal-state error of multiple-option rotation trials was tested with 368 

a 3x2 two-way ANOVA with factors TMS-SITE [EBA, IPS, SHAM] and TMS-TIME [EARLY, 369 

LATE]. The goal of this analysis was to test whether the timing and the location of 370 

the TMS intervention modified motor performance. In order to qualify the specificity 371 

of the finding in relation to movement selection demands and complexity of end-372 

posture anticipation, this analysis was subsequently expanded to include ACTION-373 

TYPE [HOLD, ROTATE] and GRIP-OPTIONS [SINGLE, MULTIPLE]. Second, the effects on 374 

grip choice (indexed by posture-bias, systematic-bias, and switch-range) were 375 

tested with a 3x2 full-factorial ANOVA, with factors TMS-SITE [EBA, IPS, SHAM] and 376 

TMS-TIME [EARLY, LATE], and subsequently expanded to include ACTION-TYPE [HOLD, 377 

ROTATE]. The goal of this second analysis was to test whether the timing and the 378 

location of the TMS intervention modified the influence of the expected body 379 

posture at the end of rotation actions. 380 

 381 

Functional localization of EBA 382 
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Following an anatomical scan (T1-weighted MP-RAGE sequence, TR/TE = 383 

2300/3.03ms, voxel-size 1.0x1.0x1.0mm on a 1.5T Avanto MR-scanner, Siemens, 384 

Erlangen, Germany), the EBA of each participant was localized with fMRI (using the 385 

same 1.5T Avanto MR-scanner, 32-channel head coil for signal reception, whole-386 

brain T2*-weighted multi-echo echo-planar images, TR=2180ms, TE(1)=9.4ms, 387 

TE(2)=21.2ms, TE(3)=33.0ms, TE(4)=45.0ms; voxel-size 3.5x3.5x3.0mm; gap-388 

size: 0.5mm). The EBA localizer used a set of previously validated stimuli. The 389 

stimuli included 20 pictures of human bodies without heads 390 

(http://pages.bangor.ac.uk/~pss811/page7/page7.html), 20 pictures of manmade 391 

objects, as well as 20 phase-scrambled versions of those stimuli. Stimuli were 392 

presented in a blocked design (10 blocks per condition; 20 stimuli per block; 393 

stimulus presentation time: 300 ms; inter-stimulus time: 450 ms). Within each 394 

block, two identical stimuli were presented sequentially. Participants were instructed 395 

to detect these stimulus repetitions (1-back task) to ensure attention to the stimuli. 396 

Across trials, the location of the stimuli on the screen was randomly shifted 397 

(stimulus size: ~10° visual angle, shifted by 3.5° horizontally/vertically). Besides 398 

this EBA localizer (256 volumes over ~10 minutes), we also acquired a resting state 399 

fMRI scan (10 minutes) and a diffusion tensor imaging (DTI) scan (12 minutes). 400 

Resting state and DTI scans are not part of this report. 401 

The EBA localizer scans were analyzed using MatLab and SPM8 (Wellcome 402 

Department of Cognitive Neurology, London, UK). First, functional images were 403 

spatially realigned using a Whittaker-Shannon (sinc) interpolation algorithm that 404 

estimates rigid body transformations (translations, rotations) by minimizing head-405 

movements between the first echo of each image and the reference image (Friston, 406 

Ashburner, et al. 1995). Next, the four echoes were combined to a single volume. 407 

For this, the first 30 volumes of the timeseries of 256 volumes were used to 408 

estimate the best weighted echo combination in order to optimally capture the 409 

BOLD response over the brain (Poser et al. 2006). These weights were then applied 410 

to the entire timeseries. Subsequently, the timeseries for each voxel were 411 

temporally realigned to the acquisition of the first slice. Anatomical images were 412 

spatially coregistered to the mean of the functional images. Normalization 413 

parameters to transform anatomical images to a standard EPI template centered in 414 
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MNI space (Ashburner and Friston 1999) were estimated, but not applied. Instead, 415 

the inverse of the normalization matrix was used to transform the TMS target 416 

location for IPS from MNI coordinates into each individual subject space. 417 

For each of the three image categories, square-wave functions were constructed 418 

with a duration corresponding to the block duration and convolved with a canonical 419 

hemodynamic response function and its temporal derivative (Friston, Holmes, et al. 420 

