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Abstract 25 

The ability to discriminate between stimuli relies on a chain of neural operations 26 

associated with perception, memory and decision-making. Accumulating studies show 27 

learning-dependent plasticity in perception or decision-making, yet whether perceptual 28 

learning modifies mnemonic processing remains unclear. Here, we trained human 29 

participants of both sexes in an orientation discrimination task, while using fMRI and 30 

TMS to separately examine training-induced changes in working memory (WM) 31 

representation. fMRI decoding revealed orientation-specific neural patterns during the 32 

delay period in early visual cortex (V1) before, but not after, training, whereas 33 

neurodisruption of V1 during the delay period led to behavioral deficits in both phases. 34 

In contrast, both fMRI decoding and disruptive effect of TMS showed that intraparietal 35 

sulcus (IPS) represented WM content after, but not before, training. These results 36 

suggest that training does not affect the necessity of sensory area in representing WM 37 

information, consistent with the sensory recruitment hypothesis in WM, but likely alters 38 

the coding format of the stored stimulus in this region. On the other hand, training can 39 

render WM content to be maintained in higher-order parietal areas, complementing 40 

sensory area to support more robust maintenance of information. 41 

  42 
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Significance Statement:  43 

There has been accumulating progresses regarding experience-dependent plasticity in 44 

perception or decision-making, yet how perceptual experience moulds mnemonic 45 

processing of visual information remains less explored. Here we provide novel findings 46 

that learning-dependent improvement of discriminability accompanies altered WM 47 

representation at different cortical levels. Critically, we suggest a role of training in 48 

modulating cortical locus of WM representation, providing a plausible explanation to 49 

reconcile the discrepant findings between human and animal studies regarding the 50 

recruitment of sensory or higher-order areas in WM. 51 

  52 
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Introduction 53 

The ability to differentiate between similar features is essential for visual recognition in 54 

complex environment. For instance, the predators must learn to discriminate the prey 55 

items from surroundings to ensure survival. Learning and experience are known to 56 

improve the discrimination ability even in adulthood by re-organizing the brain functions 57 

and connections (Sagi and Tanne, 1994; Kourtzi and DiCarlo, 2006; Gilbert et al., 2009; 58 

Watanabe and Sasaki, 2015; Dosher and Lu, 2017; Hooks and Chen, 2020). Previous 59 

studies have focused on how training alters perceptual encoding of the stimuli (Schoups 60 

et al., 2001; Schwartz et al., 2002; Furmanski et al., 2004; Yang and Maunsell, 2004; 61 

Yotsumoto et al., 2008; Jehee et al., 2012; Yan et al., 2014; Chen et al., 2015) or the 62 

decision-making process (Law and Gold, 2008; Kahnt et al., 2011; Kuai et al., 2013; 63 

Dosher and Lu, 2017). However, mnemonic processing also matters for discrimination 64 

judgments where the to-be-compared stimuli are often sequentially presented. In these 65 

tasks, participants are required to encode a sample item and hold it in working memory 66 

(WM) for later comparison with a test item. Yet whether and how training on these tasks 67 

modifies mnemonic processing of stimuli remain largely unclear.  68 

The view that perceptual learning may change mnemonic processing of stimuli 69 

received support from findings of the relationship between WM and discrimination ability 70 

(Cornette et al., 2001; Brady et al., 2013; Ester et al., 2014; Zhang et al., 2016). In 71 

particular, variability of neuronal activity during WM retention is proposed as a potential 72 

indicator of the discrimination performance (Hussar and Pasternak, 2010; Qi and 73 

Constantinidis, 2015). The amount of information carried by the activity patterns during 74 

WM delay correlates with mnemonic precision (Ester et al., 2013) and performance 75 
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changes as a function of WM load (Emrich et al., 2013). These findings point to the 76 

assumption that learning-dependent improvement of discriminability may be 77 

accompanied by modified WM representation of the stimuli. It has been established that 78 

multiple levels of cortical areas are recruited for representing WM information 79 

(D’Esposito, 2007; Christophel et al., 2017; Dotson et al., 2018). In particular, 80 

intraparietal sulcus (IPS) area is identified as a candidate region for mnemonic 81 

processing of the stimuli (Song and Jiang, 2006; Bettencourt and Xu, 2016; Weber et al., 82 

2016; Lorenc et al., 2018), while the sensory recruitment account of WM suggests that 83 

early visual area (V1) is also engaged for temporary maintenance of WM content 84 

(Pasternak and Greenlee, 2005; Ester et al., 2009; Harrison and Tong, 2009; Serences 85 

et al., 2009). Representing WM content at multiple areas could play complementary 86 

roles such that sensory areas encode precise sensory information and higher-order 87 

areas provide abstract and robust representation (D’Esposito, 2007; Christophel et al., 88 

2017). Here, we particularly focus on these two regions of interest (ROIs) to examine 89 

learning-dependent alterations of WM representation.  90 

To this end, we trained participants on a two-interval forced-choice (2IFC) 91 

orientation discrimination task that required temporary maintenance of the sample 92 

stimulus during a delay period. In Experiment 1, we combined functional magnetic 93 

resonance imaging (fMRI) with multivariate pattern analysis (MVPA) to investigate 94 

learning-dependent changes of WM representation in V1 and IPS. In Experiment 2, we 95 

used online repetitive transcranial magnetic stimulation (rTMS) to test the effect of 96 

training on the causal role of these two areas during WM processing. We found 97 

orientation-specific patterns during WM delay in V1 before, but not after, training, 98 
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whereas V1 stimulation during the delay period impaired behavioral performance in both 99 

phases. In contrast, both fMRI decoding and TMS effect indicated that intraparietal 100 

sulcus (IPS) represented WM content after, but not before, training. These findings 101 

suggest that perceptual learning modified mnemonic processing at different cortical 102 

levels.  103 

Materials and Methods 104 

Experiment 1: fMRI 105 

Participants 106 

Sixteen participants (9 females; age range: 18 - 26 years) took part in this study. The 107 

sample size is comparable to those reported in previous work on perceptual learning 108 

