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Abstract 33 

Flexible adaptation to changing environments is a representative executive control 34 

function implicated in the fronto-parietal network that requires appropriate extraction of 35 

goal-relevant information through perception of the external environment. It remains 36 

unclear, however, how the flexibility is achieved under situations where goal-relevant 37 

information is uncertain. To address this issue, the current study examined neural 38 

mechanisms for task switching in which task-relevant information involved perceptual 39 

uncertainty. Twenty-eight human participants of both sexes alternated behavioral tasks 40 

in which they judged motion direction or color of visually presented colored dot stimuli 41 

that moved randomly. Task switching was associated with fronto-parietal regions in the 42 

left hemisphere, and perception of ambiguous stimuli involved contralateral 43 

homologous fronto-parietal regions. On the other hand, in stimulus-modality-dependent 44 

occipitotemporal regions, task coding information was increased during task switching. 45 

Effective connectivity analysis revealed that the frontal regions signaled toward the 46 

modality-dependent occipitotemporal regions when a relevant stimulus was more 47 

ambiguous, whereas the occipitotemporal regions signaled toward the frontal regions 48 

when the stimulus was more distinctive. These results suggest that complementary 49 

prefrontal mechanisms in the left and right hemispheres help to achieve a behavioral 50 

goal when the external environment involves perceptual uncertainty. 51 

 52 

Significance statement 53 
In our daily life, environmental information to achieve a goal is not always certain, but 54 

we make judgments in such situations, and change our behavior accordingly. This study 55 

examined how the flexibility of behavior is achieved in a situation where goal-relevant 56 

information involves perceptual uncertainty. Functional MRI revealed that the lateral 57 

prefrontal cortex (lPFC) in the left hemisphere is associated with behavioral flexibility, 58 

and the perception of ambiguous stimuli involves the lPFC in the right hemisphere. 59 

These bilateral lPFC signaled to stimulus-modality-dependent occipitotemporal regions, 60 

depending on perceptual uncertainty and the task to be performed. These top-down 61 

signals supplement task coding in the occipitotemporal regions, and highlight 62 

interhemispheric prefrontal mechanisms involved in executive control and perceptual 63 

decision-making. 64 

  65 
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Introduction 66 

Executive control guides flexible adaptation to changing environments, which has been 67 

most developed in humans through evolution (Fuster, 2002; Roberts et al., 1998), and is 68 

implemented in distributed fronto-parietal cortical regions (Miller & Cohen 2001; 69 

Dosenbach et al., 2008; Duncan, 2010). Shifting between different types of behaviors is 70 

a representative executive control function (Jersild, 1927; Allport et al., 1994; Rogers 71 

and Monsell, 1995; Monsell, 2003), and task switching paradigms have often been used 72 

to investigate neural mechanisms of behavioral flexibility. Previous neuropsychological 73 

and neuroimaging studies suggest that the posterior part of the left prefrontal cortex 74 

plays a critical role in task switching (Fig. 1A; Konishi et al. 1998; 2002; Dove et al., 75 

2000; Rushworth et al. 2002; Crone et al., 2003; Brass and Cramon, 2004; Derfuss et al., 76 

2005; Yeung et al. 2006; Kim et al., 2012). 77 

On the other hand, goal-relevant sensory information from the external 78 

environment is perceived and guides a course of action, which is referred to as 79 

perceptual decision-making. Studies of perceptual decision-making have used 80 

behavioral tasks that demand discrimination of presented sensory stimuli involving 81 

perceptual uncertainty (Newsome and Pare, 1988; Corbetta et al., 1991; Erwin et al., 82 

1992; Romo et al., 1998). In one common task, randomly moving dots are presented 83 

visually, and participants are required to judge the overall direction of the movement or 84 

the overall color of the dot stimuli. It is known that the middle temporal (MT) region 85 

plays an important role in perceptual decision-making for moving stimuli (Britten et al., 86 

1992; Shadlen et al., 1996; Beauchamp et al., 1997; Braddick et al., 2001; Corbetta and 87 

Shulman, 2002; Huk et al., 2002; Mazurek et al., 2003; Kayser et al., 2010). On the 88 

other hand, it has been also been suggested that ventral visual areas including V4 and 89 

the ventral visual complex (VVC) are associated with the perception of color stimuli 90 

(Schein and Desimone, 1990; Motter, 1994; Bartels and Zeki, 2000; Kayser et al., 2010). 91 

The MT and VVC/V4 involvements reflect perception of goal-relevant information 92 

rather than simple accumulation of stimulus evidence (Kayser et al., 2010). These 93 

results suggest stimulus-modality-dependent mechanisms distributed across 94 

occipitotemporal regions for the perception of visual information (Fig. 1A). 95 

Executive control depends on the perceived information of the external 96 

environment, and the perceived information should be relevant to the achievement of 97 

behavioral goals. In other words, executive control presumes that relevant information 98 
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is appropriately extracted by the perception of the external environment (Fig. 1A). In 99 

our daily life, however, goal-relevant environmental information is not always evident. 100 

Although most prior studies of executive control have used sensory stimuli that could 101 

be perceived distinctively (e.g. Krystal et al., 1994; Rogers and Monsell, 1995; Casey et 102 

al., 1997; MacDonald et al., 2000; Miyake et al., 2000; Braver et al., 2003; Aron et al., 103 

2006; Seeley et al., 2007), several studies of perceptual discrimination used stimuli for 104 

which multidimensional visual uncertainties were manipulated within a stimulus set 105 

(Kayser et al., 2010; Zhang et al., 2013; Mante et al., 2013; Kumano et al., 2016). 106 

However, to our knowledge, task switching has been rarely explored in behavioral 107 

situations where environmental information involves perceptual uncertainties. 108 

The current study aimed to elucidate relationships between task switching and 109 

perceptual decision-making, and to explore the underlying neural mechanisms. We 110 

hypothesized three independent mechanisms: 1) a functionally merged single region 111 

implements task switching and perceptual uncertainty (e.g. Shackman et al. 2011; 112 

Yarkoni et al., 2011); 2) distinct regions for perceptual decision-making and task 113 

switching interact to guide task switching (e.g. Konishi et al. 1998; Egner and Hirsch, 114 

2005; Kayser et al., 2010; Waskom et al. 2014); 3) a hub-like region links the regions 115 

for task switching and perceptual decision-making (e.g. Cole et al. 2013; Osada et al. 116 

2015; Nee and D’Esposito, 2016; Jiang et al. 2018). 117 

To test these three hypotheses, functional MRI was administered while human 118 

participants alternated tasks in which the motion strength and color strength of 119 

randomly moving dots were independently manipulated as perceptual uncertainties 120 

(Figs. 1B-D). We first explored the brain regions associated with task switching, motion 121 

strength, and color strength. Then whole brain exploratory multivariate pattern analysis 122 

was performed to identify brain regions involving task-relevant information. Finally, to 123 

examine functional network mechanisms, effective connectivity was examined among 124 

the task-related brain regions during task switching under conditions of perceptual 125 

uncertainty. 126 

  127 



 

 4 

Materials and Methods 128 

Participants. Written informed consent was obtained from 28 healthy right-handed 129 

subjects (age range: 18-23 years; 10 females). The experimental procedures were 130 

approved by the institutional review boards of Keio University (Yokohama, Japan) and 131 

Kochi University of Technology (Kami, Japan). Participants received 2000 yen for 132 

participating in each session. One participant was excluded from the analysis due to low 133 

behavioral performance. All participants had normal color vision. The number of 134 

participants was determined prior to the collection of the current data based on the 135 

effect sizes in relevant previous and pilot behavioral experiments (alpha = .05, beta 136 

= .95, 2 = .42). 137 
 138 

Experimental Design 139 

Behavioral procedures. The experiment consisted of two sessions administered on 140 

separate days. The first day was training sessions, in which participants practiced two 141 

discrimination tasks (color and motion) and switching between these two tasks. The 142 

second day was scanning sessions, and the participants performed the switching task 143 

using the motion dot stimuli identical to those used in the training sessions. 144 

 145 

Stimuli. All stimuli were generated in Matlab version 2012a, using the Psychophysics 146 

Toolbox extension, version 3.0.10 (Brainard, 1997; Pelli, 1997), and were presented 147 

visually on a computer screen. The current stimuli were similar to those used in a 148 

previous study of perceptual decision-making (Chen et al., 2015; Fig. 1B), but each dot 149 

was colored in red or green. Each motion stimulus involved 75 dots moving inside a 150 

donut-shaped display patch with a white cross in the center of the patch on a black 151 

background (Fig. 1B). The display patch and cross were centered on the screen and 152 

extended from 6 to 12 degrees of visual angle. Within the display patch, every dot 153 

moved at a speed of 10 degrees of visual angle per second. Some dots moved coherently 154 

in one direction (up or down), whereas the others moved randomly. The percentage of 155 

coherently moving dots determined the “motion coherence”, and three levels (20%, 156 

40%, and 80%) of motion coherence were used.  157 

Dot presentation was controlled to remove local motion signals following a 158 

standard method for generating motion stimuli (Newsome et al., 1988; Britten et al., 159 

1993; Shadlen and Newsome, 1996; Palmer et al., 2005). Namely, upon stimulus onset, 160 



 

 5 

the dots were presented at new random locations on each of the first three frames. They 161 

were relocated after two subsequent frames, such that the dots in frame 1 were 162 

repositioned in frame 4, the dots in frame 2 were repositioned in frame 5, etc. When 163 

repositioned, each dot was either randomly presented at the new location or aligned 164 

with the pre-determined motion direction, depending on the pre-determined motion 165 

strength for that trial. Each stimulus was composed of 18 video frames with 60 Hz 166 

refresh rates (i.e., 300-msec presentation). 167 

Each dot was either orange (RGB = [255, 123, 11]; HSV = [27, 95, 100]) or 168 

green (RGB = [0, 255, 0]; HSV = [120, 100, 100]), and the two colors were equally 169 

bright (V = 100). The percentage of red dots in the dot stimuli was defined as “color 170 

coherence,” and three levels (20%, 40%, and 80%) of color coherence were used. Then, 171 

the color coherence and motion coherence were independently manipulated for the dot 172 

stimuli. 173 

 174 

Task procedure. At the beginning of the task, a task cue (MOTION or COLOR) was 175 

presented, indicating the dimension of discrimination in subsequent trials (Fig. 1C). 176 