1995). Additionally, the statistical model included 18 separate regressors of no 421 

interest, modeling residual head movement related effects by including the six 422 

rigid-body motion parameters (translations and rotations), as well as their first- and 423 

second-order temporal derivatives. Parameter estimates for all regressors were 424 

obtained by maximum-likelihood estimation, using a temporal high-pass filter (cut-425 

off 128 s), modeling temporal autocorrelation as an AR(1) process. Linear contrasts 426 

pertaining to the main effects of the design were calculated. EBA was identified by 427 

comparing activity during the ‘body’ condition with activity during the ‘object’ 428 

condition, providing locations for left and right EBA (Downing et al. 2001). The 429 

activation peak of left EBA was used as target location for TMS. 430 
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Results  431 

Subjects were instructed to grasp a bar that could be positioned in any orientation 432 

to achieve an instructed goal-state (Figure 1). On some trials the subject had to 433 

rotate the object, on other trials just to hold the bar (factor ACTION-TYPE: HOLD, 434 

ROTATE). The combination of orientation and rotation ensured that in some cases 435 

only a single grip posture was comfortable, while other combinations allowed 436 

multiple courses of action to accomplish the trial (factor GRIP-OPTIONS: SINGLE, 437 

MULTIPLE). TMS could be delivered over left EBA, a caudal section of left IPS, or as 438 

sham stimulation (factor TMS-SITE: EBA, IPS, SHAM) at any time during action 439 

planning (factor TMS-TIME: EARLY [100-300ms after trial onset], LATE [300-500ms 440 

after trial onset]). Subjects were able to execute the grasp-and-rotate task 441 

proficiently (6% errors, 4% outliers) with no differences in performance across the 442 

three sessions in terms of planning time (F(2,39)=0.62, p=0.5) or goal-state error 443 

(F(2,39)=1.60, p=0.2). The factor ACTION-TYPE (HOLD, ROTATE) influenced task 444 

performance, as indexed by planning time, goal-state error, and grip choice (Table 445 

1). In the following section, we describe the effects of early and late TMS over EBA, 446 

IPS and SHAM on participants’ performance as a function of ACTION-TYPE and GRIP-447 

OPTIONS.  448 

 449 

Effects of ACTION-TYPE  
on task performance 

HOLD 
trials 

ROTATE 
trials 

HOLD vs ROTATE 

Planning time [ms] 
420 ms 
(20 ms) 

411 ms 
(18 ms) 

t(21)=2.471 
p=.022 

Goal state error [°] 2.96° 
(1.14°) 8.35° 

(3.26°) t(21)=7.250 
p<.001 

 
Grip choice 

Posture-bias (∝) 
0.967 

(0.029) 
0.671 

(0.244) 
t(21)=5.859 

p<.001 
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Systematic-bias (β) 
0.021 

(0.022) 
0.235 

(0.184) 
t(21)=5.554 

p<.001 

Switch-range (1/γ) 
0.092 

(0.014) 
0.141 

(0.076) 
t(21)=2.876 

p=.009 

Phase difference (Δφ) 
135.4° 
(71.8°) 162.3° 

(18.5°) t(21)=1.929 
p=.067 

Table 1. Fitted parameters (mean ± sd) and statistical differences (t-

values, p-values) comparing the effects of HOLD and ROTATE 

conditions on planning time and goal-state error, as well as grip 

choice (according to the psychometric function described in methods 

section: “Measures of task performance”). 