(Zhang et al., 2010) or fMRI decoding of WM content using discrimination tasks (Ester 109 

et al., 2009; Gosseries et al., 2018; Lawrence et al., 2018). All participants had normal 110 

or corrected-to-normal vision, and reported being right-handed. They were naïve to the 111 

aim of the study and received payment upon completion of the experiment. All 112 

participants gave written informed consent and the study protocol was approved by the 113 

local ethics committee. 114 

Stimulus and Apparatus 115 

We presented Gabor patches (Gaussian windowed sinusoidal gratings) in either upper-116 

left or lower-right visual field with an eccentricity of 6.5° against a gray background (~35 117 

cd/m2). The Gabor stimuli of random phase had a fixed diameter of 4°, contrast of 0.8, 118 

spatial frequency of 1.5 cycle/degree. The angle of Gabor stimuli was tilted clockwise or 119 

counterclockwise from the base orientations (55° or 145°).  120 
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The stimuli were generated using Psychtoolbox 3.0 (Brainard, 1997; Pelli, 1997) for 121 

MATLAB (MathWorks, MA, USA). In the behavioral lab, the stimuli were presented on a 122 

Dell cathode ray tube monitor (CRT) with the size of 40 × 30 cm2, resolution of 1024 × 123 

768 and a refresh rate of 60 Hz. Gamma correction was applied to the monitor. We 124 

used a chin-rest to stabilize participants’ head position and maintain the viewing 125 

distance at 90 cm. Participants were asked to make responses using a keyboard. Inside 126 

the MRI scanner, the stimuli were back-projected onto a translucent screen located 127 

inside the scanner bore (resolution, 1024 × 768; refresh rate, 60 Hz). Participants 128 

viewed the stimuli at a distance of 90 cm through a mirror placed above their eyes. An 129 

MRI-compatible response box was used for making responses. 130 

Experimental design and statistical analysis 131 

All participants completed four phases in this experiment, each phase consisted of 132 

multiple sessions (Fig 1A): (1) a 2-day pretest, (2) a 6-day training, (3) a 2-day posttest I; 133 

and (4) a 2-day posttest II. Posttest I and II phases were separated for around ten days 134 

to assess the stability of training effect. Each test phase comprised of a behavioral test 135 

session (1st day) and a scanning session (2nd day) on two consecutive days.  136 

Behavioral tasks. We used a 2IFC, orientation discrimination task throughout the 137 

experiment. Two types of tasks – a short-delay and a long-delay task – varying in the 138 

length of delay period between the stimuli were included (Fig 1B and 1C). Similar to the 139 

conventional learning regimen, we used a short-delay of 0.6 s to measure behavioral 140 

performance during the training and behavioral test sessions. To isolate memory-141 

specific activity from fMRI signal (Harrison and Tong, 2009; Serences et al., 2009), we 142 

used a long-delay of 11.8 s during the behavioral tests and scanning sessions. Note 143 
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that our WM task required holding of one orientation in WM, which differed from those 144 

manipulated WM loads. This design was chosen as it is commonly used in studies on 145 

perceptual learning (Schoups et al., 2001; Jehee et al., 2012) and fMRI decoding of WM 146 

content (Harrison and Tong, 2009; Serences et al., 2009; Bettencourt and Xu, 2016). 147 

In the short-delay task, each trial began with a central fixation of a black dot 148 

shown for 0.6 s. In the long-delay task, each trial began with a central fixation dot that 149 

was white for 0.2 s and then turned into black for 3.8 s. The change of color was 150 

designed to remind participants of the trial onset. Participants were instructed to press a 151 

button once they saw the white dot. In both tasks, the sample and test Gabor stimuli 152 

were then sequentially presented for 0.2 s each, separated by a delay period (short-153 

delay task: 0.6 s; long-delay task: 11.8 s). Participants were asked to report whether the 154 

test Gabor was tilted clockwise or counter-clockwise relative to the sample stimulus. A 155 

uniformly distributed jitter (±5°) was added to the base orientations (i.e., 55° or 145°) to 156 

encourage perceptual comparison between two Gabors in each trial, rather than direct 157 

retrieval of a constant stimulus template.  158 

Staircase procedure. To equate task difficulty across different conditions 159 

throughout the experiment, we used adaptive staircase method (3-down-1-up, 15 160 

reversals, step size of 0.5°) that converges to 79.4% accuracy in the orientation 161 

discrimination tasks. We adjusted the angle difference between the sample and test 162 

stimuli independently for each condition. The threshold in each run was determined by 163 

the mean angle difference of the last 8 reversals.  164 

Behavioral test sessions (1st day of pretest, posttest I and II). This session 165 

included both the short-delay and long-delay orientation discrimination tasks. The short-166 
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delay task consisted of four experimental conditions (2 stimulus orientations × 2 167 