Then, the dot patch was presented. In the motion task, participants were required to 177 

judge the direction of overall motion of the patch (up or down); in the color task they 178 

were required to judge the overall color (orange or green). They then pressed a 179 

corresponding button (right or left) with their right thumb as quickly and accurately as 180 

possible. If participants made an incorrect response, or did not respond within 1.8 sec 181 

from the onset of the dot stimuli, a feedback stimulus indicating the error (X) was 182 

presented for 1.0 sec, followed by a cue presentation for the same task. The 183 

stimulus-response association for the two tasks was identical on days 1 and 2, and was 184 

counterbalanced across participants. 185 

 For the task switching design, we applied an intermittent cueing paradigm that 186 

requires participants to actively maintain a task set until the next cue presentation, 187 

which enhances the switching effect (Sakai, 2009). Specifically, after a cue was 188 

presentated, the dot target trial was repeated for 4-6 times, and the participants 189 

identified the dot stimulus along the same dimension until the next cue stimulus was 190 

presented. Motion and color coherence levels of the dot patch in these trials (2nd-6th 191 

trials after cue presentation) were set to 100% and did not involve uncertainty, which 192 

assured successive correct trials until the next task cue was presented to enhance the 193 
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task switch effect (see also Behavioral analysis below). After the participants gave 194 

successive correct responses in 4-6 trials, the next task cue was presented. 195 

One task block lasted approximately 90 sec, which involved 5-7 task-cue 196 

presentations. Fixation blocks were also presented for 20 secs between task blocks. One 197 

functional run consisted of three task blocks and two fixation blocks. Each run lasted for 198 

305 secs. 199 

 200 

Practice procedure. On the first day, participants practiced behavioral tasks outside the 201 

scanner. They first practiced stimulus discrimination tasks for dot stimuli, where only 202 

one task dimension (color or motion) was repeatedly presented (i.e., single-task run). 203 

Participants alternatively practiced a motion or color discrimination task for every 1 or 2 204 

practice runs, and completed a total of 8 practice single-task runs.  205 

They then practiced switching tasks, in which a task cue was pseudorandomly 206 

alternated (i.e., task-switching run; Fig. 1D). During task-switching runs, the dot target 207 

trial that took place immediately after the cue presentation involved perceptual 208 

uncertainty manipulated by dot color and motion coherence, as in practice runs; 209 

however, after the first target trials until the next cue presentation, the dot target 210 

involved no uncertainty (i.e., 100% coherence for both color and motion; Fig. 1C; see 211 

also above). Participants performed two practice runs for the task-switching runs.  212 

 213 

Behavioral procedure in scanning session. On the second day, after practicing a 214 

task-switching run, they performed nine task-switching runs using the same procedure 215 

as that was used on day 1 while functional MRI was administered.  216 

 217 

Imaging procedure. MRI scanning was administered using a 3T MRI scanner (Siemens 218 

Verio, Germany) with a 32ch head coil. Functional images were acquired using a 219 

multi-band acceleration echo-planar imaging sequence [repetition time (TR): 0.8 sec; 220 

echo time (TE): 30 msec; flip angle (FA): 45 deg; 80 slices; slice thickness: 2 mm; 221 

in-plane resolution: 3 x 3 mm; multiband factor: 8] (Moller et al. 2010). Each functional 222 

run involved 385 volume acquisitions. The first 10 volumes were discarded for analysis 223 

to take into account the equilibrium of longitudinal magnetization. High-resolution 224 

anatomical images were acquired using an MP-RAGE T1-weighted sequence [TR: 2500 225 
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msec; TE = 4.32 msec; FA: 8 deg; 192 slices; slice thickness: 1 mm; in-plane 226 

resolution: 0.9 x 0.9 mm2]. 227 

 228 

Statistical Analysis 229 

Behavioral analysis. Two types of target trials were of interest: 1) task-switching trials 230 

immediately after cue presentation indicating a task alternation (i.e., switch to the color 231 

task from the motion task or vice versa); and 2) task-repeat trials immediately after cue 232 

presentation, indicating a repeat of the previous task. These trials were further classified 233 

in terms of the performed task (motion and color), and the coherence level of the dot 234 

stimulus (20%, 40%, and 80%), entailing a 2 x 2 x 3 factorial model (switch, task, 235 

coherence). The trials that occurred after an error were excluded from the entire analysis. 236 

Trials with 100% coherence after the task switching and repeat trials were classified as 237 

either motion or color trials. Then, accuracy and reaction time (RT) were calculated for 238 

each condition. Statistical tests were performed based on repeated measures ANOVAs 239 

implemented using SPSS Statistics 24 (IBM Corporation, NY USA).  240 

 241 

Image preprocessing. MRI data were analyzed using SPM12 software 242 

(http://fil.ion.ac.uk/spm/). All functional images were first temporally realigned across 243 

volumes and runs, and the anatomical image was coregistered to a mean image of the 244 

functional images. The functional images were then spatially normalized to a standard 245 

MNI template with normalization parameters estimated for the anatomical scans. The 246 

images were resampled into 2-mm isotropic voxels, and spatially smoothed with a 247 

6-mm full-width at half-maximum (FWHM) Gaussian kernel. 248 

 249 

Imaging analysis: General linear model. 250 

First level analysis. A general linear model (GLM) (Worsley and Friston, 1995) 251 

approach was used to estimate parameter values for task events. The events of interest 252 

were correct switch, repeat and 100% coherent trials, and were coded for motion and 253 

color tasks separately. For switch and repeat trials, the normalized (demeaned and 254 

divided by standard deviation) coherence level of relevant stimuli (motion coherence for 255 

motion task or color coherence for color task) was added as a parametrical effect of 256 

interest. Error trials were coded in GLM as nuisance effects. Those task events were 257 

time-locked to the onset of random dot stimuli and then convolved with a canonical 258 
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hemodynamic response function (HRF) implemented in SPM. Additionally, six-axis 259 

head movement parameters, white-matter signal, CSF signal, and the parametrical effect 260 

of reaction times were included in GLM as nuisance effects. Then, parameters were 261 

estimated for each voxel across the whole brain. 262 

 263 

Group level analysis. Maps of parameter estimates were first contrasted within 264 

individual participants. The contrasted maps were collected from participants and were 265 

subjected to group-mean tests. Voxel clusters were first identified using a voxel-wise 266 

uncorrected threshold of P < .001. The voxel clusters were then tested for a significance 267 

across the whole brain with a threshold of P < .05 corrected by family-wise error (FWE) 268 

rate based on permutation methods (5000 permutations) implemented in randomise in 269 

FSL suite (http://fmrib.ox.ac.uk/fsl/), which was empirically validated to appropriately 270 

control the false positive rate in a previous study (Eklund et al., 2016). To identify 271 

occipitotemporal cortical regions specifically associated with the color task (color 272 

minus motion tasks), a mask obtained from Neurosynth (http://neurosynth.org/) for the 273 

search word ‘color’ (z > 3.0, for uniformity test) was used. Peaks of significant clusters 274 

were then identified and listed in tables. If multiple peaks were identified within 12 mm, 275 

the most significant peak was kept. 276 

 277 

Exploration of hemispheric laterality. To examine the hemispheric laterality of the task 278 

effects, we explored brain regions showing greater task effects than the contra-lateral 279 

homologous regions. For each participant, contrast maps were flipped along the X 280 

(left-right) axis and were subtracted from the original non-flipped maps on a 281 

voxel-by-voxel basis (Konishi et al. 2002). Then, the group-level statistical significance 282 

was tested within the right hemisphere. Note that statistical correction was performed 283 

within one hemisphere because the subtracted maps show sign-flipped symmetry along 284 

the X axis. 285 

 We applied this procedure to the maps of the coherence effect (motion and 286 

color collapsed) and the switch effect (switch vs. repeat). For the coherence effect, the 287 

maps were sign-flipped and had a greater signal in the low-coherent trial. Thus, positive 288 

values of hemispheric laterality indicate a greater signal in low-coherent trials in the 289 

right hemisphere, and/or a lower signal in high coherent trials in the left hemisphere. 290 

Likewise, for the switch effect, positive values indicate greater activation during switch 291 
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versus repeat trials in the right hemisphere, and/or lower activation switch versus repeat 292 

trials in the left hemisphere. The negative values indicate the reverse effects. 293 

 294 

Regions of interest analysis for hemispheric laterality. 295 

The exploratory analysis above assumes a homology of the brain regions in the right 296 

and left hemispheres. We next performed a regions of interest (ROIs) analysis without 297 

assuming hemispheric homology. ROIs were defined as brain regions identified as a 298 

multiple demand network (Camilleri et al. 2018). Specifically, ROIs were classified as 299 

being in the left or right regions based on the X-axis coordinates (Table 2 of Camilleri 300 

et al., 2018). ROI images were created with spheres that had a radius of 6mm and were 301 

centered at the coordinates. Then, for each of the left and right ROIs, the estimation 302 

contrast of switch effect (switch vs. repeat) and the parametric effect of the coherence 303 

were extracted from each participant. Group-level statistics were calculated treating 304 

participants as a random effect. 305 

 To test the robustness of the ROI analysis against the ROI definition, we 306 

redefined ROIs. Image maps of meta-analyses were obtained from Neurosynth (Yarkoni 307 

et al., 2011) using the terms “switching” 308 

(https://neurosynth.org/analyses/terms/switching/) and “task demands” 309 

(https://neurosynth.org/analyses/terms/task%20demands/). A threshold of P < .01 310 

(uniformity test with whole-brain correction based on false discovery rate) was set for 311 

each map. Then, an image map of the logical OR of the two maps with thresholds was 312 

created, and ROIs were defined as being in the left or right hemisphere based on the 313 