 450 

Planning time 451 

Planning times were influenced by TMS-TIME and ACTION-TYPE, with longer planning 452 

when TMS pulses were delivered late during planning (early TMS: 392±79 ms; late 453 

TMS: 440±99 ms; F(1,21)=48.45, p<.001), and when participants held the bar 454 

(HOLD: 420±20 ms; ROTATE: 411±18 ms; F(1,21)=5.05, p=.036). Crucially, TMS-455 

SITE did not influence planning times, either as a main effect or in interaction with 456 

the other experimental factors (TMS-TIME, ACTION-TYPE, or GRIP-OPTIONS - all p>.10).  457 

 458 

Grip choice 459 

The effects of TMS on grip choice were parameterized with three indexes (posture-460 

bias, systematic-bias, and switch-range) derived from a psychometric function 461 

fitted to the grip choices of each participant (see “Measures of task performance”). 462 

The posture-bias quantifies to what extent grip choice is influenced by the expected 463 

body posture towards the end of the action. The systematic-bias quantifies biases 464 

towards either grip type irrespective of the bar orientation. The switch-range 465 

quantifies the range of bar orientations over which participants switch their grip 466 

preference from one type to the opposite grip type. Please note that these 467 

parameters cannot be specified with respect to the factor GRIP-OPTION as they 468 
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consider the whole range of possible object orientations, spanning both single and 469 

multiple-option configurations. The grip choice function accounted for a 470 

considerable amount of variance (mean r2: .918), and it was sensitive to variations 471 

in grip choice profiles induced by ACTION-TYPE (HOLD, ROTATE) – see Table 1. For 472 

two subjects, the function could not be fitted for all conditions due to missing data 473 

for some orientations. 474 

We adopted a factorial interaction design with two active TMS sites (EBA and IPS). 475 

For reference, we also included a SHAM stimulation condition to control for general 476 

effects. We were specifically interested in the effect of timing and location of the 477 

TMS intervention on the influence of the expected body posture at the end of 478 

rotation trials (posture-bias, �). Figure 3 illustrates that, in line with the findings on 479 

goal-state error, effects of TMS intervention on EBA occurred when TMS was 480 

delivered early during planning of rotation actions. Namely, when participants had 481 

to rotate the bar the 3x2 interaction between TMS-SITE [EBA,IPS,SHAM] and TMS-482 

TIME [EARLY,LATE] trended towards significance (F(2,38)=2.84, p=.071), driven by a 483 

significant difference in the effects evoked by TMS intervention over the active EBA 484 

and IPS sites (TMS-SITE [EBA,IPS] x TMS-TIME [EARLY,LATE]; F(1,19)=5.74, p=.027). 485 

Further exploration of this interaction indicated that, when applied early during 486 

planning, TMS over EBA led to a weaker posture-bias, as compared to TMS over IPS 487 

(EARLY TMS over EBA: �=0.68±0.25; EARLY TMS over IPS: �=0.76±0.24; 488 

t(19)=2.27, p=.035) or, as a trend, to LATE TMS over EBA (�=0.77±0.21; 489 

t(19)=1.92, p=0.07). TMS over EBA and IPS could not be distinguished from TMS 490 

over SHAM (all p>.10). Moreover, the TMS effect was specific to ROTATE trials. 491 

Namely, the same effect was absent during HOLD trials (F(1,19)=0.29, p=.599), 492 

leading to a three-way interaction between TMS-SITE, TMS-TIME and ACTION-TYPE on 493 

posture-bias (F(1,19)=6.52, p=.02;  Figure 3). Finally, the specificity of this effect 494 

on posture-bias was reinforced by the characteristics of the TMS effects on the 495 

other two parameters of grip choice. Namely, even though the three-way 496 

interactions between TMS-SITE, TMS-TIME and ACTION-TYPE trended towards 497 

significance (systematic-bias: F(1,19)=3.98, p=.06; switch-range: F(1,19)=4.31, 498 

p=.052), those three-way interactions were not driven by differential effects of TMS-499 

SITE X TMS-TIME interactions as a function of ACTION-TYPE. 500 
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 501 