stimulus locations) to assess the effect of learning and the learning specificity for 168 

orientation and location. Participants started with 16 practice trials (4 trials per condition) 169 

using a fixed angle difference (10°) and then completed 12 staircase runs (~65 trials per 170 

run, 3 staircases per condition in random order). For the first run of each condition, the 171 

starting angle difference was 8° with a step size of 0.5°. For the subsequent staircase 172 

runs, the starting value was the threshold of corresponding condition in the preceding 173 

run. Participants’ performance in each session was quantified using the averaged 174 

thresholds across three staircases for each condition. 175 

To keep consistency with the trial sequence in the scanning session, the long-176 

delay task consisted of two stimulus conditions (i.e., ~55° or ~145°) shown only at the 177 

trained location. Participants began with 20 practice trials (10 trials per condition, fixed 178 

angle difference: 10°) and then completed one run of randomly interleaved staircases 179 

(~65 trials for each condition). The starting angle difference was 8° with a step size of 180 

0.5°. We quantified the performance using the threshold for each condition. No 181 

feedback on correctness was provided in any of these test sessions. 182 

Scanning sessions (2nd day of the pretest, posttest I and II). Participants 183 

completed 6 runs of a long-delay task (16 trials per run, 8 trials for each orientation in 184 

randomized order). Each run began with an 8 s fixation. Trials were separated by a 10 s 185 

or 12 s interval to allow fMRI signals to return to baseline. We measured performance 186 

with staircase procedure. The starting value was the threshold inherited from the 187 

preceding behavioral session in the corresponding test phase. In addition to the 188 

discrimination task, each participant completed a retinotopic mapping scan (6 min 20 s), 189 
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a localizer scan (5 min 36 s) and an anatomical image scan (see ROI definition for 190 

details). No feedback on the correctness was provided in the scanning sessions.  191 

Training sessions. Participants were trained on an orientation discrimination task 192 

with Gabors presented at the same orientation and location throughout training. In each 193 

session, participants performed 16 runs of short-delay task. We measured performance 194 

with staircase procedure. For the first run of the first session, the starting angle 195 

difference was 8° with a step size of 0.5°. For the subsequent staircase runs, the 196 

starting value was the threshold from the preceding run. Training locations (i.e., upper-197 

left or lower-right) and orientation (i.e., 55° or 145°) were counterbalanced across 198 

participants. In addition, we provided auditory feedback on incorrect trials. We trained 199 

participants for 6 days, resulting in a total of ~6200 trials. 200 

Behavioral data analysis. To validate the training effect, we used paired t-test to 201 

compare the discrimination threshold between the first and last sessions of the training 202 

phase. To examine the effect of training on discrimination performance in the test 203 

phases, we calculated a mean percent improvement (MPI = (pretest threshold – 204 

posttest threshold)/pretest threshold × 100%) (Xiao et al., 2008), separately for each 205 

posttest phase. For the short-delay task, we applied a three-way repeated-measures 206 

ANOVA (2 stimulus orientations × 2 stimulus locations × 2 posttest phases) on MPI. For 207 

the long-delay task, we applied a two-way repeated-measures ANOVA (2 stimulus 208 

orientations × 2 posttest phases) on MPI due to the presence of stimulus solely at the 209 

trained location.  210 

MRI data acquisition and preprocessing 211 



 

 11 

Imaging data were acquired on a Siemens 3T Prisma scanner located at Peking 212 

University. All imaging data were acquired with a 20-channel head coil. For each 213 

participant, anatomical images were acquired using MPRAGE T1-weighted sequence 214 

(TR = 2530 ms, TE = 2.98 ms, FOV = 256 × 224 mm2, flip angle: 7°, resolution 0.5 × 0.5 215 

× 1 mm3, number of slices: 192, slice thickness: 1 mm, slice orientation: sagittal). 216 

Functional scans were acquired using echo planar imaging (EPI) sequence (TR = 2000 217 

ms, TE = 30 ms, FOV = 224 × 224 mm2, flip angle: 90°, matrix: 64 × 64, resolution 3.5 × 218 

3.5 × 3.5 mm3, gap = 0.7 mm, number of slices: 33). 219 

Each participant’s anatomical image was segmented into gray and white matter 220 

using FreeSurfer (http://surfer.nmr.mgh.harvard.edu/). We performed the cortical 221 

reconstruction of the segmented images in BrainVoyager QX software (Brain Innovation, 222 

Maastricht, The Netherlands). For the functional images, we discarded the first four 223 

volumes at the beginning of each run to ensure that the longitudinal magnetization 224 

reached steady state. The functional data was processed with slice-timing correction, 225 

head motion correction, temporal filtering (3 cycles) and removal of linear trends in 226 

BrainVoyager QX. Within each scanning session, the functional data was aligned to the 227 

first volume of the first run and co-registered to the anatomical image obtained in the 228 

same session. Between scanning sessions, all anatomical images were aligned to the 229 

participant’s own anatomical data acquired in their first session and transformed to the 230 

Talairach space. The functional data in the Talairach space were resampled into 3 × 3 × 231 

3 mm resolution.  232 

ROI definition and fMRI data analysis 233 
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Definition of V1. Participants viewed rotating wedges that created travelling 234 

waves of neural activity. We identified V1 boundaries using standard phase-encoded 235 

method (Sereno et al., 1995; Engel et al., 1997). In a separate localizer run, we mapped 236 

two location-specific areas in V1, corresponding to the stimulus locations from the 237 

orientation discrimination task (i.e., upper-left and lower-right). In each trial, a Gabor 238 

patch (55 or 145) was presented at one of the locations for 2 s. The inter-trial interval 239 

