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Abstract 49 

Reaching to a location in space is supported by a cortical network that operates in a variety of 50 

reference frames. Computational models and recent fMRI evidence suggest that this diversity 51 

originates from neuronal populations dynamically shifting between reference frames as a function of 52 

task demands and sensory modality. In this human fMRI study, we extend this framework to non-53 

manipulative grasping movements, an action that depends on multiple properties of a target, not only 54 

its spatial location. By presenting targets visually or somaesthetically, and by manipulating gaze 55 

direction, we investigate how information about a target is encoded in gaze- and body-centered 56 

reference frames in dorsomedial and dorsolateral grasping-related circuits. Data were analyzed using a 57 

novel multivariate approach that combines classification and cross-classification measures to explicitly 58 

aggregate evidence in favor of and against the presence of gaze- and body-centered reference frames. 59 

We used this approach to determine whether reference frames are differentially recruited depending on 60 

the availability of sensory information, and where in the cortical networks there is common coding 61 

across modalities. Only in the left anterior intraparietal sulcus (aIPS), coding of the grasping target 62 

was modality-dependent: predominantly gaze-centered for visual targets, body-centered for 63 

somaesthetic targets. Left superior parieto-occipital cortex consistently coded targets for grasping in a 64 

gaze-centered reference frame. Left anterior precuneus and premotor areas operated in a modality-65 

independent body-centered frame. These findings reveal how dorsolateral grasping area aIPS could 66 

play a role in the transition between modality-independent gaze-centered spatial maps and body-67 

centered motor areas. 68 

 69 

  70 
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Significance statement 71 

Computational models of sensorimotor control suggest that neuronal populations dynamically shift 72 

between reference frames dependent on task demands and sensory modality. This fMRI study 73 

distinguished the reference frames used to plan a reach-to-grasp visual or somaesthetic targets. Using a 74 

novel analysis approach, combining multivariate classification and cross-classification evidence, we 75 

distinguished between gaze- and body-centered frames in dorsomedial and dorsolateral grasp circuits. 76 

While most parietal regions in these circuits employ modality-independent gaze-centered coordinates 77 

and premotor regions employ modality-independent body-centered coordinates, the anterior 78 

intraparietal area (aIPS) switches its reference frame dynamically, depending on the sensory modality 79 

of the grasp target. We conclude that aIPS operates as an important hub in the transition between 80 

modality-independent gaze-centered spatial maps and body-centered grasp areas.  81 

 82 

  83 
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Introduction 84 

Parieto-frontal neurons involved in reaching to a location in space operate in a variety of reference 85 

frames (Battaglia-Mayer et al., 2003; Buchholz et al., 2013; McGuire and Sabes, 2011). Theoretical 86 

modeling and behavioral evidence has suggested that these reference frames can be dynamically 87 

weighted according to task demands and sensory input (Beurze et al., 2007; McGuire and Sabes, 2009; 88 

Pouget and Snyder, 2000).  89 

Recent neurophysiological work has shown how sensory input influences the contributions of different 90 

parietofrontal regions while subjects reached out, by rotating their wrist, to touch visual or 91 

proprioceptive targets with their right index finger (Bernier and Grafton, 2010). By changing the 92 

fixation point relative to the target, that study showed that the anterior precuneus encoded the motor 93 

goal for visual targets selectively in gaze-centered coordinates, while other parietofrontal areas showed 94 

a mixture of gaze- and body-centered encoding. In contrast, reaching to proprioceptive targets revealed 95 

negligible gaze-centered encoding but considerable body-centered encoding throughout the 96 

parietofrontal network. Building on this work, here we investigate how task demands affect these 97 

modality-dependent reference frames within the grasping network.  98 

In Bernier and Grafton’s study, ‘touching’ served as the steering task demand. Another common task 99 

demand supported by a reaching movement is grasping an object. So far, reaching to grasp has been 100 

studied predominantly in the context of visually guided movements. This has led to the notion that 101 

reaching to grasp is guided through two visuomotor channels in the parietofrontal network, involved in 102 

specifying where to move the hand in space and how to shape the fingers around the grasping target 103 

(Jeannerod, 1988; Culham and Valyear, 2006; Filimon, 2010). These parietofrontal areas are 104 

anatomically organized in a dorsomedial and a dorsolateral circuit (Rizzolatti and Matelli, 2003; 105 

Gamberini et al., 2009; Grol et al., 2007), with different accounts emphasizing either the parallel or the 106 

hierarchical organizations of those circuits (Grafton, 2010; Culham and Valyear, 2006; Glover, 2004; 107 

Verhagen et al., 2013; Binkofski and Buxbaum, 2013; Cavina-Pratesi et al., 2010b). However, these 108 

accounts have largely ignored how grasp demands affect the frames of reference involved in 109 
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specifying where to reach, which could be crucial to understand the functional contributions of these 110 

circuits to the overall sensorimotor transformation (Crawford et al., 2011). 111 

Using fMRI in human participants, we tested the dominant reference frames in the dorsomedial and 112 

dorsolateral pathways when preparing a reach to grasp. Towards this end, we manipulated the 113 

availability of visual or proprioceptive information about the grasping target (the task demand), and 114 

the position of a target in relation to the subject’s gaze and body mid-line. The manipulation of 115 

sensory modality relies on the rationale that the acquisition of visual information is intimately linked 116 

to the direction of gaze, whereas proprioceptive information is linked to the relative body part in the 117 

early stages of processing.  118 

Accordingly, this manipulation quantifies how cortical reaching areas adjust to the different frames of 119 

reference imposed by sensory information of the grasp demand. The gaze manipulation directly 120 

discriminates between activity for reaching to grasp independent from gaze (i.e., linked to the body) 121 

and activity linked to gaze direction. We combine these manipulations within a novel multivariate 122 

analysis framework, aggregating evidence from both classification and cross-classification measures in 123 

favor and against gaze- and body-centered reference frames. Using this novel approach, we unveil 124 

reach-to-grasp areas that determine reference frames flexibly, depending on sensory modality, and 125 

those that employ a modality-independent code. 126 

 127 

Materials and methods 128 

Nineteen healthy right-handed participants with normal or corrected-to-normal vision participated in 129 

this study. Data of one participant (male) were excluded from further analysis due to non-compliance 130 

with task instructions. The remaining eighteen participants (5 female) were aged 18-42 years (mean 131 

26.5). Participants gave their written consent in accordance with the local ethics committee.  132 

Experimental setup 133 
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Participants were lying supine in the scanner in complete darkness. Their upper body was cushioned 134 

and strapped to minimize trunk movement. The head was stabilized with foam blocks and wedges 135 

inside a phased-array receiver head coil. Head and coil were tilted 30 degrees above the horizontal 136 

plane to allow direct vision of the grasping-device. The grasping-device was supported by an arch 137 

placed above the hips, and consisted of three light emitting diodes (fixation LEDs) and a rotating 138 

platform, aligned parallel to the longitudinal body axis (Figure 1). The fixation LEDs were positioned 139 

left, center, and right of the platform, 10 cm above the center of the platform (at -11°, 0°, and 11° of 140 

visual angle from the mid-sagittal plane). One half (Figure 1, top) of the platform supported two 141 

plexiglass blocks (size: 10 x 10 x 5 cm, l x w x h), 4.5 cm left and right from the central fixation LED. 142 

The two plexiglass blocks were independently illuminated by internal LEDs. The other half of the 143 

platform served as a support for the left hand of the subject (Figure 1, bottom). Between runs, the 144 

platform was rotated by the subject to bring either half in view, below the fixation LEDs. 145 

In particular, the visual blocks were brought in front in the visual condition, were illuminated and the 146 

left hand was positioned next to the subject on the scanner bed. By keeping the left hand away from 147 

the visual blocks and the body midline, we guaranteed there was no effect of left hand position on the 148 

visual spatial coding. 149 

During the somaesthetic condition, the two visual blocks were turned off and the empty half of the 150 

platform was brought to the front to allow the participant to position the left hand on it, with the 151 

metacarpo-phalangeal joints aligned on the central fixation LED. This configuration ensured that the 152 

wrist and the proximal inter-phalangeal joint of the index finger were also ~4.5 cm left and right from 153 

the central fixation LED, as the two blocks in the visual condition. The height of the two grasping 154 

locations (left: the base of the thumb (thenar eminence), right: the top of the thumb and the first joint 155 

of the index finger) was comparable to the height of the blocks.  156 

In both visual and somaesthetic conditions, the subjects were cued through an auditory instruction to 157 

grasp either the left or right grasping target. Participants wore ear phones for presentation of auditory 158 
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instructions. Visual stimuli and auditory cues were controlled using Presentation software (Version 159 

14.7; Neurobehavioral Systems, San Francisco, CA, USA).  160 

Grasping movements were made with the right hand. Before task initiation, the task was practiced 161 

outside the scanner until both grasping and eye movements were performed in accordance with the 162 

task. To record reaction and movement time, each movement started from and ended with the right 163 

hand on a button box, which was placed on the chest. An fMRI-compatible infrared camera (MRC 164 