<< Insert Figure 3 about here >> 502 

 503 

 504 

Goal-state error 505 

Participants made larger errors during rotation actions (8.35±3.26°; absolute 506 

difference between the desired (i.e. instructed) and the final orientation of the bar) 507 

than during holding actions (2.96±1.14°; see Table 1). There were no main effects 508 

of TMS-SITE nor TMS-TIME on goal-state error (all p>.10). Please note that in contrast 509 

to the grip choice parameters the goal-state error could be factorized according to 510 

SINGLE and MULTIPLE GRIP-OPTIONS. 511 

The main result of this study concerns the effect of timing and location of the TMS 512 

intervention on movement accuracy as a function of ACTION-TYPE and GRIP-OPTIONS 513 

during multiple-option rotation trials. Figure 4 illustrates that the effect of TMS 514 

intervention was specific to stimulation of EBA when TMS was delivered early during 515 

planning. Namely, the TMS-SITE (EBA, IPS, SHAM) X TMS-TIME (EARLY, LATE) 516 

interaction (F(2,42)=3.28, p=.047) was driven by larger goal-state errors following 517 

early stimulation of EBA compared to stimulation of IPS (t(21)=2.99, p=.007), as 518 

well as, as a trend towards significance, compared to SHAM TMS (t(21)=1.90, 519 

p=.07). Furthermore, the same interaction is not significant for single-option 520 

ROTATION trials, and single- and multiple-option HOLD trials (all p>.20), reflected 521 

in a significant four-way interaction between TMS-SITE (EBA, IPS), TMS-TIME (EARLY, 522 

LATE), ACTION-TYPE (HOLD, ROTATE), and GRIP-OPTIONS (SINGLE, MULTIPLE) on goal-523 

state error (F(1,21)=6.10, p=.02; Figure 4). For reference, the 3x2x2x2 interaction 524 

that also considered SHAM TMS revealed a trend towards significance 525 

(F(2,42)=2.90, p=.066). 526 

 527 

<< Insert Figure 4 about here >> 528 
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 529 

A post-hoc exploration of the temporal dynamics of the effect of TMS-TIME on goal-530 

state error during multiple-option rotation trials assessed how this parameter 531 

changed as a function of the timing of the TMS intervention, relative to trial onset 532 

and movement onset. For every level of TMS-SITE, a moving Hanning weighting 533 

window (width: 150ms) was used to average goal-state errors over trials with 534 

similar relative TMS latencies. Subsequently, for every time point (bin size: 1ms) 535 

these ‘time courses’ for stimulation of EBA and IPS were compared to stimulation of 536 

SHAM using paired t-tests with an alpha level of p<.05. Cluster-based permutation 537 

tests were performed in FieldTrip (Oostenveld et al. 2011) to correct for multiple 538 

comparisons where applicable (i.e. not possible for movement-locked analyses due 539 

to changing numbers of participants contributing to different time points). When 540 

TMS intervention was time-locked to trial onset (Figure 5, left panel), stimulation of 541 

EBA resulted in a significant cluster between 152-228 ms after trial onset compared 542 

to SHAM stimulation (p=.046). When time-locked to wrist movement onset (Figure 543 

5, right panel), stimulation of IPS from 48 ms after wrist movement onset onwards 544 

(but before button release) resulted in significantly larger errors compared to SHAM 545 

stimulation. 546 

<< Insert Figure 5 about here >> 547 

 548 
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Discussion 549 

This study considered the hypothesis that perceptual features represented in the 550 

ventral visual stream are used as a prior by the dorsal visuomotor stream to specify 551 

motor plans, especially when the action requires choices between different 552 

possibilities and the combination of multiple states. A prediction of this hypothesis 553 

is that transient alterations in ventral stream function should be particularly 554 

disruptive before the involvement of the dorsal visuomotor stream in motor 555 

planning of articulated actions chosen from multiple possibilities. This prediction 556 

was tested by comparing the effects of single-pulse TMS delivered to either EBA, 557 