(ITI) was either 2 s or 4 s. The location was randomized across 32 trials. Participants 240 

were asked to detect a subtle change of orientation. For each participant and each 241 

functional localizer, we computed each voxel’s response using a General Linear Model 242 

(GLM) comprised of two regressors, one for each stimulus location. Contrasts 243 

comparing stimulus in one location to the other led to positive responses in V1 ROI 244 

contralateral to the stimulus location. We selected 40 voxels with top-ranked beta 245 

estimates (β) for each stimulus location, the exact number of voxels was determined by 246 

the minimal number of voxels across participants and V1 ROIs. This voxel selection 247 

regime controlled for potential biases in classification accuracy due to varying number of 248 

voxels across locations and participants.  249 

Definition of IPS.  We selected IPS ROIs that were functionally defined by the 250 

delay-period activity, within the anatomically constrained regions. The delay-period 251 

activity was primarily assumed to reflect WM storage, while it may also relate to other 252 

control-related processes (Christophel et al., 2017; Sreenivasan and D’Esposito, 2019). 253 

In particular, after applying anatomical segmentation in FreeSurfer, we used the 254 

automated ROI labels from Destrieux atlas (Destrieux et al., 2010) to transform the 255 

identified IPS into Talariach space. For each participant, we conducted a GLM analysis 256 
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that modelled the WM-related activity after the sample stimulus (i.e., delay period) and 257 

the baseline activity after the test stimulus (i.e., ITI). The resulting β estimates that 258 

indicated statistically significant increases of delay-period activity (p < 0.05) were used 259 

for voxel selection within anatomically-defined ROIs (Xu, 2007). Because of the more 260 

prominent delay-period activity in left IPS, we defined IPS based on hemisphere (i.e., 261 

left and right IPS) to accord with previous studies that had similar observation of left-262 

lateralized delay activity in IPS (Christophel et al., 2012; Albers et al., 2013; Ester et al., 263 

2015). We selected 250 voxels with top-ranked β estimates in each hemisphere for 264 

further analysis. The exact number of voxels was determined by the minimal number of 265 

voxels across participants and ROIs. 266 

Univariate analysis. We assessed whether training changes the overall BOLD 267 

response during WM delay. For each participant and each run, we first extracted z-268 

normalized response amplitude of each voxel in the pre-defined ROIs (V1 and IPS). 269 

Then, we took the trial-averaging BOLD response between 0 – 26 s time locked to trial 270 

onset, separately for each experimental condition during the test phase. Because of our 271 

primary focus on the sustained activity during the delay period, we averaged the 272 

response across 12 s and 14 s after the trial onset (7th and 8th TRs) that were 273 

uncontaminated by the test stimulus presentation (16 s after the trial onset, 9th TR). For 274 

each of the ROIs, we then applied two-way repeated-measures ANOVA (2 stimulus 275 

orientations × 3 test phases) on the delay activity to assess how training influenced 276 

WM-related activity. 277 

Multivariate pattern analysis (MVPA). We used the MVPA to decode the stimulus 278 

orientation during the delay period in V1 and IPS. For each participant and each test 279 
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phase, we extracted z-normalized BOLD responses between 12 s and 14 s after the 280 

trial onset (7th and 8th TRs) and used the average of the two data points in each trial to 281 

represent the delay period activity. By training the classifier to discriminate between two 282 

orientations using LIBSVM (http://www.csie.ntu.edu.tw/~cjlin/libsvm/), we calculated the 283 

classification accuracy with a leave-one-run-out cross-validation scheme that divided 284 

the data set into training (5 runs) and testing data (1 run). This procedure was repeated 285 

for six times until each run was tested once (Kamitani and Tong, 2006). The 286 

classification accuracy was averaged across the folds, separately for each test phase. 287 

To evaluate whether the classification accuracy exceeded the chance level, we 288 

performed the permutation test (see Permutation test). To assess how training 289 

influenced WM representation, we performed one-way repeated-measures ANOVAs (3 290 

test phases) on the classification accuracy for each brain area. 291 

To validate that the orientation decoding in V1 reflected WM content, rather than 292 

residual sensory information, we conducted control analyses by applying MVPA on the 293 

neural activity during ITI (24 s and 26 s after the trial onset, 13th and 14th TRs). The 294 

selected time window for ITI was supposed to contain the same amount of sensory 295 

information as that for the delay period (i.e., 8 s and 10 s after the onset of the sample 296 

and test stimulus, respectively). To compare the classification accuracy between these 297 

two time periods (delay vs. ITI), we conducted a three-way repeated-measures ANOVA 298 

(2 V1 ROIs × 2 time periods × 3 test phases). Further, to directly compare learning-299 

dependent changes of decoding performance between V1 and IPS, we calculated the 300 

difference of classification accuracy between the pretest and two posttest phases (i.e., 301 

posttest I – pretest, posttest II – pretest), separately for V1 and IPS.  A two-way 302 
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repeated-measures ANOVA (2 ROIs × 2 posttest phases) were conducted to assess the 303 

training effect between brain areas. 304 

Permutation test. We evaluated the statistical significance of MVPA results using 305 

the permutation tests (Stelzer et al., 2013; Allefeld et al., 2016). In particular, for each 306 

scanning session (pretest, posttest I and posttest II) and each brain area, we took the 307 

leave-one-run-out cross-validation approach, in which we shuffled the trial labels in the 308 

training data and calculated the classification accuracy on the test data. We obtained 309 

the classification accuracy that averaged across folds for each participant. Then, we 310 

averaged the accuracies across participants to obtain a mean value. This procedure 311 

was repeated for 5000 times to compute a group-level null distribution, consistent with 312 

the method used in previous studies (e.g., Chen et al., 2011; Cocchi et al., 2017; Roth 313 

et al., 2018; Henderson and Serences, 2019). We obtained the p-values by calculating 314 

the proportion of random samples that exceeds the observed value (i.e., mean 315 

classification accuracy from real data). We applied false discovery rate (FDR) method 316 