Systems) recorded the movement of the right-hand, allowing for screening of incorrect target selection 165 

or other errors. Trials were only regarded as correct when the correct target was grasped, in-between 166 

the fixation lights, using a non-interrupted smooth grasping movement. We could not use an MR 167 

compatible eye tracker because the present grasp apparatus blocked its field of view. However, eye 168 

tracking outside the scanner showed that the subjects could successfully follow the task instructions, 169 

fixating when necessary and moving the eyes when instructed. 170 

 171 

Experimental paradigm 172 

Participants performed an instructed-delay grasping task to either visual or somaesthetic targets, 173 

presented to the left or right of the body midline (see description above), while fixating at one of the 174 

three fixation LEDs (Figure 1B). Participants started each trial with their right hand on the button box 175 

and their gaze directed at one of the three fixation LEDs. An auditory cue (160 or 480 Hz) indicated 176 

the target of the ensuing movement (sound-target mapping was counterbalanced across subjects). After 177 

a variable delay period (range: 3-6 s, uniform distribution), an auditory spoken ’Go’-cue instructed the 178 

participant to execute the movement, grasping the target and then returning to the button box. The 179 

grasp was non-manipulative (i.e., firmly touching the target with all fingers), the grasp-equivalent of 180 

the manipulation used in Bernier and Grafton (2010). Subsequently, the fixation point changed 181 

position twice: first 2 s after the go-cue, or 500 ms after movement onset, whichever was later, and 182 

then again 1 s later. Finally, 500 ms after the second saccade, the next trial started with the 183 
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presentation of a new auditory cue. The double change in gaze position was included for an 184 

independent analysis beyond the scope of this paper, involving repetition suppression analysis.  185 

We focused the experiment on the four combinations of gaze and target position which can be directly 186 

compared between a gaze-centered and body-centered reference frame: gaze left-target left; gaze 187 

center-target left; gaze center-target right; gaze right-target right (Figure 2). Configurations with the 188 

target further separated from the gaze line (gaze left-target right; gaze right-target left) were not tested, 189 

as these trial types had no counterpart in gaze-independent, body-centered coordinates, as in body-190 

centered coordinates the target was always directly to the left or right. Because the head and body 191 

were immobilized and the arm had a fixed starting position during the planning phase, head, hand, 192 

body, and space-centered reference frames can be treated as equivalent, and were referred to as a 193 

body-centered reference frame. Likewise, under the present conditions, retinocentric, eye-centered and 194 

gaze-centered reference frames could be considered synonymous, and were referred to as a gaze-195 

centered reference frame. 196 

Trials were grouped in 16 runs of 22 trials each (on average). Trial order within and across runs was 197 

arranged such that each of the four trial types followed each other equally often, while appearing 198 

random to the participant (Brooks, 2012). The length of the breaks between runs was determined by 199 

the participant. Visual and somaesthetic runs were alternated. The condition (visual or somaesthetic) 200 

of the upcoming run was indicated at the end of each break by an auditory signal, which instructed the 201 

participant to position the grasping-device accordingly. Each run started and ended with 20s and 10s 202 

of fixation, respectively. These intervals served as baseline in the General Linear Model (GLM) 203 

analysis. The total duration of the experiment (with 8 runs for each of the two conditions and 88 trial 204 

for each gaze-target combinations) was 64 minutes. 205 

 206 

MRI settings and preprocessing 207 

MR images were acquired using a Siemens Trio 3-Tesla MRI scanner (Siemens Tim TRIO, Erlangen, 208 

Germany) with an 8 channel head coil. A multi-echo sequence of two echoes (TE: 14, 34 ms; TR: 1.63 209 
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s) was used. The sequence encompassed 28 slices, centered on the parietal and frontal motor areas 210 

(voxel size 3.5 mm isotropic, FOV 192 mm, flip angle = 80º). In addition, high-resolution anatomical 211 

images were acquired using a T1- weighted MP-RAGE GRAPPA (176 sagittal slices, voxel size = 1 x 212 

1 x 1 mm, TR = 2300ms, TE = 3.93, FOV = 256 mm, flip angle = 8º). The first echo was used to 213 

estimate realignment parameters, as it gives the best estimate of head motion, after which the 214 

parameters were copied to the second echo, which was used to estimate the BOLD signal (Poser et al., 215 

2006). Slices were temporally aligned to the center slice (14th) to accommodate for slice-timing 216 

differences. High pass filtering (cut off: 128 s) was applied to filter out low-frequency confounds. To 217 

retain maximal pattern information, no spatial smoothing was applied. Functional data were 218 

normalized to MNI space using the DARTEL normalization procedure (Ashburner, 2007), retaining 219 

the original dimensions of the data. To estimate normalization flow fields, the structural images were 220 

segmented by tissue type. A high resolution MNI152 template (Fonov et al., 2011) was used to 221 

reconstruct and inflate the cortical sheet, separately for the left and right hemisphere, using the 222 

FreeSurfer Toolbox (Dale et al., 1999; Fischl et al., 1999). All further processing and analysis steps 223 

were performed using SPM8 (Statistical Parametric Mapping; http://www.fil.ion.ucl.ac.uk/spm/) and 224 

Matlab (Mathwords, Ltd). 225 

 226 

fMRI analysis 227 

As basis of the analysis, a GLM was run to estimate responses per voxel, after which the searchlight-228 

based evidence combination method was applied, combining classification and cross-classification 229 

measures (see Figure 2D).  230 

GLM. In each of the 16 runs there were four regressors of interest, i.e. square-waves encompassing the 231 

delay period. These regressors captured variance related to planning movements in the four tested 232 

spatial configurations (gaze left-target left, gaze center-target left, gaze center-target right, gaze right-233 

target right). The four hemodynamic regressors of interest were convolved with a standard 234 

hemodynamic response function (Friston et al., 2011). 235 
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 236 

Additional regressors were used to constrain the variance explained by the planning regressors. First, 237 

we included seven hemodynamic regressors. Four of those seven regressors were square-waves 238 

encompassing the movement period, from presentation of the go-cue until the return of the hand on the 239 

home-key (see Experimental Setup for details). These were used to capture variance related to 240 

movement execution separately for each of the four trial configurations. Two other regressors were 241 

spikes, time-locked with stimulus presentation and with the saccade-cues. These captured transient 242 

stimulus- and saccade-specific effects. A seventh spike regressor, time-locked at the onset of a run, 243 

accounted for transient effects related to task onset. The seven regressors of non-interest were 244 

convolved with the same standard hemodynamic response function as the regressors of interest. 245 

Second, we included seventeen nuisance regressors. Twelve movement regressors (translation and 246 

rotation, as well as their derivatives) captured signal variance caused by head movements. Five 247 

additional regressors accounted for variability in overall image intensity in five compartments which 248 

are not expected to hold task related activity (white matter, cerebrospinal fluid, skull, fat, and out of 249 

brain, see Verhagen et al., 2008).  250 

Runs were modeled separately in the design matrix. Each run contained 28 regressors and on average 251 

149 scans, resulting in on average 2383 scans in total. We used the t-values of the contrast between 252 

planning regressors and baseline as the basis for the evidence aggregation analysis, described below. 253 

We chose t-values over beta values because t-values have been shown to provide more information in 254 

classification analyses (Misaki et al., 2010).  255 

Searchlight analysis. All analyses were performed within local searchlight spheres (Kriegeskorte et al., 256 

2006) with a radius of two voxels  (7 mm), moved across the cortex. On average the sphere size was 257 

30 voxels  (or 1286 mm3), with smaller search spheres at the outer cortical borders. Instead of 258 

ascribing the classification values to the center voxel of a sphere, we averaged, for each voxel, all 259 

classification results of the spheres containing the particular voxel. For example, if a voxel was 260 

included in 30 search spheres, the ascribed classification result for that particular voxel was the 261 
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average of the 30 search spheres. This procedure allows for smooth searchlight maps and a better 262 

impression of the contribution of single voxels (Etzel et al., 2013; Björnsdotter et al., 2011). 263 

 264 

Reference frame analysis 265 

Rationale. The goal of the reference frame analysis was to distinguish between gaze-centered and 266 

body-centered coding of visual and somaesthetic targets for grasping. We detected shifts in weighting 267 

of sensory evidence by comparison of the reference frames in fMRI activation patterns between 268 

modalities. Modality-independent coding was tested by comparing the cortical spatial code explicitly 269 

for similarity across modalities. 270 

The basis of the analyses were pairs of the four trial types (gaze left-target left, gaze center-target 271 

right, gaze center-target left, gaze right-target right), together defining six unique pairs in relation to 272 

the location of the target (Figure 2A and D): Left w.r.t. Gaze, Right w.r.t. Gaze, Left w.r.t. Body, 273 

Right w.r.t. Body, Outer Sides and Center Sides. For the first four pairs (Figure 2A), each reference 274 

frame makes a prediction on whether the cortical representation should be distinct or common (Figure 275 

2A). For example, in an area using gaze-centered coding, gaze left-target left should invoke a different 276 

pattern of activity than gaze center-target left, as the target is at opposite sides of gaze. In contrast, 277 

body-centered coding predicts those patterns of activity to be similar, because the target is at the same 278 

side of the body midline (thus the pair is called left w.r.t. body). The latter two pairs (Figure 2A, right 279 

side) do not lead to reference frame specific predictions and are instead used to define regions of 280 

interest (ROIs). 281 

While previous analytical approaches have focused either on distinct (Beurze et al., 2010) or on 282 

common representations (e.g. repetition-suppression analyses, Bernier and Grafton, 2010), here we 283 

combine the evidence provided by distinct and common representations. We do so by using 284 

searchlight-based classification and cross-classification, aggregating the respective accuracies into an 285 

evidence score per hypothesis. That is, we regard the outcome of classification tests, often referred to 286 

as information (Kriegeskorte et al., 2006), as evidence for a particular hypothesis or reference frame. 287 
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The method first specifies, for the reference frame tested, whether the representations for each pair of 288 

trials should be common or distinct (Figure 2B, step 1). Next, per search sphere, classification 289 

accuracy is calculated when a distinct representations is predicted, and cross-classification accuracy 290 

when a common representation is predicted (Figure 2B, step 2). Finally, we combined the evidence 291 

from classification and cross-classification for either body-centered or gaze-centered reference frame 292 