X-axis coordinates. Regions with X = 0 were excluded from the analysis. The same 314 

statistical tests were performed using these ROIs. 315 

 316 

Multivariate pattern analysis. To explore brain regions representing task-related 317 

information, a multivariate pattern analysis (MVPA) was performed. Bivariate 318 

classification based on a support vector machine (SVM) was used to decode a 319 

performed task (motion or color). A searchlight procedure (Kriegeskorte et al., 2006) 320 

with a 5-voxel radius was used to provide a measure of decoding accuracy in the 321 

neighborhood of each voxel. Training and testing were performed based on the 322 

Decoding Toolbox (TDT; version 3.95; 323 

https://sites.google.com/site/tdtdecodingtoolbox/). 324 
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For each functional run, a single-level GLM analysis was first performed 325 

within the standard brain space with regressors identical to those in the univariate 326 

analysis. For each run, the classifier in each searchlight was trained using beta maps for 327 

100% coherent trials. To calculate the training data, we used the third and later trials 328 

after cue presentation and eliminated data from the second trials, to avoid potential 329 

confounds derived from cue-related effect. 330 

Next, from beta maps for switch and repeat trials (i.e. immediately after cue 331 

presentation), image data were extracted within the same searchlight and scanning run. 332 

Then, the trained classifier was tested for whether it correctly classified the performed 333 

task (motion or color tasks) based on the extracted data (i.e., switch or repeat trials) for 334 

each run. It is important to note that training and tested maps were independent. Then, 335 

classification performance was collected from all functional runs and averaged within 336 

participants for each searchlight. A linear kernel was used and the C parameter was set 337 

to 1.0 (default). 338 

 For group-level analysis, accuracy maps were first contrasted between switch 339 

and repeat trials, and the contrasted accuracy maps were collected from all participants. 340 

Then voxel-wise group-mean tests were performed, and the significance was tested 341 

based on the permutation method (5000 permutations) implemented in randomise in 342 

FSL. To exclude brain regions that showed a classification accuracy below the chance 343 

level in either of the switch or repeat trials, voxels with t-values lower than 0.0 344 

(uncorrected) in the group-level accuracy map of a switch or repeat trial were masked 345 

out when testing statistical significance. In other words, tested voxels showed 346 

classification accuracy above the chance level for both the switch and repeat trials.  347 

 ROI analyses were also performed for classification accuracy. ROIs in 348 

occipitotemporal regions were defined as being in the MT or VVC regions identified by 349 

univariate analysis (Fig. 2B and Table 2). ROIs in the fronto-parietal regions were 350 

independently of the current data to avoid circular analysis (Kriegeskorte et al. 2009), 351 

because in the current study, the fronto-parietal regions were identified based on switch 352 

and repeat trials involving perceptual uncertainty. Specifically, ROIs were defined 353 

based on the multiple demand network identified in a previous study (Camilleri et al. 354 

2018). ROI images were created similarly to another ROI analysis for hemispheric 355 

laterality (see Regions of interest analysis for hemispheric laterality above), but 356 

separately for frontal and parietal regions. To test the robustness of the differential 357 
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accuracy against the definition of ROI, we redefined ROIs based on the meta-analysis 358 

maps of Neurosynth, similarly to the analysis performed above. Then for each 359 

participant and ROI, classification accuracy was calculated for switch and repeat trials, 360 

and statistical significance was tested treating participants as a random effect. 361 

 362 

Effective connectivity analysis. A dynamic causal modeling (DCM; Friston et al. 2003) 363 

analysis was performed to examine functional network mechanisms associated with task 364 

switching during the perception of a motion or color stimulus. In particular, we 365 

hypothesized that functional connectivity among brain regions associated with 1) task 366 

switching, 2) perceptual decision-making, 3) motion perception, and 4) color perception 367 

is modulated by task manipulations and brain signals.  368 

DCM allows us to explore effective connectivity among brain regions under 369 

the premise of the brain as a deterministic dynamic system that is subject to 370 

environmental inputs and produces outputs based on the space-state model. The model 371 

constructs a nonlinear system involving intrinsic connectivity, task-induced 372 

connectivity, and extrinsic inputs. Parameters of the nonlinear system are estimated 373 

based on functional MRI signal (system states) and task events.  374 

Four regions of interest were first defined based on univariate activation 375 

contrasts:  376 

1) Motion effect (MT; Fig. 3B; Newsome and Pare, 1988; Britten et al., 1992; 377 

1993; 1998; Shadlen et al., 1996; Beauchamp et al., 1997; Braddick et al., 378 

2001; Corbetta and Shulman, 2002; Huk et al., 2002; Mazurek et al., 2003; 379 

Kayser et al., 2010) 380 

2) Color effect (VVC; Fig. 3B; Zeki, 1973; Schein and Desimone, 1990; Zeki 381 

et al., 1991; Bartels and Zeki, 2000; Kayser et al., 2010) 382 

3) Switching effect [left prefrontal cortex (lPFC); Fig. 3A; Konishi et al. 383 

1998; 2002; Dove et al., 2000; Rushworth et al. 2002; Braver et al., 2003; 384 

Crone et al., 2003; Brass and Cramon, 2004; Jimura et al. 2004; Derfuss et 385 

al., 2005; Yeung et al. 2006; Kim et al., 2011; 2012] 386 

4) Perceptual uncertainty effect [right prefrontal cortex (rPFC); Figs. 3C/D; 387 

Kayser et al., 2010], with 6-mm radius spheres centered in the peak 388 

coordinates in group-level activation maps. 389 

 390 
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To avoid circular analysis (Krigeskorte et al., 2009), the coordinates of ROIs 391 

were defined with a leave-one-subject-out procedure, where ROIs for one participant 392 

were determined based on other participants. ROIs in MT and VVC were defined based 393 

on a group-level statistical map for the contrast of motion and color trials with 100% 394 

coherence, respectively. lPFC ROI was defined based on a group-level statistical map 395 

for the contrast of switch and repeat trials. rPFC ROI was defined based on a 396 

group-level statistical map for the coherence effect of switch and repeat trials. 397 

Then, signal time courses of four ROIs and regressors in the events of interest 398 

were extracted from first-level GLMs. The events of interest were correct trials 399 

immediately after cue presentation (switch and repeat) and subsequent 100% coherence 400 

trials. For switch and repeat trials, the contrast of the two trials and the normalized 401 

coherence level of stimuli were also added as a parametrical effect of interest. Nuisance 402 

effects of head motion, white matter signal, ventricle signal, functional run, and contrast 403 

were subtracted from the ROI timecourses. 404 

For each trial effect, causal models were defined as those that differed in 405 

external inputs and modulatory effects among ROIs. As the current analysis involved 3 406 

ROIs, the tested models entailed 512 types (i.e., 23 inputs and 26 connection effects). 407 

Then, connectivity matrices reflecting 1) first-order connectivity, 2) effective change in 408 

coupling induced by the inputs, and 3) extrinsic inputs on the MRI signal in ROIs were 409 

estimated for each of the 512 models based on DCM analysis implemented in SPM12. 410 

A parametric regressor (switch vs. repeat/coherence) was used as the extrinsic effect for 411 

effective connectivity between ROIs and ROI inputs. 412 

To estimate the effective connectivity strength, a Bayesian model reduction 413 

method (Friston et al., 2016) was used. The reduction method enables the calculation of 414 

posterior densities of all possible reduced models, which was then inverted to a fully 415 

connected model. Then the reduced models were supplemented with second-level 416 

parametric empirical Bayes (PEB; Friston et al., 2016) to apply empirical priors that 417 

remove subject variability from each model. 418 

 Subsequently, parameters of these models were estimated based on Bayesian 419 

model averaging (BMA; Penny et al., 2010) to estimate connectivity changes. Because 420 

the current analysis aimed to identify the average effective connectivity observed across 421 

participants, we used a fixed effect (FFX) estimation assuming that every participant 422 

uses the same model, rather than a random effect (RFX) estimation assuming that 423 
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different participants use different models, which has been often used to examine group 424 

differences in effective connectivity (Penny et al. 2010). 425 

The significance of connectivity was then tested by thresholding at a posterior 426 

probability of 95% confidence interval (uncorrected), as the current analysis aimed to 427 

test if connectivity between two specific brain regions was enhanced depending on task 428 

manipulation and brain activity, but did not aim to explore one model involving 429 

connectivity among multiple brain regions that best fits to imaging and behavioral data. 430 

Additionally, to test the robustness of the functional connectivity, we also 431 

examined BMA-based DCM without model reduction or without empirical prior, and 432 

confirmed the overall results were consistent across these estimation methods. 433 

The number of trials for each condition (see Behavioral results) was 434 

comparable to those in recently published relevant studies examining cognitive control 435 

using DCM (approximately 16-40 trials for each condition; Nee and D’Esposito, 2016; 436 

He et al., 2019; Bowlling et al., 2019). We used a high temporal resolution sequence for 437 

functional imaging (TR = 0.8; Moeller et al., 2010; see also Imaging Procedures), 438 

which is more than two times higher than these recent studies (TR = 1.9-2.0 sec), 439 

enabling us to collect more scan frames to increase the signal-to-noise ratio of the DCM 440 

estimation (Penny et al., 2004; Stephan et al., 2010). 441 

  442 
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Results 443 

Behavioral results. Participants gave correct responses for 35.56 ± 4.90 (mean ± SD) 444 

switch trials, and 38.70 ± 6.41 repeat trials in the motion task; in the color task, they 445 

gave correct responses for 36.07 ± 3.74 switch trials and 33.70 ± 4.68 repeat trials. In 446 

the motion task, participants gave correct responses for 27.89 ± 2.56 high-coherence 447 

trials, 25.26 ± 4.53 middle-coherence trials, and 21.11 ± 5.06 low-coherence trials; in 448 

the color task, they gave correct responses for 23.30 ± 2.97 high-coherence trials, 25.63 449 

± 3.54 middle-coherence trials, and 20.85 ± 3.27 low-coherence trials. 450 

Accuracy became lower in the lower coherent (i.e., more uncertain) trials [F(1, 451 

26) = 149.4, P < .001, 2 = .85], and became lower in switch trials than in repeat trials 452 

[F(1, 26) = 22.8; P < .001, 2 = .47] (Fig. 2A). The interaction effect of trial type 453 