(Benjamini and Hochberg, 1995) to correct p-values for multiple comparisons across 317 

pre-defined ROIs and test phases.  318 

Experiment 2: TMS 319 

Participants 320 

Twenty-three participants (12 females; age range: 19 – 26 years) were recruited for this 321 

study. Three of them did not participate TMS sessions after fMRI scanning due to the 322 

lack of elevated delay period activity in IPS (see Definition of ROIs for details). The 323 

sample size was comparable to those reported in previous WM-related TMS studies 324 

(Zanto et al., 2014; Zokaei et al., 2014). All participants were neurologically intact, had 325 
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normal or corrected-to-normal vision, and reported being right-handed. All participants 326 

gave the informed consent and the study protocol was approved by the local ethics 327 

committee. 328 

Stimulus and Apparatus 329 

Identical stimuli were used as that in Experiment 1. The stimuli were presented against 330 

a gray background (~15 cd/m2) on a CRT monitor (refresh rate: 60 Hz) for both 331 

behavioral and fMRI experiments. In the TMS lab, the stimuli were displayed on a gray 332 

background (~19 cd/m2) on a CRT monitor (refresh rate: 100 Hz). 333 

Experimental design and statistical analysis 334 

The TMS experiment consisted of four phases (Fig 2A): (1) a scan for defining ROIs (V1 335 

and IPS) per participant, (2) a 2-day pretest, (3) a 6-day training, (4) a 2-day posttest. 336 

Pretest and posttest were completed one day before and after the training phase, 337 

respectively. The pre- and posttest phases consisted of a behavioral session (1st day) 338 

and a TMS session (2nd day). 339 

Scanning session. To guide precise stimulation of the target regions in TMS 340 

sessions, each participant completed a V1 localizer scan (2 runs) and an IPS localizer 341 

scan (1 run), in addition to an anatomical image scan and a retinotopic mapping scan 342 

(see definition of ROIs for details). 343 

Behavioral test sessions (1st day of the pretest and posttest). Participants 344 

performed a long delay orientation discrimination task that was similar to that used in 345 

Experiment 1. In brief, the total duration of each trial was fixed to 7 s. Each trial began 346 

with a central fixation of a black dot shown for 0.6 s on a gray background. The sample 347 
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and test Gabor stimuli were then sequentially presented for 0.2 s each, separated by a 348 

4-s delay. A blank screen was then shown for 2 s. Participants were asked to report 349 

whether the test Gabor was tilted clockwise or counter-clockwise relative to the sample 350 

stimulus within 1.5 s. Notable changes were made to the task design for several 351 

practical concerns. First, we shortened the delay period from 11.8 s to 4 s during online 352 

TMS stimulation. In Experiment 1, the sluggish BOLD signals require a long delay to 353 

isolate WM-related activity, which is not necessary for assessing the neurodisruptive 354 

effects of TMS. Second, taking into considerations of the stimulation site on the left 355 

hemisphere (see Repetitive TMS protocol), we presented the stimulus at one of the 356 

stimulus locations used in Experiment 1 (i.e., lower-right visual field) that corresponds to 357 

the left hemisphere. Third, we used one orientation (55°) as we aimed to compare the 358 

TMS effects on discrimination performance between test phases (i.e., pretest vs. 359 

posttest) and between stimulation conditions (i.e., V1, IPS and sham), rather than 360 

between two orientations (i.e., the trained and untrained orientations). Participants 361 

started with 40 practice trials (a fixed angle difference: 10°) and then completed 2 to 3 362 

runs of the main task using the staircase procedure (~65 trials per run), identical to that 363 

used in the behavioral test sessions of Experiment 1. No feedback on correctness was 364 

provided in these sessions except practice trials. 365 

Training sessions. Participants were trained to discriminate the orientation 366 

around 55° presented at the lower-right visual field. On each session, they performed 16 367 

staircase runs, using the same protocol as that in the training sessions of Experiment 1. 368 

We provided auditory feedback on incorrect trials. We trained participants for 6 days, 369 

resulting in a total of ~6200 trials. 370 
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TMS sessions (2nd day of the pretest and posttest). In an orientation 371 

discrimination task (Fig 2B), we used a fixed angle difference determined by the 372 

threshold from the behavioral test session in corresponding phase for each participant. 373 

Participants started with 40 practice trials and then completed 3 runs (80 trials per run). 374 

In separate runs, the magnetic stimulation was delivered to one of the three stimulation 375 

conditions (V1, IPS and sham) during the delay period. The order of the stimulation 376 

conditions was counterbalanced across participants. No feedback on correctness was 377 

provided in the TMS sessions. 378 

TMS and MRI parameters 379 

MRI data acquisition and preprocessing. Imaging data were acquired on a 3T GE 380 