IPS or SHAM, either early or late during the planning of grasping movements. Grip 558 

selection demands were manipulated by asking participants to grasp a bar and 559 

rotate it to orientations compatible with either a single or multiple grip 560 

configurations. Action and posture planning complexity was manipulated by asking 561 

participants to rotate the bar either marginally, to a goal close to its initial 562 

orientation, or majorly, to a nearly inverted goal. Under these circumstances, the 563 

choice of underhand or overhand grips is conditional on the biomechanical comfort 564 

of the end-state posture (Rosenbaum et al. 2001, 2012). Interfering with EBA 565 

activity had two main consequences: end-state posture had less influence on grip 566 

selection, and end-state accuracy decreased. These effects were temporally, 567 

spatially, and motorically specific. The effects were limited to interference delivered 568 

to EBA early during planning of actions requiring ~180° rotations of the bar. 569 

Significantly weaker effects were evoked by stimulation of EBA later during 570 

planning, early stimulation of IPS and SHAM, or stimulation during trials requiring 571 

marginal rotations of the bar. These observations qualify the content and function of 572 

the contribution of EBA to motor behavior, suggesting that EBA provides the dorsal 573 

visuomotor stream with a desired goal posture for actions that require anticipation 574 

of future postural states. 575 

 576 

EBA contribution to motor performance 577 
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Previous work has shown that the EBA is active during action preparation and motor 578 

imagery (Astafiev et al. 2004; Kühn et al. 2011; Zimmermann et al. 2012), but the 579 

necessity and content of EBA contributions to motor-related processes remain 580 

largely unknown and controversial (Urgesi et al. 2007; Downing and Peelen 2011; 581 

Vangeneugden et al. 2014; Lingnau and Downing 2015). This study adds three 582 

novel pieces of evidence to this debate. First, by using time-resolved interference, 583 

this study shows that EBA contributions to motor behavior are limited in time: they 584 

occur during the early phase of action planning (Figures 3, 4, 5). Second, by 585 

distinguishing the effects of postural comfort across different action epochs, this 586 

study shows that EBA contributions to motor behavior are about predictions of body 587 

postures, rather than processing of current sensory material. Third, by manipulating 588 

the complexity of those predictions, this study shows that EBA’s contribution to 589 

motor behavior is particularly important when the predicted body posture needs to 590 

be assembled according to a task rule, rather than directly estimated from the 591 

available sensory evidence (Figure 4).  592 

These observations derive from effects on motor performance. However, the 593 

anatomical connectivity and response properties of EBA make it unlikely that those 594 

effects are driven by direct interference with the calculation of arm and hand 595 

movement vectors. It appears more plausible that disturbing EBA increases noise in 596 

the computation of the predicted body posture. This hypothetical effect would 597 

explain two features of the current data. First, increased noise in end-posture 598 

computation would correspondingly increase noise in the selection of a grip 599 

biomechanically appropriate for that desired posture (Rosenbaum et al. 2001). A 600 

more variable grip selection would become apparent as a reduced dependency of 601 

grip choice on end-posture configuration (posture-bias, Figure 3). Second, 602 

increased noise in the computation of the desired end-posture would also result in a 603 

larger variation in the end-state of the action (goal-state error, Figures 4 and 5).  604 

These findings fit with the Posture-Based Motion Planning theory (Rosenbaum et al. 605 

1995, 2001). The theory postulates that a posture appropriate for an action 606 

outcome is computed by combining posture primitives, and then that desired 607 

posture is used for calculating a forward model and a feedback control policy 608 



 

23 
 

(Wolpert and Ghahramani 2000; Shadmehr and Krakauer 2008). The present 609 

findings suggest that EBA might implement those computations and provide the 610 

dorsal visuomotor stream with predictions on suitable postures for achieving the 611 

action outcome. Recent work has shown that an adjacent portion of the left lateral 612 

occipitotemporal cortex contains representations of body parts and tools, as well as 613 

associated actions (Bracci et al. 2012; Perini et al. 2014). The present study 614 

suggests that these occipito-temporal representations are used during goal-directed 615 

actions.  616 

 617 

IPS contribution to motor performance 618 

Previous work has shown that interference with posterior parietal regions late 619 

during planning or during action execution leads to decreased movement accuracy 620 