(switch/repeat) and coherence levels was not significant [F(1, 26) = 2.1, P = 0.16, 2 454 
= .08]. Because dots were presented in the periphery visual field (see Materials and 455 

Methods), participants needed a higher signal-to-noise ratio compared to the centrally 456 

presented dots used in the previous studies (e.g. Palmer et al. 2005; Gold and Shadlen, 457 

2007). This seems to be a major reason why the accuracy levels observed in this study 458 

were within the usual range despite very high coherence levels. Accordingly, RTs 459 

became longer in lower coherent trials [F(1, 26) = 126.1; P < .001, 2 = .83], and 460 

became longer in switch trials than in repeat trials [F(1, 26) = 19.9; P < .001, 2 = .43] 461 
(Fig. 2B). The interaction effect of trial type (switch/repeat) and coherence levels was 462 

not significant [F(1,26) = 3.9, P = .058, 2 = .13]. These behavioral results suggest that 463 
the current behavioral task successfully manipulated task switching (Dove et al., 2000; 464 

Braver et al., 2003; Crone et al., 2006; Jimura et al., 2014) and perceptual 465 

decision-making (Shadlen et al., 1996; Kim and Shadlen, 1999; Mazurek et al., 2003; 466 

Palmer et al., 2005). In 100% coherent trials, RTs also became longer in the color task 467 

than in the motion task [F(1, 26) = 10.1, P < .005, 2 = .28]. 468 
 469 

Imaging results: univariate activation. We first explored brain regions associated with 470 

task switching, motion perception, and color perception.  471 

Figure 3A shows brain regions with a significant increase and decrease in 472 

brain activity during task switching (switch trials vs. repeat trials). Robust activation 473 

increases were observed in the left frontal regions - including the inferior frontal cortex 474 

(IFC), the dorsolateral prefrontal cortex (DLPFC), the anterior prefrontal cortex (aPFC), 475 
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the inferior frontal junction (IFJ), and the pre-supplementary motor area (pre-SMA) and 476 

- in the left parietal regions including the posterior parietal cortex (PPC). These left 477 

hemisphere-dominant fronto-parietal activations are consistent with previous studies of 478 

task switching (Konishi et al., 1998; 2002; Dove et al., 2000; Rushworth et al., 2002; 479 

Braver et al., 2003; Crone et al., 2003; Brass and Cramon, 2004; Jimura et al., 2004; 480 

Derfuss et al., 2005; Yeung et al., 2006; Asari et al., 2008; Kim et al., 2011; 2012). A 481 

full list of brain regions is shown in Table 1. 482 

 Next, we explored brain regions associated with motion and color tasks 483 

during the task switching and repeat trials (Fig. 3B and Table 2). Activity became 484 

greater in the MT area during motion tasks, whereas in color tasks, greater activity was 485 

observed in VVC (Glasser et al. 2016). These results are also consistent with prior 486 

studies examining perceptual decision-making for motion (Newsome and Pare, 1988; 487 

Britten et al., 1992; 1993; 1998; Shadlen et al., 1996; Beauchamp et al., 1997; Braddick 488 

et al., 2001; Corbetta and Shulman, 2002; Huk et al., 2002; Mazurek et al., 2003; 489 

Kayser et al., 2010) and color (Zeki, 1973; Schein and Desimone, 1990; Zeki et al., 490 

1991; Motter, 1994; Bartels and Zeki, 2000; Kayser et al., 2010). 491 

 We then examined coherence effect. Whole-brain activation maps for the 492 

coherence effect in motion and color tasks are shown in Figs. 3C and 3D, respectively. 493 

In both the color and motion tasks, activations became greater in low coherent trials in 494 

multiple fronto-parietal regions including the IFC, DLPFC, aPFC, IFJ, pre-SMA, and 495 

PPC (Fig. 3C and 3D; Tables 3 and 4; Kayser et al., 2010). Interestingly, in both tasks, 496 

the coherence effect in fronto-parietal regions looked prominent, especially in the right 497 

hemisphere. 498 

To test this possibility, we first examined conjunction and disjunction of 499 

univariate maps for switch effect and negative motion coherence effect (motor and color 500 

tasks collapsed) (P < .05 corrected; Fig. 4A). Fronto-parietal regions in the right 501 

hemisphere showed the coherence effect predominantly, but the switch effect was 502 

almost absent in the right hemisphere. On the other hand, in the left fronto-parietal 503 

regions, both of the switch and coherence effects were observed, but the switch effect 504 

showed more broadly. These results suggest a double dissociation in the fronto-parietal 505 

regions, with switch and coherence effects involving the left and right front-parietal 506 

regions, respectively. 507 
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Then, we explored brain regions to show the double dissociation. We 508 

contrasted the maps of the coherence effect between the right and left hemispheres on a 509 

voxel-by-voxel basis by flipping maps along the x-axis, and explored the brain regions 510 

showing a differential coherence effect between hemispheres by calculating group-level 511 

statistics (Fig. 4B; see also Materials and Methods). Figure 4C (top) and Table 5 shows 512 

brain regions with the differential effect. Positive effects were observed in multiple 513 

fronto-parietal regions including the DLPFC, pre-SMA and PPC. Technically, a 514 

positive effect indicates greater activation in low-coherent trials in the right hemisphere, 515 

and/or lower activation in high-coherent trials in the left hemisphere. These positive 516 

hemispheric laterality effects can be considered to be derived from greater activation in 517 

low-coherent trials in the right hemisphere, which was weaker in the contra-lateral (left) 518 

hemisphere, given the prominent coherence effects (greater activations in 519 

low-coherence trials) in those fronto-parietal regions in the right hemisphere (Figs. 3C 520 

and 3D; Tables 3 and 4). 521 

Similarly, to confirm the left-lateralized switch effect in fronto-parietal 522 

regions, we contrasted the maps of the switching effect (switch vs. repeat) between the 523 

right and left hemispheres. Figure 4C (bottom) and Table 6 shows a prominent negative 524 

effect in multiple fronto-parietal regions including the IFC, DLPFC, aPFC, IFJ, and 525 

PPC. Technically, again, a negative effect indicated greater switch-related activation in 526 

the left hemisphere and/or weaker switch-related activation in the right hemisphere; 527 

however, given the greater switch related activation in the left hemisphere (Fig. 3 and 528 

Table 1), the negative effects were derived from greater switch-related activity in the 529 

left hemisphere, which was weaker in the contra-lateral hemisphere. This result was 530 

consistent with prior studies (Konishi et al. 2002; Jimura et al. 2004). 531 

Finally, we performed regions of interest (ROI) analysis to further 532 

demonstrate the double dissociation. Fronto-parietal ROIs in the left and right 533 

hemispheres were defined based on a previous study (Camilleri et al., 2018; see also 534 

Materials and Methods), and for each of the left and right ROIs, the estimation contrast 535 

of the switch effect (switch vs. repeat) and the parametric effect of the coherence were 536 

extracted for each participant. The switch effect was significant in both hemispheres 537 

[left: t(26) = 8.5, P < .001, r2 = .74; right: t(26) = 5.2, P < .001, r2 = .51], but was greater 538 

in the left hemisphere [left > right: t(26) = 5.3, P < .001, r2 = .52] (Fig 4D). The 539 

negative coherence effect (greater signal in low coherence trial) was also significant in 540 
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both hemispheres [left: t(26) = 12.8, P < .001, r2 = .86; right: t(26) = 10.64 P < .001, r2 541 

= .81], but conversely, the coherence effect was greater in the right hemisphere [right > 542 

left: t(26) = 4.7, P < .001, r2 = .46]. To test the robustness of the hemispheric 543 

dissociations against the definition of ROIs, we redefined ROIs based on the 544 

meta-analysis maps (Neurosynth; Yarkoni et al. 2011; see also Materials and Methods). 545 

The switch effect was significant in both hemispheres [left: t(26) = 8.5, P < .001, r2 546 

= .74; right: t(26) = 5.5, P < .001, r2 = .54], but was greater in the left hemisphere than 547 

the right hemisphere [left > right: t(26) = 3.7, P < .01, r2 = .34]. The negative coherence 548 

effect was also significant in both hemispheres [left: t(26) = 9.8, P < .01, r2 = .79; right: 549 

t(26) = 10.7, P < .001, r2 = .81], but was greater in the right hemisphere [right > left: 550 

t(26) = 6.4, P < .001, r2 = .61]. 551 

 These collective results clearly demonstrate hemispheric asymmetries in the 552 

fronto-parietal regions: task switching and perceptual decision-making are associated 553 

with the left and right hemispheres, respectively, suggesting distinctive neural 554 

mechanisms across hemispheres. No regions showed an interaction between the switch 555 

and coherence effects. 556 

 557 

Searchlight multivoxel pattern analysis (MVPA). Given the brain regions associated 558 

with tasks to be performed, switching tasks, and perceptual demand identified by 559 

univariate activation analysis, we next explored brain regions involving task-related 560 

neural representation that may reflect appropriate neural coding of the task to be 561 

performed. More specifically, brain activity patterns were examined if the pattern 562 

involved discriminable information of motion and color tasks based on searchlight 563 

MVPA (Krigeskorte et al., 2006). Importantly, in the current analysis, training and test 564 

data were independent; training and test data were based on 100% coherent trials and 565 

switch/repeat trials, respectively (Fig 1B; see also Materials and Methods). 566 

 Occipitotemporal regions showed greater accuracy in the switch trials (Fig. 567 

5Aleft) but not in the repeat trials (Fig. 5A middle). Then, to identify brain regions 568 

showing enhanced task coding during task switching, classification accuracy maps were 569 

contrasted between switch and repeat trials on a voxel-by-voxel basis (Jimura et al. 570 

2014), and a group-level analysis was performed. The occipitotemporal regions showed 571 

a differential effect (Fig. 5A right and Table 7). As stated above, in this region, there is 572 

a greater amount of information about performed tasks in switch trials relative to repeat 573 



 