MEDICAL SYSTEMS scanner located at Peking University using an 8-channel head coil. 381 

For each participant, anatomical images were acquired using T1-weight sequence (TR 382 

= 6.656 ms, TE = 2.92 ms, FOV = 256 × 256 mm2, flip angle: 90°, resolution 1 × 1 × 1 383 

mm3, number of slices: 192, slice thickness: 1 mm, slice orientation: sagittal). Functional 384 

scans were acquired using EPI sequence (TR = 2000 ms, TE = 30 ms, FOV = 224 × 385 

224 mm2, flip angle: 90°, matrix: 64 × 64, resolution 3.5 × 3.5 × 3.5 mm3, gap = 0.7 mm, 386 

number of slices: 33). The same preprocessing procedure was applied to fMRI data as 387 

that in Experiment 1. 388 

Definition of ROIs. For each participant, the functional data were aligned to the 389 

anatomical data in native space. Identical to our ROI definition approach in Experiment 390 

1, we defined V1 using retinotopic mapping and standard phase-encoded method. 391 

Further, we applied a GLM on data from two localizer runs to estimate each voxel’s 392 

response in V1 (i.e., beta estimate, β), allowing us to define the exact stimulus location 393 
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(β: lower-right > upper-left). Further, we selected IPS voxels showing elevated delay 394 

period activity (β: delay period > inter-trial interval), while also locating within an 395 

anatomically defined IPS ROI. In addition, we included a control condition with sham 396 

TMS over the vertex. Vertex was defined as a midpoint between inion and nasion that 397 

was equidistant from left and right intertrachial notches. The coil was centered at the 398 

vertex with its face rotated 90° away from the scalp during stimulation. Thus, no cortical 399 

stimulation should be received during sham TMS.  400 

Repetitive TMS (rTMS) protocol. To investigate the cause role of sensory and 401 

parietal areas during WM retention in discrimination tasks along with training, online 402 

rTMS was applied over V1 and IPS during the delay period. Online 10 Hz rTMS (5 403 

pulses synchronized with 1500 ms after the offset of the sample stimulus) was delivered 404 

at each stimulation site. This TMS protocol was shown to induce interference effects 405 

(Mevorach et al., 2010; Romei et al., 2010; Chang et al., 2014) and disrupt BOLD 406 

signals in the stimulated area in a concurrent fMRI-TMS study (Sack et al., 2007). We 407 

used a fixed intensity of 60% of the stimulator’s maximum output for all participants that 408 

was comparable to previous studies on visual and parietal stimulation (Mevorach et al., 409 

2010; Romei et al., 2010; Chang et al., 2014). Note that we did not use motor threshold 410 

to determine stimulation intensity for individual participant because it is not necessarily a 411 

reliable index of excitability in non-motor areas of the brain (Stewart et al., 2001; 412 

Robertson et al., 2003). Moreover, previous work showed that 10 Hz rTMS induced 413 

disruptive effects in both occipital and parietal areas (Romei et al., 2010), which were 414 

short-lived and observed only by the end of the TMS trains. Meanwhile, a concurrent 415 

EEG-TMS study found that this protocol led to progressively enhanced alpha activity 416 
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during stimulation, which lasted for ~100-150 ms after the last pulse of TMS train (Thut 417 

et al., 2011). Therefore, to avoid the disruptive effect of TMS on the processing of the 418 

test stimulus following the delay period, we added a 2 s delay by the end of the TMS 419 

trains. The TMS coil was air-cooled for more than ten minutes after each run to prevent 420 

overheating of the coil during the experiment. 421 

In particular, we included two target sites (i.e., left V1 and left IPS) for the 422 

following reasons. First, TMS effects on V1 for peripherally presented stimuli (more than 423 

3) are mainly restricted to the lower visual field (Kastner et al., 1998). Considering that 424 

we presented peripheral stimuli at an eccentricity of 6.5 in two stimulus locations (i.e., 425 

upper-left vs. lower-right visual field) in Experiment 1, it is expected to be more effective 426 

to stimulate left V1 that responded to the lower-right visual field. Second, motivated by 427 

our IPS findings in Experiment 1 (see Results), we had a prior to stimulate the left IPS. 428 

In addition, we included a sham condition to account for nonspecific TMS effects related 429 

to variations in general behavioral state (e.g., noise, vigilance).  430 

rTMS pulses were delivered through a MagStim Super Rapid2 stimulator (The 431 

MagStim Company, UK) in combination with a 70-mm figure-of-eight coil. Using fMRI-432 

guided Visor Navigation System (Visor2; Advanced Neuro Technology, Enschede, The 433 

Netherlands), we separately overlaid V1 and IPS on the anatomical MR image for each 434 

participant with their centroid serving as the target site. The center of the coil was 435 

placed tangentially over these sites and a mechanical arm was used to keep the coil 436 

steady on the scalp. During V1 stimulation, the coil was held with the handle pointing 437 

right and parallel to the ground. During IPS stimulation, the coil was held with the handle 438 

pointing away ~45° along the midline (Capotosto et al., 2012; Morgan et al., 2013). The 439 
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coil position in different sites was chosen based on the literature (Janssen et al., 2015) 440 

and was in real-time monitored using Visor2 throughout each session.  441 

Behavioral analysis 442 

Behavioral performance was quantified using the discrimination accuracy and reaction 443 

time (RT). To validate the effect of training, we used paired t-test to compare the 444 

discrimination thresholds between the first and the last sessions of training phase. We 445 

applied two separate two-way repeated-measures ANOVAs (2 TMS conditions: active 446 

vs. sham × 2 test phases: pretest and posttest) on the discrimination accuracy and RT. 447 