(Desmurget et al. 1999; Davare et al. 2012). The present findings fit with those 621 

observations. In this study, participants made larger movement errors when IPS 622 

was disturbed late during the planning of movements requiring 180° bar rotations 623 

and a choice between two equally favored grips (Figure 4). Accordingly, it appears 624 

likely that TMS interfered with the computations of forward models and state 625 

estimation, known to be supported in this portion of the intraparietal sulcus 626 

(Wolpert et al. 1998; Shadmehr and Krakauer 2008). 627 

 628 

Perceptuo-motor interactions 629 

The contribution of EBA to motor behavior is an instance of the long-standing issue 630 

on how perceptual processing interfaces with action planning (Faillenot et al. 1997; 631 

Milner and Goodale 2008). Some authors have argued that the neural integration of 632 

perceptual and visuospatial features is time-consuming, and therefore only actions 633 

relying on extensive preparation can afford to achieve that integration (Milner et al. 634 

2001; Cohen et al. 2009). In fact, the evidence gathered in this study suggests that 635 

ventral stream areas might initialize motor planning with desired postural states. 636 

More generally, we speculate that perceptual information from ventral stream areas 637 
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might provide priors for structuring the computations of forward models and 638 

feedback control policies computed in the dorsal visuomotor stream and in the 639 

cerebellum (Wolpert and Ghahramani 2000). It remains to be seen how these 640 

perceptuo-motor interactions are anatomically and computationally implemented. 641 

For instance, it is unclear whether the postural configurations encoded in the 642 

occipito-temporal cortex (Bracci et al. 2012) are already in a format suitable for 643 

influencing sensorimotor computations implemented in the parieto-frontal network. 644 

It is also unclear how the EBA is gaining access to that network. Recent work, also 645 

based on planning of goal-directed movements, has highlighted the anterior portion 646 

of the intraparietal sulcus as a crucial hub for combining perceptual- and motor-647 

related information (Verhagen et al. 2012). Empirical evidence on the connectivity 648 

of the human lateral occipito-temporal cortex will be crucial for qualifying those 649 

functional considerations.  650 

 651 

Interpretational issues 652 

The task involved a large number of factors and outcome measures. However, 653 

despite the fact that the TMS intervention could have affected a number of planning 654 

and performance parameters, the TMS effects loaded on high-order variables of a 655 

psychometric model and were constrained by high-order interactions across 656 

experimental factors. For instance, the findings are bound to stimulation delivered 657 

during different epochs of movement planning. This feature of the results excludes 658 

general arousal effects associated with TMS (Duecker and Sack 2013). The findings 659 

pertain to trials requiring different rotations of the bar. This feature of the results 660 

exclude that TMS to EBA disrupted visual processing per se. However, some 661 

performance parameters were likely to be affected by non-neural side effects of 662 

TMS, most prominently the acoustic and somatosensory peripheral stimulation 663 

evoked by the delivery of the magnetic pulse. For instance, planning times 664 

increased with TMS pulse latency: movements were initiated later when TMS was 665 

applied later. This happened during both verum and sham stimulation, an indication 666 

that this effect, orthogonal to the main findings of this study, was driven by 667 

peripheral effects.  668 
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Whereas the effects of EBA relative to IPS provide reliable and significant results, 669 

effects of sham stimulation, in interactions and specific contrasts, are often not 670 

clearly distinguishable from stimulation of EBA and IPS. This suggests a (weak) 671 

opposite effect of IPS relative to EBA stimulation, which may have contributed to 672 

the statistical significance. Such an opposing effect fits with the overall 673 

interpretation of the roles of EBA and IPS. This study argues that EBA provides the 674 

motor system with a predicted goal-posture according to high-level task-related 675 

preferences. It is already known that the lack of this end-state representation does 676 

not result in impairment in action execution. For instance, Dijkerman et al 677 

(Dijkerman et al. 2009) showed that damage to the ventral stream areas (that 678 

might include EBA) does not prevent action planning, but results in atypical action 679 

selection. We argue that, without early input from EBA, dorsal stream areas (i.e. 680 