(Figure 2B, step 3). We will now explain the details of the procedure (Figure 2C). 293 

Classification and cross-classification. Classification analysis tests for differences between 294 

representations (Cox and Savoy, 2003; Kriegeskorte and Bandettini, 2007): more dissimilar 295 

representations show higher classification. Classification was done separately per modality, that is, 296 

across 8 of the 16 runs. Before classification, we z-scored the t-values per voxel (Misaki et al., 2010). 297 

Then, for each pair of trial configurations (six in total, as shown in Figure 2A), we trained and tested a 298 

binary linear support vector machine (SVM) classifier (as implemented in Donders Machine Learning 299 

toolbox, https://github.com/distrep/DMLT). Leave one-run-out cross-validation was applied to avoid 300 

overfitting of the data. Each run contained four patterns, i.e., the t-values for the four planning 301 

regressors, corresponding to the four trial configurations. Per binary distinction, two out of four 302 

patterns were used for each of the 8 runs, generating 16 patterns. For each cross-validation fold, the 303 

classifier was trained on 7 of the 8 runs, or 14 patterns, and tested on the two patterns of the remaining 304 

run. The average classification performance across folds constituted the classification score for one 305 

pair, that is, the evidence about the dissimilarity of two representations. 306 

Cross-classification analysis tests whether representations are similar (Etzel et al., 2008; Zhang et al., 307 

2013, also called generalization analysis, see Barany et al., 2014): higher cross-classification scores 308 

indicate more similar representations. The per-sphere cross-classification scores were based on tests of 309 

the six trained binary classifiers (trained as described in the previous paragraph) on the two non-310 

trained conditions. For each cross-validation fold, the tested conditions were taken from the runs not 311 

actually trained on. Critically, as the cross-classification analysis tests for generalization, only pairs 312 

not used to train the original classifier received a cross-classification score in this way. 313 
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For example, consider a classifier trained on the left w.r.t. body pair (i.e. gaze-left target-left vs. gaze-314 

center target-left, Figure 2C, top, first column). For cross-classification, the trained classifier is tested 315 

on a comparable distinction, but with one of the two trial configurations replaced: gaze-center target-316 

left is replaced by gaze-right target-right (second column). Critically, this replacement is different in 317 

body-centered coordinates (from left to right), but is equal in gaze-centered coordinates (still left from 318 

gaze). Hence, if the cross-classification returns high performance, this can be taken as evidence for 319 

gaze-centered coding. The cross-classification evidence is ascribed to the pair describing the 320 

replacement, left w.r.t. gaze (third column). Such a replacement can be made in four ways, hence four 321 

pairs receive cross-classification evidence from one classification pair. After cross-classification was 322 

performed for all six binary classifiers, the resulting cross-classification scores were averaged per 323 

receiving pair. This average cross-classification score indicates the similarity of a pair of 324 

representations. 325 

Combination of evidence. The classification and cross-classification scores constitute separate 326 

evidence for the two reference frames, which were combined into evidence measures per reference 327 

frame. The rationale for combining the two measures is that classification and cross-classification are 328 

complementary measures, giving evidence on two separate sides of a hypothesis: which 329 

representations are predicted to be distinct, and which are predicted to be equal. In methodological 330 

terms, the measures together disambiguate chance-level performance on either measure. For example, 331 

a classification score can be at chance-level for two reasons: either patterns are too noisy/inconsistent 332 

or patterns are equal. In the former case, cross-classification scores will be low; in the latter, cross-333 

classification scores will be high. In addition, when an area shows a high cross-classification score for 334 

a pair of patterns, a classifier specifically trained on the distinction between the two seemingly similar 335 

patterns could still be able to distinguish them. This would mean the patterns shares particular 336 

characteristics, but differ in other aspects, allowing detection of overlapping distinct and common 337 

representations. Lastly, a region could show neither a classification, nor a cross-classification effect, 338 

when no consistent signal is present or two effects in opposite directions conflict. 339 
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We combined the evidence across pairs using two approaches. First, we considered whether both sides 340 

of the evidence (classification and cross-classification) were in line with the hypothesized reference 341 

frame. For gaze-centered coding, left or right w.r.t. gaze cross-classification and left w.r.t. or right 342 

w.r.t. body classification needed to be significant (see Group Analysis section for details on 343 

significance). For body-centered coding, left or right w.r.t. gaze classification and left or right w.r.t. 344 

body cross-classification were required to be significant. This combination of significant evidence in 345 

classification and cross-classification analyses was labelled as conjunction. It allows for detecting the 346 

presence of either or both reference frames, leading to binary maps (Figures 4 (top row), 6 (top row), 347 

and 7). Second, we considered whether the average across classification and cross-classification scores 348 

was in line with the hypothesized reference frame. For gaze-centered coding the cross-classification 349 

values for left and right w.r.t. gaze and the classification values for left and right w.r.t. body. For body-350 

centered coding, we averaged the classification values for left and right w.r.t. gaze and the cross-351 

classification values for left and right w.r.t. body. This combination of evidence was labeled as 352 

aggregation and is depicted as scalar values on surface maps (Figures 3, 4 (bottom row), 5, 6 (bottom 353 

row), and 7) and in ROI-specific measures (Figures 5B and 6B). It allows for detecting relative 354 

dominance in reference frame with high sensitivity, but low specificity. Note that both gaze-centered 355 

and body-centered measures have an equal number of classification and cross-classification scores, 356 

which cancels out any possible imbalance between classification and the more stringent cross-357 

classification scores. 358 

To illustrate the low sensitivity of the aggregation method, body-centered coding predicts high 359 

classification on two of the four main pairs and high cross-classification on two other pairs (Figure 360 

2B). Critically, the two classification pairs differ not only in body-centered coordinates, but also in the 361 

direction of gaze (see Figure 2A, compare left and right w.r.t. body). This means that gaze direction 362 

coding also predicts high classification scores for the two pairs, and thus a high average score. In other 363 

words, using the aggregate measure, body-centered coding is confounded by gaze direction coding (as 364 

is gaze-centered coding, compare left and right w.r.t. gaze). The conjunction analysis however 365 
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explicitly requires also the two cross-classification pairs to be significant, which are not predicted to 366 

be significant for gaze direction, separating the two explanations. 367 

Contrasts between aggregate evidence values for the reference frames are unaffected by gaze 368 

direction, as an equal number of classification and cross-classification scores are included on both 369 

sides, such that gaze direction effects cancel out. Rather, conjunction and contrasts between aggregate 370 

values, as used in the overlay images, are likely to give similar results, as the reference frames are each 371 

other’s mirror image (see Figure 2B) and classification and cross-classification for a pair are on 372 

average negatively correlated. 373 

As additional control measure, we explicitly tested for gaze direction effects by testing for significant 374 

classification on all four main pairs, combined with significant cross-classification on the center sides 375 

pair. The latter pair is the only pair predicted to be common in regions coding gaze direction, but 376 

distinct in either reference frame, allowing direct estimation of a possible gaze-direction effect. 377 

Within vs across-modality coding. We tested both the dominant reference frame within a modality and 378 

the consistency of coding across modalities. That is, the grasp areas that determine reference frames 379 

depending on sensory modality, and those that code representations using modality independent codes. 380 

To test reference frame evidence within modality, both training and test data were from the same 381 

modality (Figure 2C, left). To test reference frame specific common coding across modalities, the train 382 

and test data were from different modalities (Figure 2C, right), averaging the two directions (from 383 

visual to somaesthetic and vice-versa). Thus, for across modality coding, we applied cross-modal 384 

classification (Etzel et al., 2008). 385 

 386 

Group analysis  387 

For group analysis, we ran a t-test on the evidence maps for gaze-centered, body-centered and gaze 388 

direction coding across subjects. The GLM was implemented in the GLM Flex toolbox 389 

(http://mrtools.mgh.harvard.edu/index.php/Main_Page). All group t-tests were run using a GLM with 390 
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432 scans (18 subjects * 2 modalities * 6 trial pairs * 2 tests) and 42 regressors (18 subjects + 2 391 

modalities * 6 trial pairs * 2 tests), or a df of 432 – 41 = 391. For surface results, results were 392 

thresholded at alpha = 0.05, cluster size > 250 (alpha ~ 0.1, cluster-level corrected) in order to display 393 

the whole range of effects in the data. Moreover, full cluster-correction on average searchlight results 394 

has proven to be conservative (Stelzer et al., 2013).  395 

Regions of interest 396 

Because we had clear hypotheses on the cortical pathways involved in planning right-handed grasping 397 

movements, we focused our analyses on five regions of interest (ROIs) in the left hemisphere. These 398 

ROIs characterized areas along the dorsolateral and dorsomedial pathways that have been implicated 399 

in reach and grasp control (Filimon et al., 2009; Connolly et al., 2003; Bernier and Grafton, 2010; 400 

Verhagen et al., 2008; Fabbri et al., 2014). Each ROI was determined on the basis of the local maxima 401 

in evidence for the independent pairs (center sides and outer sides, see Figure 2A; Kriegeskorte et al., 402 

2009) closest to the average coordinates reported in Bernier and Grafton (2010). The local maximum 403 

was determined on the basis of the group t-values for the combined classification score for the two 404 

pairs, as these two pairs are predicted to be distinct in both reference frames. The peak could be either 405 

in visual coding, somaesthetic coding, or in the sum of their scores. Peaks were restricted to the 406 

cortical surface, the ROI was defined as a 7 mm radius sphere surrounding the peak.  407 