To parallel the comparison of fMRI decoding between two brain areas in Experiment 1, 448 

we performed a two-way repeated-measures ANOVAs (2 stimulation sites: V1 vs. IPS × 449 

2 test phases: pretest and posttest) on the sham-normalized discrimination accuracy 450 

(i.e., V1 – sham, IPS – sham). 451 

Results 452 

Experiment 1: fMRI 453 

Perceptual learning improves performance in short and long delay tasks 454 

Perceptual learning improved participants’ discrimination performance, as revealed by 455 

the decreased threshold from the first session (Mean = 3.00°, SD = 0.81°) to the last 456 

session (Mean = 2.11°, SD = 0.51°) of the training phase (Fig 3A, paired t-test: t(15) = 457 

6.40, p < 0.001,  Cohen’s d = 1.600).  458 

To assess the specificity of learning effect, we applied a three-way repeated-459 

measures ANOVA (2 stimulus orientations × 2 stimulus locations × 2 posttest phases) 460 

on MPI in the short-delay task (Fig 3B, left panel). The results showed a main effect of 461 
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stimulus orientation (F(1,15) = 6.06, p = 0.026, 𝜂𝑝
2 = 0.288) and stimulus location (F(1,15) 462 

= 12.51, p = 0.003, 𝜂𝑝
2 = 0.455), indicating more training-induced improvement for the 463 

trained versus untrained orientation, as well as training-induced improvement for the 464 

trained versus untrained location. None of the other main effects or interaction effects 465 

reached significance level (ps > 0.35). Importantly, when applying a two-way ANOVA (2 466 

stimulus orientations × 2 posttest phases) on MPI in the long-delay task (Fig 3B, right 467 

panel), we also observed a significant main effect of the stimulus orientation (F(1,15) = 468 

4.80, p = 0.045, 𝜂𝑝
2 = 0.242), suggesting that training on the short-delay task improved 469 

discrimination performance in the long-delay task. None of the other effects reached 470 

significance level (ps > 0.80).  471 

Perceptual learning does not change BOLD amplitudes in V1 and IPS 472 

To examine whether perceptual learning changes the response amplitude in V1 and IPS 473 

during the delay period, we used event-related analysis that compared BOLD response 474 

between the trained and untrained orientations. Fig 4 showed an example of the 475 

averaged temporal dynamics of BOLD responses in V1and IPS from posttest I. A two-476 

way repeated-measures ANOVA (2 stimulus orientations × 3 test phases) revealed no 477 

significant effects on the delay activity in either V1 (ps > 0.31) or IPS (ps > 0.12). Our 478 

results suggest that training did not alter overall BOLD response during the WM delay in 479 

sensory and higher-order areas. 480 

Perceptual learning alters feature-specific WM representation in V1 and IPS 481 

We next examined whether the feature-specific information was contained in the 482 

distributed pattern activity during the delay period and how training modulated such 483 

representation. Using MVPA (Kamitani and Tong, 2006), we decoded the stimulus 484 
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orientation in V1 during the delay period, separately for each test phase (Fig 5, Left). 485 

Repeated-measures ANOVAs on the classification accuracy in V1 revealed a main 486 

effect of test phases (pretest, posttest I and II) in the contralateral (F(2,30) = 5.72, p = 487 

0.008, 𝜂𝑝
2 = 0.276) and the ipsilateral (F(2,30) = 5.63, p = 0.008, 𝜂𝑝

2  = 0.273) V1. The 488 

decoding accuracies were above chance, as determined by the permutation tests (see 489 

Materials and Methods), in both V1 ROIs before training (contralateral V1: p < 0.001; 490 

ipsilateral V1: p = 0.002; FDR-corrected). In contrast, classification accuracy dropped to 491 

chance level after training for both contralateral and ipsilateral V1 (ps > 0.788, FDR-492 

corrected). These results suggest that training alters the WM representation in V1. One 493 

may argue that participants learned to use some verbal strategies over training that 494 

affected V1 decoding. However, the use of a verbal strategy seems unlikely to perform 495 

our fine discrimination task, where participants discriminated between small angular 496 

differences (3° - 5°) with a trial-wise jitter of orientation (±5°).  497 

To ensure that selected time window for MVPA reflected WM retention and was 498 

not spuriously induced by residual effect of sensory processing, we applied the same 499 

MVPA analysis to the data from ITI, a period following the test stimulus (i.e., 8 s to 10 s 500 

after the onset of the test stimulus). This period presumably contained comparable 501 

sensory information to that during the WM delay following the sample stimulus (i.e., 8 s 502 

to 10 s after the onset of the sample stimulus) but without the demand of WM 503 

maintenance. This control analysis on ITI revealed chance level decoding performance 504 

in all of the test phases and V1 subregions (ps > 0.524) and no significant difference 505 

across test phases (repeated-measures ANOVAs: contralateral: F(2,30) = 0.02, p = 506 

0.984, 𝜂𝑝
2 = 0.001; ipsilateral: F(2,30) = 0.56, p = 0.578, 𝜂𝑝

2 = 0.036). To more directly 507 
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compare the classification accuracy between these two time periods (delay vs. ITI), we 508 

performed a three-way repeated-measures ANOVA (2 V1 ROIs × 2 time periods × 3 509 

test phases), which revealed no three-factor interaction (F(2,30) = 0.37, p = 0.695, 𝜂𝑝
2 = 510 