IPS) plan the grasping movement with a more random outcome (resulting in larger 681 

goal-state errors), given the lack of constraints on comfortable and effective action 682 

end-states.  At the same time, IPS interference at an early time in planning might 683 

reduce the ability to plan the grasping movement without those constraints 684 

imposed by EBA, and in turn, facilitating the role of EBA. Such an effect of IPS 685 

interference would indeed contribute to the statistical significance of our results, but 686 

would not change their interpretation. 687 

It might be argued that the spatial distribution of TMS effects is broad, and the 688 

effects of this study cannot be univocally associated with EBA. The experimental 689 

procedures suggest otherwise however. EBA location was defined with fMRI on a 690 

subject-by-subject basis. Spatial accuracy of stimulation was continuously 691 

monitored and constrained to remain within 5 mm from the desired scalp location. 692 

Stimulation intensity was also customized, on a site- and subject-specific basis, to 693 

account for variations in the distance between coil and cortical target location. 694 

Moreover, the single-pulse intervention, at a relatively modest intensity, ensures 695 

that only neuronal populations directly under the coil that are already activated by 696 

the task are effectively perturbed, whereas neighboring or uninvolved neuronal 697 

populations are more likely to remain functionally un-affected (Allen et al. 2007). 698 

The different methods to localize the TMS targets for EBA (subject-specific fMRI) 699 

and IPS (average stereotaxic coordinates from earlier studies) could however have 700 
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introduced a bias towards stronger detection power for EBA stimulation compared 701 

to IPS stimulation (Sack et al. 2009). 702 

The analysis involved some choices that may influence the results, for example the 703 

separation of single- and multiple-option trials in a 75:25 ratio. However, these 704 

choices did not constrain the results. In fact, repeating the analyses across a range 705 

of single:multi ratios led to similar, sometimes stronger, results for the interaction 706 

between TMS-SITE and TMS-TIME. 707 

 708 

Conclusions 709 

This study shows that disrupting neuronal processing in EBA, early during action 710 

planning, causes alterations in goal-oriented motor behavior. We suggest that those 711 

observations can be interpreted in the context of a general mechanism in which 712 

ventral stream regions provide an initial structure to motor plans involving an 713 

articulate course of action chosen from multiple possibilities. Future studies will 714 

need to determine the sensory format and frame of reference of the 715 

representations used by the ventral stream to prime the sensorimotor 716 

transformations implemented in the dorsal stream.   717 
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 823 
Figure / Table legends 824 
 825 
Figure 1 826 
Figure 1. Experimental setup. (A-B) Participants grasped the bar around the 827 

border between the black and white parts, and rotated it to align the white part 828 

with the red LED. On each trial, subjects decided how to grasp the bar: their thumb 829 

could be on the white or on the black end of the bar (toward and away grips). At 830 

trial onset, an electronic shutter (panel B: in white, brown frame) allowed the 831 

participant to see the bar and the target LED. A single TMS pulse was delivered 832 

either early (100-300 ms) or late (300-500 ms) during the planning phase (panel 833 

A: grey blocks on time line). When the participant moved his right hand from a 834 

home-key (panel B: in blue), the electronic shutter became opaque, preventing 835 

vision of the hand, of the bar, and of the target LED. The participant kept his chin 836 

against a chin-rest and his head position relative to the TMS coils was continuously 837 

monitored with a video-based frameless stereotaxic system (panel C). Panel D 838 

illustrates the brain location of the TMS targets (EBA, in blue; IPS, in red) relative 839 

to the closest scalp location (in cyan and yellow, respectively). On each trial, TMS 840 