Along the dorsolateral pathway, we considered anterior IPS (aIPS) and ventral premotor cortex (PMv). 408 

Area aIPS (reference: -35, -47, 50; centered at: -32, -42, 46; x, y, z in MNI coordinates) has been 409 

shown to be involved in planning grasping movements (Culham et al., 2003; Dinstein et al., 2008; 410 

Binkofski et al., 1998; Grafton et al., 1996; Verhagen et al., 2008). PMv (reference: -52, -1, 31; 411 

centered at: -56, -3, 32) has been implicated in movement preparation, including the preshaping of the 412 

hand during grasping (Davare et al., 2006; Hoshi and Tanji, 2007; Toni et al., 2001). 413 

Along the dorsomedial pathway, we selected the superior parieto-occipital cortex (SPOC), anterior 414 

precuneus (aPCu), and dorsal premotor cortex (PMd). The SPOC region (reference: -16, -77, 40; 415 

centered at: -17, -74, 46) has been implicated in reaching and grasping movements (Connolly et al., 416 



 

17 
 

2003; Verhagen et al., 2008; Bernier and Grafton, 2010; Culham and Valyear, 2006). As a region, 417 

SPOC has also been referred to as parieto-occipital junction (POJ, Bernier and Grafton, 2010; Prado et 418 

al., 2005) and as the human homologue of macaque V6A (Pitzalis et al., 2013). The aPCu region 419 

(reference: -9, -55, 63; centered at: -4, -56, 63) has been involved in reaching movements, independent 420 

of visual feedback (Filimon et al., 2009; Wenderoth et al., 2006), employing a reference frame 421 

dependent on the sensory modality of the target (Grafton, 2010). This region falls into the probability 422 

maps of Brodmann areas 7A and 5L (Eickhoff et al, 2005). Dorsal premotor cortex (reference: -21, -423 

10, 56; centered at: -28, -4, 56) has been involved in planning and controlling both reaching and 424 

grasping (Davare et al., 2006; Hoshi and Tanji, 2007; Raos et al., 2006). 425 

Results 426 

We investigated the reference frames in which parietal and frontal regions operate during the planning 427 

of grasping movements towards visual and somaesthetic targets. In the experiment, we manipulated 428 

the position of a grasping target (left or right from the body midline) and the direction of gaze (left, 429 

center, right). We focused our analyses on four pairs of trials (left or right w.r.t. gaze or body, see 430 

Figure 2A), which could either be different or equal in gaze-centered (GC) and/or body-centered (BC) 431 

coordinates. We used a novel searchlight-based evidence combination method to take into account two 432 

types of evidence: classification tested for distinct representations (i.e., where coordinates are 433 

predicted to be different in the tested reference frame), cross-classification for common representations 434 

(i.e., where coordinates are predicted to be equal, see Methods and Figure 2 for details). Based on the 435 

specific predictions of each reference frame, the two pieces of evidence were combined into an 436 

evidence score. We used comparisons between the modalities and cross-classification across 437 

modalities to test which regions code a representation linked to the reference frame of the sensory 438 

modality and which code a common, modality independent, representation. 439 

Behavorial analysis showed that participants performed the task effectively, with virtually no errors in 440 

target selection (0.05% error, range 0 - 3.05% across subjects), and matched performance across 441 

modalities, both in reaction time (reaction time to visual targets: 630 ms, SD = 189 ms; reaction time 442 
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to somaesthetic targets: 626 ms, SD = 181; t(34) = -0.07, p>0.05) and movement time (movement time 443 

to visual targets: 2.465s, SD = 504 ms ; movement time to somaesthetic targets: 2.574 s, SD = 551 ms; 444 

t(34) = 0.62, p>0.05). 445 

In the following, we start by describing the cortical distribution of planning-related information that is 446 

distinct in both gaze- and body-centered reference frames. This information, which is based on the 447 

classification of center-sides and outer-sides pairs (see Figure 2A, right side) served as the basis for 448 

the independent definition of the ROIs. Next, we use the remaining trial types to decode the reference 449 

frames involved in processing target information in visual and somaesthetic modalities, followed by a 450 

comparison between modalities and an examination of regions that use modality-independent codes. 451 

We end with an analysis of the cortical topography of gaze direction, based on cross-classification of 452 

the center-sides pair, i.e. trials with identical gaze position. 453 

 454 

Definition of ROIs 455 

To allow for independent ROI definition, we tested for information on grasp planning to the two 456 

targets with gaze either at the center or on the outer sides of the target (see Figure 2A, right side), 457 

because in this case the target is distinct in both gaze- and body-centered reference frames. Figure 3 458 

shows that the cortical distribution of the classification information is similar when the target was 459 

presented visually or somaesthetically. The indicated ROIs were defined based on the evidence peaks 460 

in either modality. 461 

 462 

Reference frames per modality 463 

Figure 4 shows the reference frame scores across the surface, based on the combination of evidence 464 

across four of the six pairs of trial types, separately for each reference frame and modality. 465 

Planning grasping movements to visual targets evoked gaze-centered representations only in occipital 466 

and parietal cortices (Figure 4A, top panel). Body-centered coding was present in left frontal and right 467 
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parieto-frontal regions. The contrast between references frames values confirmed that tuning was 468 

predominantly gaze-centered in occipito-parietal cortex and predominantly body-centered in frontal 469 

regions (Figure 4A, bottom panel). 470 

For somaesthetic targets, we found gaze-centered information in bilateral occipito-parietal cortex only, 471 

as for visual targets (Figure 4B, top panel). Body-centered information was present in frontal regions, 472 

extending into bilateral rostral parietal cortex. The contrast between the reference frames showed that 473 

gaze-centered tuning was dominant in small parts of occipital and parietal cortex, while more frontal 474 

regions, and rostral parietal cortex, were biased to body-centered coordinates (Figure 4B, bottom 475 

panel). The strongest peak was found in right somatosensory and motor cortex, probably reflecting the 476 

representation of the somaesthetic targets, provided by the left hand. 477 

The predefined ROIs further characterize these visual and somaesthetic grasping gradients, with some 478 

predominantly gaze-centered (SPOC), others predominantly body-centered (aPCu and the frontal 479 

ROIs). Area aIPS appears to change its dominant reference frame according to the sensory input 480 

modality. This effect is further explored below. 481 

 482 

Modality-dependent reference frames 483 

We further characterized how the relative contribution of these two reference frames depends on input 484 

modality, by examining the differences between modalities. Figure 5 shows the results of this analysis. 485 

Gaze-centered tuning was stronger for visual targets in a large caudal bilateral cluster ranging from the 486 

occipital cortex, along the left IPS, to aIPS at the junction with postcentral sulcus (Figure 5A, top 487 

row). No regions showed a bias for gaze-centered tuning for the processing of somaesthetic targets, 488 

relative to visual targets. Body-centered coding was dominant for somaesthetic targets in right S1 and 489 

M1, probably reflecting information on the left hand (which provides the somaesthetic targets). 490 

Importantly, in the dorsolateral parieto-frontal pathway, the left aIPS also showed body-centered 491 

dominance for somaesthetic targets (Figure 5A, middle row). The consistency analysis (Figure 5A, 492 
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bottom row) showed a clear switch, consistent with the sensory reference frame, specifically in left 493 

aIPS. 494 

ROI analysis confirmed the findings of the whole-brain analysis (Figure 5B). Of the ROIs, only left 495 

aIPS showed significantly higher gaze-centered tuning in the visual condition (p<0.05), significantly 496 

higher body-centered tuning in the somaesthetic condition (p<0.05), as well as a significant difference 497 

in relative tuning (GC-BC) between the visual and somaesthetic condition (p<0.005). Other ROIs did 498 

not show significant evidence for a switch in reference frame across modalities. 499 

Thus, aIPS was the only region in which it was possible to identify a modality-dependent reference 500 

frame for grasp planning. 501 

 502 

Modality-independent reference frames 503 

We next test whether the similarities in reference coding between modalities (Figure 4) also imply 504 

modality-independent cortical coding (Figure 6). That is, whether the same pattern in fMRI activations 505 

is used to represent the targets in a particular reference frame, irrespective of target modality. 506 

Results showed extensive modality-independent coding (Figure 6A). The gaze-centered 507 

representations in bilateral occipito-parietal cortex as well as part of the body-centered representations 508 

in frontal regions were shared across modalities. 509 

The ROIs (Figure 6B) show a strong division between body- and gaze-centered codes. Body-centered 510 

coding is shared across modalities in almost all ROIs (all BC p<0.01, significant conjunctive evidence 511 

in PMv, PMd). Only in aPCu, PMd and PMv, the strength of common body-centered coding was 512 

significantly higher than common gaze-centered coding (GC-BC, p<0.05). In contrast, gaze-centered 513 

coding is specifically shared across modalities in SPOC (GC p<<0.001, no difference between GC and 514 

BC). Importantly, even though SPOC appears to code both reference frames using a multimodal code 515 

when tested using the aggregate measure in the ROIs (Figure 6B), only the gaze-centered coding is 516 

significant in the conjunction test (Figure 6A, transparent vs opaque dot in 6B). 517 
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In sum, areas PMd, PMv, and aPCu contain a modality-independent, body-centered code while area 518 

SPOC comprises a gaze-centered modality-independent code during grasp planning. 519 