 18 

trials. Of interest, this region is located spatially between the MT region (showing 574 

greater activity during motion tasks; Fig. 5B blue) and the VVC region (showing greater 575 

activity during the color task; Fig. 5B green), which were identified in a univariate 576 

activation analysis (Fig. 2B and Table 2). Thus, the occipitotemporal region adjacent to 577 

the stimulus-modality-dependent MT/VVC areas showed enhanced task coding during 578 

task switching. It is possible that enhanced task coding in this middle region reflects 579 

enhanced task coding in the MT/VVC areas during task switching (see Discussion). To 580 

examine this possibility, a regions of interest (ROIs) analysis was performed. ROIs 581 

were defined as MT and VVC regions that were identified by univariate analysis (Fig. 582 

2B and Table 2); the classification accuracy was averaged for each of the ROIs for 583 

switch and repeat trials. The MT region showed greater classification accuracy in both 584 

the switch and the repeat trials than the chance level [switch: t(26) = 6.3, P < .001, r2 585 

= .60; repeat: t(26) = 3.1, P < .01, r2 = .27], but the accuracy was greater in the switch 586 

than in the repeat trial [t(26) = 5.8; P < .001, r2 = .42]. In the VVT region, classification 587 

accuracy was greater in the switch trial [t(26) = 7.1, P < .001, r2 = .66], but not in the 588 

repeat trial [t(26) = -0.2, P = .83, r2 = .00], compared with the chance level. The 589 

accuracy difference was also significant [t(26) = 4.7, P < .001, r2 = .46]. 590 

 We also performed an ROI analysis for the fronto-parietal regions. ROI 591 

images were created similarly to the hemispheric laterality analysis, but for the frontal 592 

and parietal regions, separately (Fig. 4D; see also Materials and Methods). In the frontal 593 

ROI, the accuracy was higher than the chance level in the switch and repeat trials 594 

[switch: t(26) = 9.0, P < .001, r2 = .75; repeat: t(26) = 2.3, P < .05, r2 = .17], but was 595 

higher in the switch trial than in the repeat trial [switch > repeat: t(26) = 4.7, P < .001, r2 596 

= .45]. In the parietal ROI, the accuracy was higher than the chance level in the switch 597 

and repeat trials [switch: t(26) = 8.4, P < .001, r2 = .72; repeat: t(26) = 4.5, P < .001, r2 598 

= .43], but was higher in the switch trial than in the repeat trial [switch > repeat: t(26) = 599 

2.3, P < .05, r2 = .17]. To test the robustness of the differential accuracy against the 600 

definition of ROI, we redefined ROIs based on the meta-analysis maps of Neurosynth, 601 

similar to the analysis above. Consistent results were obtained in the frontal ROI 602 

[switch: t(26) = 9.1, P < .001, r2 = .76; repeat: t(26) = 1.9, P = .07, r2 = .12; switch > 603 

repeat: t(26) = 4.4, P < .001, r2 = .43] and parietal ROI [switch: t(26) = 10.3, P < .001, r2 604 

= .80; repeat: t(26) = 5.3, P < .001, r2 = .51; switch > repeat: t(26) = 3.7, P < .001, r2 605 

= .35]. These results suggest that the fronto-parietal regions implicated in task switching 606 
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and perceptual uncertainty also enhanced task coding in the switch relative to the repeat 607 

trials. 608 

 609 

Effective connectivity analysis. The whole-brain exploratory analyses identified three 610 

types of brain regions: 1) occipitotemporal MT and VVC regions associated with 611 

motion and color perception, respectively; 2) left PFC (lPFC) associated with task 612 

switching; and 3) right PFC (rPFC) associated with perceptual uncertainty. In addition, 613 

searchlight MVPA identified an occipitotemporal region between MT and VVC where 614 

task information was increased during task switching. One possible mechanism to 615 

comprehensively explain these results is that the MT/VVC regions received 616 

task-switching signals from the lPFC, and the task information was complemented by 617 

signaling from the rPFC when task-relevant information involved uncertainty. To test 618 

this hypothesis, we performed interregional effective connectivity analysis for switch 619 

and coherence effects during task switching based on dynamic causal modeling (DCM; 620 

Friston et al., 2003), which allowed us to examine the directionality of task-related 621 

functional connectivity via the state-space model (see also Materials and Methods). 622 

 As shown in Fig. 6A, the connectivity was enhanced from lPFC toward MT in 623 

the switch-to-motion trials. By contrast, connectivity in the reverse direction (i.e. from 624 

MT toward lPFC) was enhanced in repeat-motion trials. On the other hand, in color 625 

tasks, the connectivity was enhanced from lPFC toward VVC in the switch-to-color 626 

trials, and the connectivity was enhanced in the opposite direction during the 627 

repeat-color trials (Fig. 6B). These results suggest that modality-specialized 628 

occipitotemporal regions receive and send signals toward the switch-related prefrontal 629 

region, depending on whether the task was switched or repeated. 630 

In low coherence motion trials, the connectivity was enhanced from rPFC 631 

toward MT, and from rPFC toward lPFC (Fig. 6C). In contrast, in the high-coherence 632 

motion trials, the connectivity was enhanced from MT to lPFC and rPFC, and also from 633 

lPFC to rPFC. On the other hand, in the low-coherence color trials, the connectivity was 634 

also enhanced from rPFC toward VVC, from rPFC toward lPFC, and from V4 toward 635 

lPFC (Fig. 6D). In the high-coherence color trials, the connectivity was enhanced from 636 

lPFC toward VVC and rPFC. These results suggest that rPFC has a key role in signaling 637 

the switch-related lPFC and modality-specialized occipitotemporal regions when 638 

perceptual demand increases due to the increased the perceptual uncertainty. 639 
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Taken together, during task switching in a situation where external perceptual 640 

information involves more uncertainty, the top-down signal from the prefrontal regions 641 

associated with task switching and perceptual uncertainty become stronger toward the 642 

stimulus-modality-dependent occipitotemporal regions. On the other hand, the 643 

bottom-up signal from the occipitotemporal regions to the prefrontal region becomes 644 

stronger during repeat trials. These results collectively suggest complementary 645 

prefrontal mechanisms during task switching, with perceptual uncertainty with the left 646 

and right PFC for task switching and perceptual decision-making, respectively. Then, 647 

the prefrontal mechanisms increase task-related information in the occipitotemporal 648 

regions.  649 
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Discussion 650 

The current study examined neural mechanisms during task switching in a situation 651 

where goal-relevant information involved perceptual uncertainty. The lPFC, MT/VVC, 652 

and rPFC were associated with task switching, perception of the target stimulus of an 653 

engaged task, and perceptual demands, respectively. During task switching, the lPFC 654 

signaled to the MT and VVC regions, and task-related neural pattern information in the 655 

cortical region increased in an occipitotemporal region between MT and VVC. On the 656 

other hand, when goal-relevant information involved more perceptual uncertainty, the 657 

lPFC and MT/VVC received a signal from the rPFC. These collective results suggest 658 

distributed cortical mechanisms during task switching under perceptual uncertainty, 659 

where cross-hemispheric prefrontal mechanisms complementarily signal to 660 

task-dependent perceptual regions in the occipitotemporal cortex (Fig. 7). 661 

 Behaviorally, the interaction effect of switching and coherence levels was not 662 

strong, as it failed to reach statistical significance. In contrast, both of the two main 663 

effects (switching and coherence) were statistically reliable. In univariate imaging 664 

analyses, the two main effects were predominantly observed across the whole brain, but 665 

the interaction effect was absent. These behavioral and imaging results suggest that the 666 

main effects of switching and coherence are dominant. Thus, for putative mechanisms 667 

for successful task switching under perceptual uncertainty, the current study suggests 668 

that distinct mechanisms for perceptual decision-making and task switching 669 

cooperatively guide successful task switching. More specifically, when target 670 

information involves uncertainty, activation in the right prefrontal region becomes 671 

greater, and the cross-hemispheric signal from the right prefrontal region toward the left 672 

prefrontal region is enhanced (Fig. 7). These results may suggest that the perceptual 673 

decision-making mechanism involves the right fronto-parietal regions and helps to 674 

achieve task switching involving the left fronto-parietal regions. 675 

Previous studies of task switching have focused on perceptual 676 

decision-making and demand, where the target stimulus involved uncertainty, and 677 

revealed occipitotemporal and fronto-parietal mechanisms (Kayser et al., 2010; Zhang 678 

et al., 2013; Mante et al., 2013; Kumano et al., 2016). More recent studies examined 679 

task switching involving perceptual uncertainty where the relevant task was not 680 

explicitly cued and the switch to an alternative task was guided by feedback to the 681 

response (Purcell and Kiani, 2016), and identified medial prefrontal mechanisms critical 682 
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for voluntary switching (Sarafyazd and Jazayeri, 2019). In contrast, the current study 683 

focused on cue-guided switching when a perceptually ambiguous stimulus was 684 

presented. Two neural mechanisms - one associated with task switching involving the 685 

lPFC and the other associated with perceptual decision-making involving the rPFC, MT, 686 

and VVC - cooperatively guide flexible adaptation to changing environments. 687 

 DCM analyses revealed a top-down signal from the lPFC to the MT and VVC 688 

regions during task switching, depending on the task that was switched. More 689 

specifically, the lPFC signaled to the MT during a switch from the color to motion tasks, 690 

and to VVC during a switch from the motion to color tasks. This top-down mechanism 691 

may reflect supplemental attention to a visual stimulus required to collect task-related 692 

information to make a decision, with the prefrontal region complementing 693 

stimulus-modality-dependent perceptual information in the occipitotemporal region 694 

(Desimone and Duncan, 1995; Miller and Cohen, 2001; Corbetta and Shulman, 2002; 695 

Tomita et al., 1999; Kastner and Ungerleider, 2000). The current study extends this 696 

view that the top-down signal from the prefrontal to occipitotemporal regions is 697 

enhanced when the stimulus involves perceptual uncertainty, and the enhanced 698 

prefrontal signal was supplemented from the contralateral hemisphere (Fig. 7). 699 