was delivered only when the TMS coils were positioned within 5 mm from the 841 

desired scalp locations.  842 

 843 

 844 

Figure 2 845 

Figure 2. Psychometric analysis of grip choice. 846 
A psychometric procedure quantified the probability of selecting one of two possible 847 

grips [p(toward grip)] as a function of the orientation of the bar (in degrees; zero 848 

degree corresponds to an upward pointing bar/12 o’clock position, degrees 849 

increasing clockwise). Single-trial choices (dots) were summarized in a grip choice 850 

profile with a moving average (dashed line, panel A) and parameterized with a 851 

psychometric function (green line, panel A-B) given by the sum of two logistic 852 

curves, resulting in six parameters (panel B): an amplitude parameter [∝] capturing 853 

to what extent grip choice is influenced by the expected body posture towards the 854 

end of the action (posture-bias); an offset parameter [β] capturing biases towards 855 

either grip type irrespective of the bar orientation (systematic-bias); two slope 856 
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parameters [γ1, γ2] capturing the range of bar orientations over which participants 857 

switch their grip preference from one type to the opposite grip type (switch-range); 858 

and two phase offset parameters [δ1, δ2] capturing the orientations at which 859 

participants switch their grip preference from one type to the opposite grip type. 860 

(C) This panel illustrates how trials with a bar orientation evoking equally mixed 861 

grip preferences [p(toward grip) ~= 0.5] were classified as MULTIPLE-option (red 862 

line). The cut-off value for this category of trials (grey interval) was estimated 863 

separately for each participant and included 25% of the trials. The remaining trials 864 

evoked consistent grips and were classified as SINGLE-option. 865 

 866 

Figure 3 867 

Figure 3. Effect of TMS on grip choice. Top: example fits of grip choice of a 868 

single representative participant for ACTION-TYPE levels HOLD (left) and ROTATE 869 

(right), collapsed over levels of TMS-SITE and TMS-TIME. Dots represent single-trial 870 

grip choices [toward, away] after shifting by cosine phase (see “Measures of task 871 

performance”). Single-trial data is limited to 200 randomly selected trials per plot. 872 

Bottom: posture-bias (∝) parameters for ACTION-TYPE levels HOLD (left) and ROTATE 873 

(right) according to the psychometric function described in “Measures of task 874 

performance”. 875 

 876 

 877 

Figure 4 878 

Figure 4. Effect of TMS on goal-state error. Absolute differences (in degrees) 879 

between the desired orientation of the bar (as indicated by the target LED) and the 880 

final orientation of the bar for HOLD (left column) and ROTATE actions (right 881 

column) with a SINGLE (top row) and MULTIPLE (bottom row) GRIP-OPTIONS. 882 

 883 

 884 

Figure 5 885 

Figure 5. Time-resolved analysis of TMS effects on goal-state error. Top: 886 

temporal dynamics of effects of TMS over EBA (blue) and IPS (orange) on goal-887 

state error, time-locked to trial onset (left) and wrist movement onset (right) for 888 
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MULTIPLE-option ROTATE actions. Bold line sections indicate temporal clusters in 889 

which TMS over EBA/IPS had a significant larger effect than sham stimulation at the 890 

same time. Abrupt transitions between datapoints of the time-resolved average are 891 

a consequence of different number of participants contributing to different 892 

datapoints. Wrist movement onset refers to the earliest detectable sign of arm 893 

motion, namely changes in wrist position (measured with a motion tracking system) 894 

that occurred systematically earlier than the release of the home button. There 895 

were no TMS pulses delivered after participants released the home button. Bottom: 896 

distribution of button press times and wrist movement onset times (left) or trial 897 

onset times (right) relative to TMS time in the corresponding upper panel. 898 

 899 

Table 1 900 

Table 1. Fitted parameters (mean ± sd) and statistical differences (t-values, p-901 

values) comparing the effects of HOLD and ROTATE conditions on planning time and 902 

goal-state error, as well as grip choice (according to the psychometric function 903 

described in methods section: “Measures of task performance”). 904 
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