 520 

Effect of gaze direction 521 

Finally, because there may be gaze direction effects in the data (see Methods for details), we 522 

specifically tested for such effects in Figure 7. 523 

Gaze-direction coding was found primarily in the occipital cortex, extending into the parietal cortex 524 

(see Figures 7A and B), irrespective of modality (Figure 7C). Note the striking overlap between gaze 525 

information and gaze-centered coding in figures 4 and 6, meaning gaze information and gaze-centered 526 

coding occupy similar regions. Of the predefined ROIs, we found only SPOC coded gaze direction 527 

consistently within (both p<0.01, no difference between visual and somaesthetic condition) and across 528 

(p<0.05) modalities. The latter could also explain the discrepancy between the body-centered tuning in 529 

SPOC when using the aggregate measure (see Figures 5B and 6B) and the absence of such tuning in 530 

the conjunction measure (Figures 4 and 6A, top row). Note that the conjunctive measure and the gaze-531 

direction measure are independent, reaffirming the conclusion that gaze direction and gaze-centered 532 

tuning are present in similar areas. 533 

 534 

Discussion 535 

This study investigated the reference frames used to plan grasping movements towards visual and 536 

somaesthetic targets. We focused on the manifestations of gaze- and body-centered frames of 537 

reference in the dorsomedial and dorsolateral grasping-related circuits. There are three main 538 

observations. First, a parietal node of the dorsolateral circuit (aIPS) encoded the grasping target 539 

flexibly, in either a body-centered or a gaze-centered reference frame, depending on whether the 540 

movement was planned towards a somaesthetic or a visual target. Second, posterior regions, including 541 

SPOC, coded the grasping target in gaze-centered coordinates, while anterior regions, including PMd 542 
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and PMv, operated in a body-centered reference frame. Third, gaze- and body-centered coding of the 543 

grasping target was largely modality-independent. These observations are based on a novel analysis 544 

method, combining multivariate classification and cross-classification evidence. Each of these points 545 

will now be discussed in detail. 546 

 547 

Flexible reference frame in aIPS 548 

In the dorsolateral circuit, we find a modality-dependent reference frame in aIPS, which switches 549 

between gaze and body coordinates according to the sensory modality used to spatially define the 550 

grasping target. This observation is consistent with recent ideas predicting reference frame switches 551 

alongside the native reference frame of the sensory signal (Pouget and Snyder, 2000; McGuire and 552 

Sabes, 2009). For visual targets, input is coded with respect to gaze; for somaesthetic targets, input is 553 

coded with respect to the body. Thus, aIPS appears to code targets in a statistically optimal fashion, 554 

favoring coding in the presented sensory reference frame (Pouget et al., 2002). 555 

Area aIPS is well positioned to play such integrative role in planning grasping movements, both in 556 

functional profile and connectivity. Functionally, aIPS is necessary for appropriate planning of 557 

grasping movements (Binkofski et al., 1998; Gallese et al., 1994; Culham et al., 2003; Verhagen et al., 558 

2012), and it represents a wide range of target properties across modalities (Murata et al., 1996; 559 

Grefkes et al., 2002). Anatomically, the area is densely connected to both visual, somatosensory, and 560 

premotor areas (Lewis and Van Essen, 2000; Borra et al., 2008; Nakamura et al., 2001), allowing it to 561 

integrate the information required for representing the properties of grasping targets, and switch 562 

reference frame based on sensory conditions. In line with our results, neurons in the homolog area in 563 

the macaque employ predominantly gaze-centered representations when coding grasping movements 564 

to visual targets (Lehmann & Scherberger, 2013). This could imply that the current results generalize 565 

from the population level to the neuronal level. However, the relatively more anterior gaze-centered 566 

zone and the relatively more posterior body-centered zone could also point to separate functional 567 

populations within the aIPS area (Romero et al., 2014). Single-neuron studies for grasping movements 568 
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to somaesthetic targets, combined with repetition-suppression analyses of the current dataset, might be 569 

able to address this issue.  570 

In the dorsomedial circuit, we find no evidence for a switch between reference frames. Recently, 571 

Bernier and Grafton (2010) found the dorsomedial region aPCu to code a modality-dependent switch 572 

in reference frame for reaching movements with the index finger, analogous to the effect found in aIPS 573 

in the present grasping study. There are a number of possibilities accounting for this difference. First, 574 

it is possible that the current experimental design, focused on the planning phase of a grasping 575 

movement, is not optimal for detecting effects that might occur predominantly during the execution of 576 

the movement. It has been shown that the dorsolateral pathway, including aIPS, is involved earlier in 577 

planning a grasping movement than the dorsomedial pathway, including SPOC and aPCu, which is 578 

only involved just prior to the movement (Verhagen et al., 2012, 2013; Lehmann and Scherberger, 579 

2013). Although the design of this study ensures that the findings are not influenced by stimulus-580 

processing, movement execution, or somatosensory reafference following the movement, sensitivity 581 

might have been biased towards planning-related processes supported by the dorsolateral pathway. 582 

Second, the nature of the sensorimotor transformations required by the task settings might also play a 583 

role. In this study, visual and somatosensory frames of references were in register, given that 584 

participants had direct line of sight to fixation lights and grasping targets. In other studies, there was a 585 

substantial difference between the line of gaze and the somatosensory location of the reaching target 586 

(Bernier and Grafton, 2010). It is conceivable that the dorsomedial stream might become particularly 587 

relevant when a discordance between visual and somatosensory frames of references is corrected 588 

(Luauté et al., 2009). Third, from the perspective of an optimal control framework (Scott, 2004; 589 

Todorov and Jordan, 2002), the use of a flexible reference frame might be linked to the task-relevant 590 

effector. In the current study, the end-effector is given by thumb and index fingers articulating over the 591 

wrist (Figure 1). In contrast, Bernier and Grafton (2010) used the whole forearm, from elbow to index 592 

finger, as a single effector. It has been shown that there is a cortical dissociation between hand and 593 

finger movements, represented in aIPS, and whole-limb movements, represented in aPCu (Sereno and 594 

Huang, 2014; Heed et al., 2011; Leoné et al., 2014) and other areas of the dorsomedial circuit (Cavina-595 
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Pratesi et al., 2010a,b). Accordingly, switching between gaze- and body-centered reference frames 596 

might be implemented in the parietal region more directly involved in representing the combination of 597 

limb segments controlled during task performance. For example, reference frame switches for foot/leg 598 

movements are predicted to peak in more medial regions than reported here (Leoné et al., 2014). 599 

 600 

Gaze versus body-centered networks 601 

The present study indicates that areas aIPS and aPCu fall between posterior gaze-centered coding and 602 

anterior body-centered responses. Specifically, occipito-parietal cortex, including SPOC, employs a 603 

predominantly gaze-centered code for both visual and somaesthetic targets, compatible with previous 604 

findings on a gaze-centered dominance in parietal cortex (Stricanne et al., 1996; Crawford et al., 605 

2011), and the visual and somaesthetic inputs reported in these regions (Fattori and Gamberini, 2001; 606 

Fattori et al., 2005, 2009). In addition to these gaze-centered codes, we found evidence for gaze 607 

direction coding in parietal regions (Marzocchi et al., 2008; Hadjidimitrakis et al., 2011; Galletti et al., 608 

1995; Rossit et al., 2013). Access to this information may allow the regions to play a role in reference 609 

frame transformations (DeSouza et al., 2000; Zipser and Andersen, 1988; Barany et al., 2014). In fact, 610 

we believe a caudal-rostral gaze-centered / body centered gradient could be underlying our results for 611 

PPC (McGuire and Sabes, 2011). In frontal regions, including areas PMd and PMv, we instead found 612 

evidence for body-centered coding, in line with the assumed role of premotor regions in motor 613 

preparation (Graziano and Gross, 1998) and the implementation of joint-based motor commands 614 

(Beurze et al., 2010). 615 

The present results could be taken as inconsistent with other reports showing mixed coding in parietal 616 

and frontal regions (Avillac et al., 2005; Pesaran et al., 2006; Batista et al., 2007; Galletti et al., 2003; 617 

Mullette-Gillman et al., 2005; Chang and Snyder, 2010), as well as important theoretical work (Pouget 618 

and Snyder, 2000). However, caution with such an interpretation is needed. Differently from previous 619 

reports, this study did not manipulate the body-centered reference frame by using different start 620 

position for the right hand, leaving open the possibility that gaze-centered responses become also 621 
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consistent with body-centered coding when both reference frames are manipulated. In addition, 622 

dominant gaze-centered coding could obscure body-centered coding and vice-versa, as the expected 623 

effects in cortical patterns are opposite. Lastly, gaze direction effects in parietal regions might have 624 

obscured body-centered effects or induced apparent body-centered effects in the current and other 625 

studies. For example, in our study SPOC appears to also code body-centered coordinates; however the 626 

conjunction and gaze direction analysis shows this is probably an effect of gaze direction. 627 

Modality-independent reference frames 628 

We found the coding in both the gaze- and body-centered networks to be largely modality-629 

independent. This observation extends previous work on modality-independent spatial tuning 630 

(McGuire and Sabes, 2011) and on multisensory integration in both parietal and premotor regions 631 

(Bremmer et al., 2002; Macaluso et al., 2003; Todorov, 2006) by showing that the coding is not only 632 

in the same region, but shows the same within-region cortical pattern (as tested by cross-modal 633 

classification; Etzel et al., 2008). 634 

The extent of the modality-independent coding is probably linked to generality of the function served 635 

by the regions. PPC is also believed to code a general saliency map, which generalizes across tasks 636 