A searchlight MVPA analysis identified an occipitotemporal region showing 700 

enhanced task coding in the middle of the MT and VVC. It can be speculated that 701 

during task switching, task coding was enhanced in the MT and VVC regions, which 702 

reciprocally increased the amount of discriminable task information in this middle 703 

region, which is consistent with the follow-up ROI analysis (Fig. 5B). This 704 

interpretation is also compatible with DCM results showing an enhanced top-down 705 

signal from the lPFC to the MT or VVC depending on the task to be switched. It is well 706 

known that occipitotemporal regions involve stimulus-modality specialized patchy 707 

regions (e.g., Treisman and Kanwisher, 1998; Shadlen and Newsome, 1994). The 708 

exploratory searchlight MVPA (Fig. 5A) result is dependent on these patchy 709 

characteristics, and, for this result to occur, it may be important for the MT and VVC to 710 

be located relatively close (approximately 25mm apart; Table 2) within the 711 

occipitotemporal region. 712 

In the current study, the decoding accuracy in the occipitotemporal regions 713 

may be lower for visual sensory regions. One possible reason for this is that the visual 714 

stimulus was identical in the motion and color tasks, which may have attenuated the 715 
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sensitivity of visual cortical areas that are sensitive to visual evidence. Another 716 

possibility is that the classifier was not optimized to classify the trials immediately after 717 

cue presentation involving perceptual uncertainty because the classifier was trained 718 

based on 100% coherence trials that do not involve perceptual uncertainty. 719 

A recent MVPA study of task switching suggested that task coding in 720 

fronto-parietal regions is attenuated in a switch trial (Qiao et al., 2017), whereas another 721 

study suggested that task coding is independent of task switching (Loose et al. 2017). 722 

On the other hand, in the current study, the classification accuracy in the fronto-parietal 723 

regions was greater in the switch trial. The variability of accuracy patterns in the 724 

previous and current studies may be due to the differences in behavioral design and 725 

cognitive demands of task switching. In previous studies, a task-cueing paradigm was 726 

used, where a task cue was presented in each trial (Loose et al. 2017; Qiao et al. 2017); 727 

conversely, the current study used an intermittent cue paradigm in which the switch trial 728 

occured after successive correct trials for the alternative task without presenting a cue 729 

(Fig. 1; see also Materials and Methods). In the latter paradigm, the cue stimulus is 730 

presented less frequently, and participants actively maintain the task set for a longer 731 

period until the next cue is presented. Thus, in the switch trial, the effect of a cue 732 

presentation of the previous task is diminished, but the interference of the previous task 733 

set becomes greater (Sakai 2008). The greater demand in the switch trial and the weaker 734 

effect of cue presentation of the previous task may be attributable to the greater 735 

classification accuracy of the switch trial observed in the current study. 736 

Several previous studies have shown that switching alternative tasks was 737 

associated with the fronto-parietal region in the left hemisphere (Konishi et al. 1998; 738 

2002; Dove et al., 2000; Rushworth et al. 2002; Braver et al., 2003; Crone et al., 2003; 739 

Brass and Cramon, 2004; Derfuss et al., 2005; Yeung et al. 2006; Asari et al., 2008; 740 

Jimura and Braver, 2010; Kim et al., 2011; 2012). In the current study, when a stimulus 741 

involved perceptual uncertainty, prefrontal activity in the contralateral hemisphere 742 

became stronger, which may supplement top-down signaling to 743 

stimulus-modality-dependent occipitotemporal regions (Fig. 7), suggesting a 744 

compensatory mechanism across hemispheres. Indeed, such contralateral compensation 745 

has been reported in neuropsychological studies of patients with hemispheric stroke 746 

(Buckner et al., 1996; Cramer et al., 1997; Gold and Kertesz, 2000), which may be 747 

compatible with the complementary activation and top-down signaling under perceptual 748 
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uncertainty in the current study. Interestingly, it is suggested that the right prefrontal 749 

and parietal regions are associated with stimulus-driven attention (Corbetta and 750 

Shulman, 2002), consistent with increased perceptual demand during low-coherence 751 

trials in the current study. 752 

 Previous electrophysiological studies have shown that MT activity becomes 753 

greater when subjects are perceiving random dot motion with greater coherence (Britten 754 

et al., 1992; 1993; 1998; Mazurek et al., 2003). On the other hand, similarly to the 755 

current study, under conditions where visual stimuli involved both color and motion 756 

perceptual uncertainty, MT activity increased in high-motion coherence trials when 757 

subjects did not attend to the motion (Kayser et al. 2010); this was consistent with the 758 

previous electrophysiological studies (Britten et al., 1992; 1993; 1998; Mazurek et al., 759 

2003). However, when subjects did attend to motion, the direction of motion coherence 760 

modulation reversed, with MT activity becoming greater in low-motion coherence trials, 761 

suggesting top-down signaling from the fronto-parietal regions (Kayser et al., 2010). 762 

The current study suggests that the top-down signal is enhanced during task switching 763 

in low-coherence trials, and that the top-down signal is associated with supplemental 764 

attention to task-relevant information when the stimulus involves multiple dimensional 765 

uncertainties (Fig. 7). Notably, consistent with a previous study (Kayser et al. 2010), in 766 

the current study, such enhanced MT activation was not observed during 767 

high-coherence trials, but rather MT activity increased in low-coherence trials (P < .05 768 

corrected within small volume in the MT region defined with contrast of motion vs. 769 

color trials in a univariate analysis). 770 

 In conclusion, the current study elucidated one aspect of executive control. 771 

Specifically, behavioral flexibility and perceptual decision-making interact to guides 772 

goal-directed behavior, which is implemented as a distributed cortical network in the 773 

frontal and occipitotemporal regions. 774 

  775 
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Table 1. Brain regions showing significant signal increase in the contrast of switch vs. 998 

repeat trials. Positive z-values indicate a signal increase in the switch trials. Coordinates 999 

are listed in the MNI space. BA indicates Brodmann areas and is approximate. 1000 
Area X Y Z z-value BA 
Frontal cortex 28 0 60 6.42 6 

 0 12 46 5.95 6 
 -8 24 34 5.62 32 
 6 20 32 5.61 32 
 -48 6 32 5.41 6 
 -30 -2 58 5.35 6 
 -2 8 60 5.34 6 
 10 8 68 4.76 6 
 -20 10 62 4.72 6 
 -44 2 48 4.69 6 
 -44 40 12 4.68 46 
 -4 34 18 4.65 24/32 
 -42 28 22 4.59 46 
 -24 8 46 4.43 6 
 -8 0 72 4.38 6 
 26 40 26 4.2 9 
 -58 14 18 4.13 44 
 46 18 10 3.78 44 
 28 52 26 3.63 10 
 -50 6 10 3.55 6/44 
 -34 -4 44 3.54 6 
 26 -4 48 3.35 6 

Parietal cortex -54 -30 44 5.66 40 
 -44 -40 50 5.63 40 
 -8 -70 50 4.93 7 
 -34 -52 46 4.89 39 
 16 -70 52 4.73 7 
 -28 -70 36 4.62 39 
 -58 -26 30 4.61 40 
 -44 -40 32 4.24 39/40 
 -28 -68 52 4.04 7 

Occipital cortex -18 -66 26 5.02 19 
 16 -66 34 4.68 19 

Others -32 14 2 5.64 Insula 
 28 24 6 5.07 Insula 
 36 10 -2 4.76 Insula 
 28 20 -8 4.67 Insula 
 30 -68 -52 4.31 Cerebellum 
 18 -74 -50 3.89 Cerebellum 
 -44 10 -2 3.68 Insula 
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Table 2. Brain regions showing significant signal increase in the contrast of motion vs. 1001 

color trials. Positive z-values indicate a signal increase in motion trials and negative 1002 

z-values indicate a signal increase in color trials. *: corrected within a meta-analysis 1003 

mask of a color-related region. The formats are similar to those in Table 1. 1004 
Area X Y Z z-value BA 
Frontal cortex 40 38 12 -4.11 46 

2 -24 62 3.8 4/6 
Parietal cortex 26 -60 42 -5.61 7/39 

28 -68 52 -4.56 7 
-6 -40 66 4.39 7 
58 -26 20 4.33 40 

-50 -54 10 4.23 39 
-28 -62 50 -4.23 7 
-52 -66 16 4.13 39 
-54 -34 34 4.02 40 
-22 -62 38 -4.02 7 
32 -34 44 3.86 1/40 
36 -36 60 3.84 1 
58 -30 32 3.8 40 

-30 -70 32 -3.41 39 
-64 -26 14 3.13 40/41 

Occipital cortex -30 -82 22 -4.95 19 
32 -72 18 -4.72 19/39 

Temporal cortex -42 -64 8 4.83 19 
40 -56 4 4.18 19/37 
54 -58 4 4.11 37 

 -34 -54 -16 -3.98* 37 
44 -36 14 3.87 22 
56 -40 12 3.83 22 

-56 -42 18 3.48 22 

  1005 
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Table 3. Brain regions showing significant parametrical effect with motion coherence in 1006 

motion trials. Positive z-values indicate a signal increase in high-motion coherence 1007 

trials and negative z-values indicate a signal increase in low-motion coherence trials. 1008 

The formats are similar to those in Table 1. 1009 
Area X Y Z z-value BA 
Frontal cortex -40 6 32 -6.21 6/8 

 52 12 24 -6.17 44 
 42 8 30 -6.12 44 
 48 34 16 -5.99 46 
 4 26 40 -5.93 8 
 0 12 50 -5.81 6 
 -6 50 40 5.75 9 
 -52 6 26 -5.52 44 
 42 24 26 -5.51 9 
 -28 26 50 5.47 8 
 22 36 48 5.38 8 
 44 4 52 -5.35 6 
 46 16 0 -5.34 44 
 48 4 40 -5.1 6 
 -6 58 20 4.95 10 
 34 -14 32 4.81 4 
 -44 4 16 -4.78 44 
 32 2 46 -4.77 6 
 42 32 4 -4.75 45 
 12 46 44 4.74 9 
 20 50 -10 -4.73 10/11 
 10 -28 74 4.72 4 
 44 44 -10 -4.43 10/47 
 -2 20 -18 4.42 25 
 -48 40 18 -4.41 10 
 26 -4 30 4.37 6 
 -22 22 40 4.28 8 
 -40 24 26 -4.26 9 
 0 34 -22 4.23 11 
 -54 -16 10 4.2 1/40 
 -4 32 26 -4.2 32 
 -28 -2 56 -4.19 6 
 6 34 18 -4.16 32 
 -44 -8 22 4.07 6 
 -42 42 2 -4.04 46 
 24 -20 76 4 6 
 10 -44 72 4 5/7 
 24 -28 64 3.89 4 
 2 -24 64 3.88 6 
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 48 -16 48 3.84 4 
 -46 16 8 -3.82 44 
 20 36 -14 -3.8 11 
 -10 32 38 -3.77 8 
 -24 -22 52 3.63 4/6 
 -12 -24 74 3.62 6 
 -10 40 52 3.61 8 
 6 -22 52 3.47 6 
 8 26 -14 3.37 11 
 56 -2 14 3.27 4 