(Jerde et al., 2012). Within this notion, we show it also generalizes across modalities. Such modality-637 

independence would fit the preserved role of PPC in the congenitally blind (Lingnau et al., 2012). The 638 

modality-independent body-centered code in premotor regions fits coding of the impending action, 639 

which is equal across the two modalities and is believed to be coded in body-centered coordinates. The 640 

widespread modality-independent tuning could have been influenced by the small number of sides 641 

(two per reference frame); further studies should include more spatial locations to further specify the 642 

modality-independent coding. Moreover, other studies should manipulate properties of the grasping 643 

target, to examine whether these properties influence the modality-(in)dependence of tuning. 644 

 645 

Two-sided evidence combination 646 
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We introduced a two-sided evidence combination method. This method allows one to combine 647 

evidence from both predicted distinctions between cortical representations, using classification, and 648 

predicted common representations, using cross-classification. This methodological approach provides 649 

access to overlapping representations in gaze- and body-centered frames. Previous methods, focused 650 

on classification effects or univariate differences, would have not detected common representations. 651 

Similarly, repetition suppression approaches would not be able to detect distinct representations. 652 

We used two implementations of the method: one qualitative, aimed at determining explicitly regions 653 

significant for a conjunction of both sides of the evidence, and one quantitative, aimed at differences 654 

in degree of evidence by means of averaging. The method can be further extended to accommodate 655 

more complex hypotheses by using GLMs to fit evidence scores rather than calculating averages. The 656 

method also combines naturally with the pattern-activation method by Leoné et al. (2014) as well as 657 

representational similarity analysis (Kriegeskorte et al., 2008), replacing correlations with cross-658 

classification and classification. 659 

 660 

Conclusion 661 

This study shows that dorsolateral grasping area aIPS switches reference frame depending on sensory 662 

modality: visual targets are predominantly processed in a gaze-centered reference frame, somaesthetic 663 

targets are coded in a body-centered reference frame. In contrast, other parieto-frontal regions respond 664 

mainly in a single reference frame: Caudal parietal areas in the dorsomedial pathway code grasping 665 

targets in a modality-independent gaze-centered reference frame, while premotor areas code targets in 666 

a modality-independent body-centered reference frame. The modality-independent nature of the 667 

parietal and frontal clusters could reflect their roles in coding both saliency and motor preparation. 668 

Area aIPS rather serves a potentially fundamental role as in-between conversion hub when coding 669 

grasping movements. 670 

  671 



 

27 
 

References 672 

Ashburner J. A fast diffeomorphic image registration algorithm. Neuroimage, 38:95–113, 2007. 673 

Avillac M, Denève S, Olivier E, Pouget A, and Duhamel JR. Reference frames for representing visual 674 

and tactile locations in parietal cortex. Nat. Neurosci., 8:941–9, 2005. 675 

Barany DA, Della-Maggiore V, Viswanathan S, Cieslak M, and Grafton ST. Feature interactions 676 

enable decoding of sensorimotor transformations for goal-directed movement. J. Neurosci., 34: 6860–677 

73, 2014. 678 

Batista AP, Santhanam G, Yu BM, Ryu SI, Afshar A, and Shenoy KV. Reference Frames for Reach 679 

Planning in Macaque Dorsal Premotor Cortex. J. Neurophysiol., 98:966–983, 2007. 680 

Battaglia-Mayer A, Caminiti R, Lacquaniti R, and Zago M. Multiple levels of representation of 681 

reaching in the parieto-frontal network. Cereb. Cortex, 13:1009–22, 2003. 682 

Bernier PM and Grafton ST. Human Posterior Parietal Cortex Flexibly Determines Reference Frames 683 

for Reaching Based on Sensory Context. Neuron, 68:776–96 788, 2010. 684 

Beurze SM, de Lange FP, Toni I, and Medendorp WP. Integration of target and effector information in 685 

the human brain during reach planning. J Neurophysiol, 97:188–99, 2007. 686 

Beurze SM, Toni I, Pisella L, and Medendorp WP. Reference frames for reach planning in human 687 

parietofrontal cortex. J Neurophysiol, 104:1736–1745, 2010. 688 

Binkofski F, Dohle C, Posse S, Stephan KM, Hefter H, Seitz RJ, and Freund HJ. Human anterior 689 

intraparietal area subserves prehension: A combined lesion and functional MRI activation study. 690 

Neurology, 50:1253–1259, 1998. 691 

Binkofski F and Buxbaum LJ. Two action systems in the human brain. Brain Lang., 127:222–9, 2013. 692 

Björnsdotter M, Rylander K, and Wessberg J. A Monte Carlo method for locally multivariate brain 693 

mapping. Neuroimage, 56:508–16, 2011. 694 



 

28 
 

Borra E, Belmalih A, Calzavara R, Gerbella M, Murata A, Rozzi S, and Luppino G. Cortical 695 

connections of the macaque anterior intraparietal (AIP) area. Cereb. Cortex, 18:1094–111, 2008. 696 

Bremmer F, Klam F, Duhamel JR, Ben Hamed S, and Graf W. Visual-vestibular interactive responses 697 

in the macaque ventral intraparietal area (VIP). Eur. J. Neurosci., 16:1569–1586, 2002. 698 

Brooks JL. Counterbalancing for serial order carry over effects in experimental condition orders. 699 

Psychol. Methods, 17:600–614, 2012. 700 

Buchholz VN, Jensen O, and Medendorp WP. Parietal Oscillations Code Nonvisual Reach Targets 701 

Relative to Gaze and Body. J. Neurosci., 33:3492–3499, 2013. 702 

Cavina-Pratesi C, Ietswaart M, Humphreys GW, Lestou V, and Milner AD. Impaired grasping in a 703 

patient with optic ataxia: primary visuomotor deficit or secondary consequence of misreaching? 704 

Neuropsychologia, 48:226–34, 2010a. 705 

Cavina-Pratesi C, Monaco S, Fattori P, Galletti C, McAdam TD, Quinlan DJ, Goodale MA, and 706 

Culham JC. Functional magnetic resonance imaging reveals the neural substrates of arm transport and 707 

grip formation in reach-to-grasp actions in humans. J. Neurosci., 30:10306–23, 2010b. 708 

Chang SW and Snyder LH. Idiosyncratic and systematic aspects of spatial representations in the  709 

macaque parietal cortex. Proc. Natl. Acad. Sci. U. S. A., 107:7951–6, 2010. 710 

Connolly JD, Andersen RA, and Goodale MA. FMRI evidence for a ’parietal reach region’ in the 711 

human brain. Exp. Brain Res., 153:140–5, 2003. 712 

Cox D and Savoy R. Functional magnetic resonance imaging (fMRI) "brain reading": detecting and 713 

classifying distributed patterns of fMRI activity in human visual cortex. Neuroimage, 19:261–270, 714 

2003. 715 

Crawford JD, Henriques DYP, and Medendorp WP. Three-dimensional transformations for goal-716 

directed action. Annu. Rev. Neurosci., 34:309–31, 2011. 717 



 

29 
 

Culham JC and Valyear KF. Human parietal cortex in action. Curr. Opin. Neurobiol., 16:205–212, 718 

2006. 719 

Culham JC, Danckert SL, DeSouza JFX, Gati JS, Menon RS, and Goodale MA. Visually guided 720 

grasping produces fMRI activation in dorsal but not ventral stream brain areas. Exp. Brain Res., 721 

153:63 180–9, 2003. 722 

Dale AM, Fischl B, and Sereno MI. Cortical surface-based analysis. I. Segmentation and surface 723 

reconstruction. Neuroimage, 9:179–94, 1999. 724 

Davare M, Andres M, Cosnard G, Thonnard JL, and Olivier E. Dissociating the role of ventral and 725 

dorsal premotor cortex in precision grasping. J. Neurosci., 26:2260–8, 2006. 726 

DeSouza JFX, Dukelow SP, Gati JS, Menon RS, Andersen RA, and Vilis T. Eye position signal 727 

modulates a human parietal pointing region during memory-guided movements. J. Neurosci., 728 

20:5835–40, 2000. 729 

Dinstein I, Gardner JL, Jazayeri M, and Heeger DJ. Executed and observed movements have different 730 

distributed representations in human aIPS. J Neurosci, 28:11231–9, 2008. 731 

Etzel JA, Gazzola V, and Keysers C. Testing simulation theory with cross-modal multivariate 732 

classification of fMRI data. PLoS One, 3:e3690, 2008. 733 

Etzel JA, Zacks JM, and Braver TS. Searchlight analysis: promise, pitfalls, and potential. Neuroimage, 734 

78:261–9, 2013. 735 

Fabbri S, Strnad L, Caramazza A, Lingnau A. Overlapping representations for grip type and reach 736 

direction. Neuroimage, 94:138–46, 2014. 737 

Fattori P and Gamberini M. ’Arm-reaching’ neurons in the parietal area V6A of the macaque monkey. 738 

Eur. J. Neurosci., 13:2309–2313, 2001. 739 



 

30 
 

Fattori P, Kutz DF, Breveglieri R, Marzocchi N, and Galletti C. Spatial tuning of reaching activity in 740 

the medial parieto-occipital cortex 4 (area V6A) of macaque monkey. Eur. J. Neurosci., 22:956–72, 741 

2005. 742 

Fattori P, Breveglieri R, Marzocchi N, Filippini D, Bosco A, and Galletti C. Hand orientation during 743 

reach-to-grasp movements modulates neuronal activity in the medial posterior parietal area V6A. J. 744 