Parietal cortex -42 -70 42 6.08 39 
 -50 -60 30 5.79 39 
 4 -18 32 -5.58 23 
 2 -50 36 5.31 23 
 42 -42 46 -5.07 7/40 
 -14 -70 36 -4.89 7 
 8 -30 26 -4.84 23 
 -16 -40 64 4.63 7 
 -22 -30 38 4.6 1 
 -42 -44 44 -4.56 40 
 -14 -44 36 4.51 31 
 0 -40 62 4.46 1/5 
 -2 -52 22 4.43 23 
 56 -14 12 4.43 40 
 -54 -32 42 -4.43 40 
 -58 -28 28 -4.37 40 
 54 -30 40 -4.33 40 
 22 -44 68 4.31 7 
 50 -60 28 4.13 39 
 -24 -34 24 4.09 40 
 -26 -60 44 -4.07 7 
 -12 30 14 -4.02 24 
 8 -36 34 4.01 23 
 30 -48 44 -4.01 7 
 22 -46 56 3.97 7 
 -4 -36 72 3.89 5 
 24 -32 50 3.65 1/5 
 -34 -54 54 -3.57 7 
 54 -48 48 -3.5 40 
 -12 -70 48 -3.49 7 
 60 2 -2 3.4 22 
 -24 -34 56 3.39 1 
 -26 -34 70 3.34 5 
 52 -30 52 -3.31 40 
 -16 -50 72 3.3 7 



 

 36 

 62 -40 40 -3.24 40 
 -22 -62 28 -3.16 7/31 

Temporal cortex -54 -10 -24 5.18 21 
 -64 -22 -14 4.72 21 
 60 -12 -26 4.6 21 
 -60 2 -10 4.27 38 
 -60 2 -26 4.23 38 
 -62 -8 2 4.01 22 
 -64 -26 12 4.01 22 
 56 2 -36 4 20 
 -66 -34 2 3.95 21 
 -46 -38 -6 3.81 21 
 -60 -42 -6 3.63 21 

Occipital cortex 2 -74 4 -4.82 18 
 -4 -86 -2 -4.62 18 
 12 -78 12 -4.61 17 
 16 -64 36 -4.49 19 
 24 -84 40 4.24 19 
 10 -82 0 -4.07 17 
 -12 -48 0 3.83 19 
 12 -88 34 3.73 19 
 -10 -70 8 -3.29 17 
 10 -94 8 -3.26 17 
 0 -66 22 3.25 18/31 

others -32 18 6 -6.57 Insula 
 34 16 10 -6.55 44/Insula 
 32 22 -4 -5.99 Insula 
 0 -48 -32 -5.8 Cerebellum 
 -8 2 8 -5.67 Caudate 
 12 8 16 -5.54 Caudate 
 10 -12 12 -5.48 Thalamus 
 -18 -6 -24 5.46 Amygdala 
 12 2 4 -5.36 Thalamus 
 -32 -60 -30 -5.06 Cerebellum 
 -26 -14 -16 4.9 Hippocampus 
 -8 -12 4 -4.86 Thalamus 
 -16 -76 -26 -4.86 Cerebellum 
 22 -10 -20 4.78 Hippocampus 
 2 -16 -12 -4.72 Brain stem 
 4 -28 -2 -4.71 Brain stem 
 -32 -36 -38 -4.67 Cerebellum 
 -20 -70 -50 -4.64 Cerebellum 
 42 -14 14 4.59 Insula 
 -20 -60 -30 -4.27 Cerebellum 
 16 8 -8 -4.12 Putamen 
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 32 6 -6 -3.88 Putamen 
 2 -60 -28 -3.84 Cerebellum 
 -16 -18 18 -3.47 Thalamus 
 14 -10 -8 -3.34 Brain stem 

  1010 
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Table 4. Brain regions showing significant parametrical effect with color coherence in 1011 

color trials. Positive z-values indicate a signal increase in high-color coherence trials 1012 

and negative z-values indicate a signal increase in low-color coherence trials. The 1013 

formats are similar to those in Table 1. 1014 

 1015 
Area X Y Z z-value BA 
Frontal cortex 44 30 20 -6.2 9 

 10 24 34 -5.98 8 
 -2 18 48 -5.91 8 
 -40 2 32 -5.54 6 
 8 32 20 -5.13 32 
 4 10 28 -5.13 24 
 0 30 -14 5.08 11 
 50 20 -8 -5.05 47 
 50 20 -8 -5.05 47 
 2 36 36 -4.77 8 
 6 14 58 -4.72 6 
 2 52 -8 4.57 10 
 46 4 30 -4.52 6 
 -26 38 48 4.5 8 
 -14 48 -2 4.46 10/32 
 52 12 22 -4.31 44 
 6 -24 60 4.28 6 
 -26 18 38 4.21 8 
 6 -6 30 -4.15 24 
 10 42 -12 3.97 11 
 -52 12 42 -3.92 6/8 
 54 16 40 -3.75 44 
 -6 42 -16 3.68 11 
 24 -8 34 3.62 6 
 -14 42 34 3.56 9 
 -54 18 -2 -3.51 45 
 -6 14 -18 3.47 25 

Parietal cortex 50 -70 32 5.41 39 
 30 -68 30 -5.4 7 
 -22 -62 40 -5.28 7 
 18 -40 20 4.9 23 
 -38 -54 18 4.96 39 
 -26 -50 44 -4.93 7 
 34 -28 24 4.91 40 
 56 -62 24 4.82 39 
 30 -58 52 -4.76 7 
 4 -44 64 4.69 1/5 



 

 39 

 24 -36 30 4.58 23 
 38 -50 56 -4.55 7 
 34 -74 20 -4.46 39 
 -38 -78 38 4.38 39 
 46 -24 22 4.38 40 
 50 -32 48 -4.33 40 
 -14 -72 40 -4.31 7 
 -2 -34 44 4.21 31 
 -14 -36 20 4.08 23 
 16 -44 66 4.08 7 
 -32 -40 18 3.96 23 
 -20 -48 22 3.92 23 
 -50 -70 34 3.92 39 
 -42 -44 52 -3.92 7/40 
 2 -58 62 3.83 7 
 -2 -22 30 -3.82 23 
 34 -46 24 3.79 39 
 -52 -60 22 3.76 39 
 40 -22 42 3.74 1 
 6 -44 32 3.73 23 
 -42 -38 36 -3.49 40 
 40 -14 26 3.45 1 
 -8 -46 38 3.17 31 

Temporal cortex 54 -14 -30 4.41 20 
 12 -84 10 -4.25 17 
 64 -4 -8 4.09 22 
 58 -8 -20 4.08 21 
 60 -12 0 4.01 22/41 
 8 -52 16 4 23 
 32 -36 14 3.98 22 
 -58 -64 12 3.97 39 
 -24 -20 -20 3.76 36 
 20 -24 -6 -3.64 36 

Occipital cortex -30 -78 22 -5.03 19 
 -8 -86 -2 -4.05 18 
 -2 -72 0 -3.93 18 
 60 -60 8 3.92 37 
 -10 -52 10 3.86 23 
 -12 -74 14 -3.74 17 
 12 -66 8 -3.61 17 

Others 32 24 -2 -6.51 Insula 
 -10 -76 -22 -6.44 Cerebellum 
 -32 22 0 -6.1 Insula 
 -8 -12 -2 -5.66 Thalamus 
 -28 -66 -26 -5.61 Cerebellum 



 

 40 

 36 16 6 -5.52 Insula 
 -10 4 4 -5.3 Caudate 
 8 -8 8 -5.26 Thalamus 
 6 -22 -2 -5.23 Thalamus 
 0 -50 -34 -5 Cerebellum 
 8 4 4 -4.99 Thalamus 
 -20 -8 -18 4.89 Amygdala 
 10 -76 -26 -4.77 Cerebellum 
 4 -20 -16 -4.69 Brain stem 
 28 -10 16 4.39 Putamen 
 -36 -46 -34 -4.38 Cerebellum 
 4 -62 -28 -4.26 Cerebellum 
 -40 -66 -30 -4.03 Cerebellum 
 18 2 24 3.85 Caudate 
 22 14 18 3.84 Caudate 
 -12 -20 18 -3.78 Thalamus 
 20 -78 -34 -3.52 Cerebellum 

  1016 
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Table 5. Brain regions showing significant difference in the low-coherence effect for the 1017 

right hemisphere vs. left hemisphere in switch and repeat trials. Positive z-values 1018 

indicate a signal increase in the right hemisphere and negative z-values indicate a signal 1019 

increase in the left hemisphere. The formats are similar to those Table 1. 1020 
Area X Y Z z-value BA 
Frontal cortex 0 28 42 6.98 8 

 0 12 52 6.01 6 
 8 26 54 5.10 8 
 0 36 24 4.89 32 
 38 6 52 4.84 6/8 
 44 26 2 4.55 45 
 10 -14 50 -4.53 6 
 10 40 36 4.31 9 
 48 24 -10 4.29 47 
 14 20 44 4.25 8 
 10 16 62 4.19 6 
 30 -14 58 -4.18 6 
 52 22 30 4.14 44 
 34 -8 46 -3.44 6 

Parietal cortex 36 -70 34 4.71 39 
 38 -54 18 4.70 39 
 40 -74 46 4.65 39 
 48 -76 30 4.22 39 
 48 -44 54 3.95 40 

Temporal cortex 50 -26 -2 4.76 22 
 48 -40 10 4.67 22 
 60 -24 -12 4.34 21 

Occipital cortex 0 -82 0 4.53 18 
 14 -82 12 4.45 17 
 42 -70 20 3.45 19 

Others 0 -48 -34 5.91 Cerebellum 
 28 -62 -24 -4.82 Cerebellum 
 30 -66 -56 -4.73 Cerebellum 
 0 -62 -28 4.41 Cerebellum 
 34 20 8 3.84 Insula 
 42 -62 -42 -3.75 Cerebellum 

  1021 
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Table 6. Brain regions showing significant difference for the right hemisphere vs. left 1022 

hemisphere in contrast of switch vs. repeat trials. The formats are similar to those in 1023 

Table 5. 1024 
Area X Y Z z-value BA 
Frontal cortex 0 12 46 5.94  6 

 0 24 32 5.37  32 
 0 8 60 5.28  6 
 44 42 10 -5.17  46 
 48 6 18 -4.59  44 
 46 8 36 -4.52  6/8 
 0 36 20 4.49  32 
 42 28 26 -4.38  9 
 46 28 40 -4.28  9 
 8 16 64 3.94  6 
 28 -20 64 -3.94  6 
 12 28 58 3.84  6 
 0 10 30 3.78  24 

Parietal cortex 56 -22 30 -5.02  1/40 
 28 -70 36 -5.00  39 
 56 -30 44 -4.68  40 
 34 -52 46 -4.58  39 
 46 -44 46 -4.47  40 
 10 -76 38 -4.30  7 
 18 -76 56 -3.99  7 
 38 -34 36 -3.96  1/40 

Temporal cortex 50 -30 -8 4.17  21 
 58 -58 -6 -4.00  37 

Occipital cortex 30 -72 20 -3.64  19 
Others 30 -70 -48 4.15  Cerebellum 

  1025 
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Table 7. Brain regions showing a significant difference in accuracy to classify task 1026 

dimension (motion/color) between the switch and repeat trials. Positive z-values 1027 

indicate higher accuracy in the switch trial. The formats are similar to those in Table 1. 1028 
Area X Y Z z-value BA 
Frontal cortex -30 0 42 4.67  8/6 
 -34 -14 52 3.63  6 
 -26 -4 54 3.56  6 
Parietal cortex 34 -68 24 4.69  19/39 
 42 -76 20 4.37  19 
 46 -28 42 4.25  40 
 -40 -82 22 4.10  19 
 -44 -34 34 4.00  40 
 58 -30 34 3.99  40 
 -28 -84 22 3.92  19 
 22 -74 30 3.79  19/39 
 -26 -70 14 3.63  19 
 -42 -28 52 3.60  40 
 -34 -32 44 3.47  40 
 46 -72 34 3.33  39 
 -28 -40 32 3.29  40 
 -40 -82 38 3.13  39/19 
Temporal cortex -52 -56 -4 4.86  37 
 50 -52 -10 4.65  37 
 -40 -70 6 4.43  19 
 -34 -56 -16 3.91  37 
 -48 -46 6 3.88  21/37 
 -40 -56 -2 3.87  37/19 
 -48 -62 -16 3.73  37 
 56 -52 2 3.51  37/21 
 42 -58 -2 3.45  19/37 
 -40 -68 -8 3.38  37/19 

  1029 
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Figure captions. 1030 

Figure 1. Study design. A, Behavioral flexibility involves the engagement of the lateral 1031 

prefrontal cortex and requires perceptual decision-making implicated in the 1032 

occipitotemporal regions where modality-dependent mechanisms are distributed. B, 1033 

Visual stimuli. Coherence of random dot motion and color were independently 1034 

manipulated. White dots were presented within a donut-shaped display circle as 1035 

indicated by the dotted lines. The arrow indicates the overall motion direction of each 1036 

dot. C, Task sequence. After the presentation of a task cue (MOTION or COLOR), the 1037 

visual stimulus was presented, and participants judged the overall motion or color of the 1038 

stimuli and pressed a corresponding button. They continued the judgement along the 1039 

same dimension until the next cue was presented. Only the trials immediately after the 1040 

cue presentation involved perceptual uncertainty, and subsequent trials did not involve 1041 

uncertainty (100% coherent). D, Task switch and task repeat. If the presented cue was 1042 

different from the former one, the task to be performed was switched (left), and 1043 

otherwise, the task was repeated (right). 1044 

 1045 

Figure 2. Behavioral results. A, Accuracy for task as a function of motion and color 1046 

coherence. B, Reaction time for task as a function of motion and color coherence. Solid 1047 

lines with filled circles and dotted lines with open circles indicate switch and repeat 1048 

trials, respectively. Red and blue lines indicate motion and color tasks, respectively. 1049 

Note that data of 100% coherence trials were derived from the trials presented after the 1050 

switch and repeat trials, and not from the switch or repeat trials (Figs. 1C and D). Error 1051 

bars indicate the standard error of the mean across participants. 1052 

 1053 

Figure 3. Statistical activation map of univariate analysis. Maps are overlaid onto 3D 1054 

surface of the brain. Hot and cool colors indicate positive and negative effects, 1055 

respectively. A, Switch vs. repeat trials. B, Motion vs. color tasks. C, Motion coherence 1056 

effect. Hot and cool colors indicate a greater signal in high- and low-coherence trials, 1057 

respectively. D, Color coherence effect. The format is similar to those in panel C. 1058 

 1059 

Figure 4. Hemispheric laterality. A, Conjunction and disjunction maps. Statistical 1060 

significance maps for switch and negative coherence effects (P < .05 corrected across 1061 

the whole brain) were mapped on the 3D surface image of the brain, and then color 1062 
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coded. Orange: switch effect only; blue: negative coherence effect only; yellow: both of 1063 

switch and negative coherence effects. B, Exploratory analysis procedure for 1064 

hemispheric asymmetry. Contrast maps were flipped along the X (left-right) axis, then 1065 

subtracted from the original non-flipped maps before being entered into voxel-wise 1066 

group-level analyses. C, Statistical map of brain regions showing a differential 1067 

coherence effect between the right and left hemispheres (top). The hot colors indicate a 1068 

greater signal in low-coherent trials in the right hemisphere, and/or a lower signal in 1069 

high-coherent trials in the left hemisphere. The cool colors indicate the reverse effect. 1070 

Statistical map of brain regions showing differential activation for switch vs. repeat 1071 

trials between the right and left hemispheres (bottom). The hot colors indicate greater 1072 

activation for switch versus repeat trials in the right hemisphere, and/or smaller 1073 

activation for switch versus repeat trials in the left hemisphere. The cool color indicates 1074 

the reverse effect. Formats are similar to those in panel B. MT, middle temporal; VVC, 1075 

ventral visual complex. D, Regions of interest analysis. Regions of interests in the 1076 

fronto-paretal cortex were defined independently of the current data, and then switch 1077 

and negative coherence effects were compared between the right and left hemispheres. 1078 

***: P < .001. L: left; R: right. 1079 

 1080 

Figure 5. Searchlight multivariate pattern analysis (MVPA). A, Statistical significance 1081 

maps of classification accuracy for motion and color tasks in searchlight MVPA. Switch 1082 

trial (left), repeat trial (middle), and switch vs. repeat trials (right). The hot colors 1083 

indicate greater accuracy in switch and repeat trials (relative to chance; left and middle) 1084 

and in switch relative to repeat trials (right). The cool colors indicate the reverse effect. 1085 

B, The statistical maps were overlaid on a 2D section as indicated by the Y axis on the 1086 

left. The black solid square on the section (left) indicates the area magnified on the right. 1087 

The hot colors show brain regions showing greater classification accuracy for switch 1088 

trials relative to repeat trials in the searchlight MVPA. Cool and green colors show 1089 

brain regions with greater activation during motion relative to color tasks, and during 1090 

color relative to motion tasks in univariate analyses, respectively. Major anatomical 1091 

landmarks are indicated by yellow arrowheads in the 2D section on the left. ITC, 1092 

inferior temporal sulcus; OTS, occipitotemporal sulcus; CLS, collateral sulcus. MT, 1093 

middle temporal; VVC, ventral visual complex. C, Regions of interest analysis. For 1094 

switch (SW) and repeat (RP) trials, voxel-wise accuracy was averaged within MT and 1095 
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VVC identified by the univariate analysis in panel A (top), and also within the 1096 

prefrontal cortex (PFC) and posterior parietal cortex (PPC) regions of interest defined 1097 

independently of the current data (bottom).  1098 

 1099 

Figure 6. Effective connectivity analysis based on dynamic causal modeling. A, 1100 

Effective connectivity and extrinsic inputs modulated in switch trials relative to repeat 1101 

trials during motion tasks. Red arrows and blue arrows indicate enhancements of 1102 

connectivity in switch and repeat trials, respectively. Solid and dotted lines indicate 1103 

effective connectivity that is statistically significant (P<. 05; uncorrected) and 1104 

insignificant, respectively. Positive and negative values indicate connectivity 1105 

enhancements in switch and repeat trials, respectively. B, Effective connectivity and 1106 

extrinsic inputs modulated in switch relative to repeat trials during color tasks. The 1107 

formats are similar to those in panel A. C, Effective connectivity and extrinsic inputs 1108 

modulated by motion coherence during motion tasks. Red arrows and blue arrows 1109 

indicate enhancements in high- and low-coherence trials, respectively. Solid and dotted 1110 

lines indicate effective connectivity that was statistically significant (P<. 05; 1111 

uncorrected) and insignificant, respectively. Positive and negative values indicate 1112 

connectivity enhancements in high- and low-coherence trials, respectively. D, Effective 1113 

connectivity and extrinsic inputs modulated by color coherence during color tasks. The 1114 

formats are similar to those in panel C. 1115 

 1116 

Figure 7. Schematic diagrams of neural mechanisms among the left prefrontal cortex 1117 

(lPFC), right prefrontal cortex (rPFC), middle temporal (MT), and ventral visual 1118 

complex (VVC) during task switching with perceptual uncertainty. The arrows indicate 1119 

signal directions. 1120 

 1121 
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