Neurosci., 29:1928–36, 2009. 745 

Filimon F. Human cortical control of hand movements: parietofrontal networks for reaching, grasping, 746 

and pointing. Neuroscientist, 16:388–407, 2010. 747 

Filimon F, Nelson JD, Huang RS, and Sereno MI. Multiple parietal reach regions in humans: cortical 748 

representations for visual and proprioceptive feedback during on-line reaching. J. Neurosci., 29: 18 749 

2961–71, 2009. 750 

Fischl B, Sereno MI, and Dale AM. Cortical surface-based analysis. II: Inflation, flattening, and a 751 

surface-based coordinate system. Neuroimage, 9:195–207, 1999. 752 

Fonov V, Evans AC, Botteron K, Almli CR, McKinstry RC, and Collins DL. Unbiased average age-753 

appropriate atlases for pediatric studies. Neuroimage, 54:313–27, 2011. 754 

Friston KJ, Ashburner JT, Kiebel SJ, Nichols TE, and Penny WD. Statistical Parametric Mapping: The 755 

Analysis of Functional Brain Images: The Analysis of Functional Brain Images. Academic Press, 756 

2011. 757 

Gallese V, Murata A, Kaseda M, Niki N, and Sakata H. Deficit of hand preshaping after muscimol 758 

injection in monkey parietal cortex. Neuroreport, 5:1525–1529, 1994. 759 

Galletti C, Battaglini PP, and Fattori P. Eye Position Influence on the Parieto-occipital Area PO (V6) 760 

of the Macaque Monkey. Eur. J. Neurosci., 7:2486–2501, 1995. 761 

Galletti C, Kutz DF, Gamberini M, Breveglieri R, and Fattori P. Role of the medial parieto-occipital 762 

cortex in the control of reaching and grasping movements. Exp. Brain Res., 153:158–70, 2003. 763 



 

31 
 

Gamberini M, Passarelli L, Fattori P, Zucchelli M, Bakola S, Luppino G, and Galletti C. Cortical 764 

connections of the visuomotor parietooccipital area V6Ad of the macaque monkey. J. Comp. Neurol., 765 

513:622–42, 2009. 766 

Glover S. Separate visual representations in the planning and control of action. Behav. Brain Sci., 767 

27:3–78, 2004. 768 

Grafton ST, Fagg AH, Woods RP, and Arbib MA. Functional anatomy of pointing and grasping in 769 

humans. Cereb. Cortex, 6:226–37, 1996. 770 

Grafton ST. The cognitive neuroscience of prehension: recent developments. Exp. Brain Res., 771 

204:475–91, 2010. 772 

Graziano MSA and Gross GC. Spatial maps for the control of movement. Curr. Opin. Neurobiol., 773 

8:195–201, 1998. 774 

Grefkes C, Weiss PH, Zilles K, and Fink GR. Crossmodal processing of object features in human 775 

anterior intraparietal cortex: an fMRI study implies equivalencies between humans and monkeys. 776 

Neuron, 35:173–59 84, 2002. 777 

Grol MJ, Majdandzic´ J, Stephan KE, Verhagen L, Dijkerman HC, Bekkering H, Verstraten FAJ, and 778 

Toni I. Parieto-frontal connectivity during visually guided grasping. J. Neurosci., 27: 11877–87, 2007. 779 

Hadjidimitrakis K, Breveglieri R, Placenti G, Bosco A, Sabatini SP, and Fattori P. Fix your eyes in the 780 

space you could reach: neurons in the macaque medial parietal cortex prefer gaze positions in 781 

peripersonal space. PLoS One, 6:e23335, 2011. 782 

Heed T, Beurze SM, Toni I, Röder B, and Medendorp WP. Functional Rather than Effector-Specific 783 

Organization of Human Posterior Parietal Cortex. J. Neurosci., 31:3066–3076, 2011. 784 

Hoshi E and Tanji J. Distinctions between dorsal and ventral premotor areas: anatomical connectivity 785 

and functional properties. Curr. Opin. Neurobiol., 17:234–42,2007. 786 



 

32 
 

Jeannerod M. The neural and behavioural organization of goal-directed movements. Clarendon 787 

Press/Oxford University Press, 1988. 788 

Jerde TA, Merriam EP, Riggall AC, Hedges JH, and Curtis CE. Prioritized Maps of Space in Human 789 

Frontoparietal Cortex. J. Neurosci., 32:17382–17390, 2012. 790 

Kriegeskorte N and Bandettini P. Combining the tools: activation- and information-based fMRI 791 

analysis. Neuroimage, 38:666–8, 2007. 792 

Kriegeskorte N, Goebel R, and Bandettini P. Information-based functional brain mapping. Proc. 793 

Natl.Acad. Sci. U. S. A., 103:3863–8, 2006. 794 

Kriegeskorte N, Mur M, and Bandettini P. Representational similarity analysis - connecting the 795 

branches of systems neuroscience. Front. Syst. Neurosci., 2:4, 2008. 796 

Kriegeskorte N, Simmons W, Bell PSF, and Baker CI. Circular analysis in systems neuroscience: the 797 

dangers of double dipping. Nat. Neurosci., 12:535–40, 2009. 798 

Lehmann SJ and Scherberger H. Reach and gaze representations in macaque parietal and premotor 799 

grasp areas. J. Neurosci., 33:7038–49, 2013. 800 

Leoné FTM, Heed T, Toni I, and Medendorp WP. Understanding effector selectivity in human 801 

posterior parietal cortex by combining information patterns and activation measures. J Neurosci, 802 

34:7102–7112, 2014. 803 

Lewis JW and Van Essen DC. Corticocortical connections of visual, sensorimotor, and multimodal 804 

processing areas in the parietal lobe of the macaque monkey. J. Comp. Neurol., 428:112–37, 2000. 805 

Lingnau A, Strnad L, He C, Fabbri S, Han Z, Bi Y, and Caramazza A. Cross-Modal Plasticity 806 

Preserves Functional Specialization in Posterior Parietal Cortex. Cereb. Cortex, pages 1–9, 2012. 807 

Luauté J, Schwartz S, Rossetti Y, Spiridon M, Rode G, Boisson D, and Vuilleumier P. Dynamic 808 

changes in brain activity during prism adaptation. J. Neurosci., 29:169–78, 2009. 809 



 

33 
 

Macaluso E., Driver J, and Frith CD. Multimodal spatial representations engaged in human parietal 810 

cortex during both saccadic and manual spatial orienting. Curr. Biol., 13:990–999, 2003. 811 

Marzocchi N, Breveglieri R, Galletti C, and Fattori P. Reaching activity in parietal area V6A of 812 

macaque: eye influence on arm activity or retinocentric coding of reaching movements? Eur. J. 813 

Neurosci., 27: 775–89, 2008. 814 

McGuire LMM and Sabes PN. Sensory transformations and the use of multiple reference frames for 815 

reach  planning. Nat. Neurosci., 12:1056–61, 2009. 816 

McGuire LMM and Sabes PN. Heterogeneous representations in the superior parietal lobule are 817 

common across reaches to visual and proprioceptive targets. J. Neurosci., 31:6661–73, 2011. 818 

Misaki M, Kim Y, Bandettini PA, and Kriegeskorte N. Comparison of multivariate classifiers and 819 

response normalizations for pattern-information fMRI. Neuroimage, 53:103–18, 2010. 820 

Mullette-Gillman OA, Cohen YE, and Groh JM. Eye-centered, head-centered, and complex coding of 821 

visual and auditory targets in the intraparietal sulcus. J Neurophysiol, 94:2331–52, 2005. 822 

Murata A, Gallese V, Kaseda M, and Sakata H. Parietal neurons related to memory-guided hand 823 

manipulation. J. Neurophysiol., 75:2180–2186, 1996. 824 

Nakamura H, Kuroda T, Wakita M, Kusunoki M, Kato A, Mikami A, Sakata H, and Itoh K. From 825 

three-dimensional space vision to prehensile hand movements: the lateral intraparietal area links the 826 

area V3A and the anterior intraparietal area in macaques. J. Neurosci., 21:8174–87, 2001. 827 

Pesaran B, Nelson MJ, and Andersen RA. Dorsal premotor neurons encode the relative position of the 828 

hand, eye, and goal during reach planning. Neuron, 51:125–34, 2006. 829 

Pitzalis S, Sereno MI, Committeri G, Fattori P, Galati G, Tosoni A, and Galletti C. The human 830 

homologue of macaque area V6A. Neuroimage, 82:517–530, 2013. 831 



 

34 
 

Poser BA, Versluis MJ, Hoogduin JM, and Norris DG. BOLD contrast sensitivity enhancement and 832 

artifact reduction with multiecho EPI: parallel-acquired inhomogeneity-desensitized fMRI. Magn 833 

Reson Imaging, 55:1227–35, 2006. 834 

Pouget A and Snyder LH. Computational Approaches to Sensorimotor Transformations. Nat. 835 

Neurosci., 3:1192–1198, 2000. 836 

Pouget A, Deneve S, and Duhamel JR. A Computational Perspective on the Neural Basis of 837 

Multisensory Spatial Representations. Nat. Neurosci. Rev., 3: 741–747, 2002. 838 

Prado J, Clavagnier S, Otzenberger H, Scheiber C, Kennedy H, and Perenin MT. Two cortical systems 839 

for reaching in central and peripheral vision. Neuron, 48:849–58, 2005. 840 

Raos V, Umiltá MA, Murata A, Fogassi L, and Gallese V. Functional Properties of Grasping-Related 841 

Neurons in the Ventral Premotor Area F5 of the Macaque Monkey. J. Neurophysiol., 95: 709–729, 842 

2006. 843 

Rizzolatti G, and Matelli M. Two different streams form the dorsal visual system: anatomy and 844 

functions. Exp. Brain Res., 153:146–57, 2003. 845 

Romero MC, Pani P, and Janssen P. Coding of shape features in the macaque anterior intraparietal 846 

area. J. Neurosci., 34, 4006–21, 2014 847 

Rossit S, McAdam T, McLean DA, Goodale MA, and Culham, JC. fMRI reveals a lower visual field 848 

preference for hand actions in human superior parieto-occipital cortex (SPOC) and precuneus. Cortex., 849 

49, 2525–41, 2013 850 

Scott SH. Optimal feedback control and the neural basis of volitional motor control. Nat. Rev. 851 

Neurosci., 5, 532–546, 2004. 852 

Selen JPJ and Medendorp WP. Saccadic updating of object orientation for grasping movements. 853 

Vision Res., 51, 898–907, 2011. 854 



 

35 
 

Sereno MI and Huang RS. Multisensory maps in parietal cortex. Curr. Opin. Neurobiol., 24, 39–46, 855 

2014 856 

Stricanne B, Andersen RA, Mazzoni P. Eye-centered, head-centered, and intermediate coding of 857 

remembered sound locations in area LIP. J Neurophysiol. 76: 2071-6, 1996.  858 

Todorov E. Optimal control theory. Bayesian brain probabilistic approaches to neural coding, 269–859 

298, 2006. 860 

Todorov E and Jordan MI. Optimal feedback control as a theory of motor coordination. Nat. 861 

Neurosci., 5, 1226–35, 2002. 862 

Toni I, Rushworth MF, and Passingham RE. Neural correlates of visuomotor associations. Spatial 863 

rules compared with arbitrary rules. Exp. brain Res., 141, 359–69, 2001 864 

Verhagen L, Dijkerman HC, Grol MJ, and Toni I. Perceptuo-motor interactions during prehension 865 

movements. J Neurosci, 28, 4726–35, 2008. 866 

Verhagen L, Dijkerma, HC, Medendorp WP,  and Toni I. Cortical dynamics of sensorimotor 867 

integration during grasp planning. J. Neurosci., 32, 4508–19, 2012. 868 

Verhagen L, Dijkerman HC, Medendorp WP, and Toni I. Hierarchical organization of parietofrontal 869 

circuits during goal-directed action. J. Neurosci., 33, 6492–503, 2013 870 

Wenderoth N, Toni I, Bedeleem S, Debaere F, and Swinnen SP. Information processing in human 871 

parieto-frontal circuits during goal-directed bimanual movements. Neuroimage, 31, 264–78, 2006. 872 

Zhang J, Kriegeskorte N, Carlin J., and Rowe JB. Choosing the rules: distinct and overlapping 873 

frontoparietal representations of task rules for perceptual decisions. J. Neurosci., 33, 11852–62, 2013. 874 

Zipser D and Andersen RA. A back-propagation programmed network that simulates response 875 

properties of a subset of posterior parietal neurons. Nature, 331, 679–84, 1988. 876 

  877 



 

36 
 

Legends 878 

Figure 1. Stimulus setup and experimental paradigm. A rotating platform presented either two visual 879 

objects (yellow rectangles, top row) or the participant’s left hand (bottom row, the hand was not 880 

visible during the experiment). At the start of the trial (left column), participants were instructed by an 881 

auditory tone to plan the grasping movement to either one of the two visual objects, or to one of two 882 

segments of the left hand, while fixating one of three fixation lights (the yellow cross marks one of the 883 

three possible locations). After a variable delay (middle column), an auditory instruction (right 884 

column) triggered the execution of the movement (to the one or the other visual object or hand 885 

segment, indicated by jagged images). The experiment was performed in the dark; only elements 886 

indicated in yellow were visible to the participant. 887 

 888 

Figure 2. Experimental and methodological framework. A. Study rationale. We studied reference 889 

frames for planning grasping movements to targets provided in two modalities: visual (top) or 890 

somaesthetic (bottom). Within each modality, reference frames were tested by aggregating evidence 891 

across four pairs of trials, either equal or distinct in gaze-centered or body-centered coordinates (right 892 

panels, black rectangles indicate pairs of trials (not shown to subject)). Two pairs, outer sides and 893 

center sides, were not used in the reference frame analysis, but used to independently define regions of 894 

interest and test for gaze direction effects. B. The two-sided evidence combination method. We 895 

specified which pairs of trials (indicated by column headers) should be distinct (≠) or common (=) in 896 

gaze-centered (GC) and body-centered (BC) reference frames (1). Next, we calculated for each distinct 897 

pair the classification score (a) and for each common pair the cross-classification score (o) (2) and 898 

combined the values to obtain an evidence score per reference frame (3). C. Example classification 899 

and cross-classification procedure, within (top) and across (bottom) modalities. For each pair of trials 900 

(e.g., left w.r.t. body), a classifier was trained and cross-validated (top, first column). The resulting 901 

accuracy value represents the classification result (≠ or a) for the specific pair. Next, the trained 902 

classifier was tested on the four possible pairs with one of the two trial configurations replaced (e.g., 903 



 

37 
 

gaze-center target-left replaced by gaze-right target-right, second column). In the example, if cross-904 

classification is high (=), it gives evidence for gaze-centered coding, as the pair describing the 905 

replacement is equal in gaze-centered coordinates (third column). The procedure was also applied 906 

across modalities (bottom panel), training on one modality (first column) and testing on the other 907 

(second column) and vice versa, to test for common representations across modalities (third column). 908 

D. Schematic overview of the analysis pipeline, highlighting the most important steps in the analysis. 909 

 910 

Figure 3. Group t-values representing information for planning grasping movements, based on 911 

classification across trials that differ in both gaze- and body-centered frames of reference (center and 912 

outer sides pairs, see Figure 2A, right side), in the visual (top) and somaesthetic (bottom) conditions. 913 

Results are shown on an inflated representation of the cortical surface. Color code shows t-values for 914 

consistent information on the distinction between the items of both pairs (p<0.05, uncorrected, cluster 915 

size > 250). Peaks in t-values in either modality served as basis for the ROI definition. 916 

 917 

Figure 4. Evidence maps for reference frames (GC: gaze-centered, BC: body-centered) per modality 918 

(left: visual targets, right: somaesthetic targets) obtained either by conjunction of classification and 919 

cross-classification evidence for each reference frame (top row), or by contrasting the aggregate 920 

evidence between reference frames (bottom row). The top row shows binary maps for body-centered 921 

(blue), gaze-centered (red) and both reference frames (magenta). The bottom row shows t-values for 922 

the difference in aggregate values between gaze-centered and body-centered evidence (cold colors: 923 

BC, warm colors: GC). Note the consistent division between posterior GC and anterior BC evidence in 924 

both modalities, across panels. Only relevant clusters are included (p<0.05, uncorrected, cluster-size > 925 

250); open circles indicate ROI locations. 926 

 927 
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Figure 5. Differences in reference frame specific tuning between modalities (GC: gaze-centered, BC: 928 

body-centered). A. Comparison of GC (top), BC (middle) and GC versus BC (bottom) tuning between 929 

modalities. For GC and BC, warmer and cooler colors indicate reference frame-specific dominance in 930 

the visual (’Vis’) and somaesthetic (’Som’) condition, respectively. For the consistency plot (bottom, 931 

GC versus BC and Vis versus Som, which is the contrast between the GC and BC effects shown in the 932 

top two panels, showing only voxels significant in both upper panels), magenta indicates a reference 933 

frame shift consistent with the sensory reference frame (’In line’), cyan inconsistent (’Contra’, not 934 

present). Only relevant clusters are shown (p<0.05, uncorrected, cluster size > 250). B. Scatter plots 935 

plotting GC vs BC coding per ROI. Colors indicate the two sensory conditions (red: visual, blue: 936 

somaesthetic). Dashed line highlights the significant reference frame shift in aIPS in GC, BC, and GC 937 

versus BC coding. 938 

 939 

Figure 6. Modality-independent reference frames (GC: gaze-centered, BC: body-centered). A. Binary 940 

maps based on the conjunction analysis (top, blue: BC, red: GC, magenta: both) and the difference in 941 

aggregate evidence between the reference frames (bottom, cool colors: BC, warm colors: GC). Only 942 

relevant clusters are shown (p<0.05, uncorrected, cluster-size > 250). Occipito-parietal cortex shows a 943 

modality-independent gaze-centered reference frame. A shared body-centered reference frame is seen 944 

in part of the frontal regions. Circles indicate ROIs. B. Comparison of t-values for within-modality 945 

coding (sum of visual and somaesthetic, x-axis) versus across-modality coding (sum of both directions 946 

of cross-classification, y-axis) for the two reference frames (red and blue dots, transparency indicates 947 

that conjunction results are not significant for the respective reference frame and ROI, as shown in 948 

panel A, top). Dashed lines highlight significant differences between reference frames (p<0.05). Areas 949 

highlighted by the triangular dark zone, marked ’Shared code’, show evidence for a shared, modality-950 

independent, coding for the indicated reference frame. 951 

 952 
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Figure 7. Gaze direction coding for planning grasping movements to visual targets (A), somaesthetic 953 

targets (B), and irrespective of modality (C). Voxels within the binary map are significant for 954 

classification on all four main pairs and cross-classification on the center sides pair, as determined 955 

using the conjunction test. Compare to Figure 4A (top row) for an overview of all tuning. Circles 956 

indicate ROIs. 957 
