0.024), but a significant time period × test phase interaction (F(2,30) = 8.19, p = 0.001, 511 

𝜂𝑝
2 = 0.353). None of the other effects reached significance (ps > 0.056). These results 512 

confirm that the learning-dependent changes were specific to the delay period, thus 513 

guarding against the possibility that V1 decoding of feature during WM delay was due to 514 

residual sensory processing.  515 

To address whether high-order areas related to WM processing contained 516 

feature-specific information and how training influenced such representation, we trained 517 

the classifier to distinguish between two orientations in left and right IPS (Fig 5, Right). 518 

Repeated-measures ANOVAs revealed a main effect of test phase (pretest, posttest I 519 

and II) in left IPS (F(2,30) = 3.56, p = 0.041, 𝜂𝑝
2  = 0.192), but not in right IPS (F(2,30) = 520 

0.39, p = 0.684, 𝜂𝑝
2 = 0.025). In particular, the permutation tests revealed above-chance 521 

accuracies in left IPS after training (posttest I: p = 0.013; posttest II:  p = 0.001; FDR-522 

corrected), but not before training (pretest: p = 0.788, FDR-corrected). We did not 523 

observe reliable decoding in any of the test phases for right IPS (ps > 0.165, FDR-524 

corrected). These findings suggest that training rendered WM information to be 525 

encoded in left IPS. 526 

Given that multivariate fMRI results demonstrate distinct profiles of learning-527 

dependent changes in classification performance between V1 and left IPS, we directly 528 

compared the change of decoding performance between these two brain areas. We first 529 

collapsed the results in two V1 ROIs (contralateral and ipsilateral) to obtain a single 530 
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estimate, because a two-way repeated-measures ANOVA (2 V1 ROIs× 3 test phases) 531 

on classification accuracies revealed no main effect of V1 ROIs (F(1,15) = 0.12, p = 532 

0.731, 𝜂𝑝
2 = 0.008) nor two-factor interaction (F(2,30) = 0.43, p = 0.653, 𝜂𝑝

2 = 0.028). 533 

Next, to avoid potential issues relating to cross-region comparisons, we calculated the 534 

difference of classification accuracy between the pretest and posttests (i.e., posttest I – 535 

pretest, posttest II – pretest), separately for V1 and left IPS. A two-way repeated-536 

measures ANOVA (2 ROIs × 2 posttest phases) on the difference of classification 537 

accuracy only revealed a significant main effect of ROI (F(1,15) = 32.14, p < 0.001, 𝜂𝑝
2 = 538 

0.682), supporting differential effects of training on WM representation in sensory and 539 

higher-order parietal areas.  540 

Experiment 2: TMS 541 

Replication of the learning effect on behavior in Experiment 1 542 

Participants were trained on a short-delay orientation discrimination task and showed 543 

decreased threshold over the training sessions (first session: Mean = 2.99°, SD = 0.93°; 544 

last session: Mean = 2.22°, SD = 0.51°; paired t-test: t(19) = 5.15, p < 0.001, Cohen’s d 545 

= 1.152). Similar learning effect was also observed in the long-delay task (pretest: Mean 546 

= 3.46°, SD = 1.11°; posttest: Mean = 2.53°, SD = 0.55°; paired t-test: t(19) = 3.62, p = 547 

0.002, Cohen’s d = 0.809). These results replicated the behavioral effects observed in 548 

Experiment 1, showing that training enhanced discrimination performance in the long-549 

delay task.  550 

The causal role of V1 and IPS in mnemonic processing over training  551 
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While our multivariate analyses in Experiment 1 suggest that perceptual learning 552 

changes the engagement of V1 and left IPS during WM retention, we further took 553 

advantage of TMS to infer causal relation between neural and behavior and examine 554 

how such relation was altered after training.  555 

The results from Experiment 1 showed reliable orientation decoding in V1 during 556 

WM delay before, but not after, training. These results provide a seeming account that 557 

V1 became unnecessary for WM after training. We thus disrupted V1 activity during WM 558 

delay and compared the change of performance to the sham condition (Fig 6A). A two-559 

way repeated-measures ANOVA (2 test phases: pretest vs. posttest × 2 stimulation 560 

conditions: V1 vs. sham) on discrimination accuracy revealed a significant main effect of 561 

the stimulation condition (F(1,19) = 11.05, p = 0.004, 𝜂𝑝
2 = 0.368). None of the other 562 

effects reached significance (ps > 0.263). Further, TMS over V1 impaired performance 563 

both before (t(19) = -1.76, p = 0.047, Cohen’s d = -0.395, one-tailed) and after training 564 

(t(19) = -3.83, p = 0.001, Cohen’s d = -0.857, one-tailed). These results confirmed the 565 

validity of TMS-specific effects on V1 and further suggest the necessary role of V1 for 566 

WM retention both before and after training. 567 

 On the contrary, the fMRI results showed reliable orientation decoding in IPS 568 

during WM delay after, but not before, training. These results predicted a learning-569 

dependent involvement of IPS for WM maintenance. With this rationale, we disrupted 570 

IPS activity during WM delay and compared the change of performance to that in the 571 

sham condition (Fig 6A). A two-way repeated-measures ANOVA (2 test phases: pretest 572 

vs. posttest × 2 stimulation conditions: IPS vs. sham) on discrimination accuracy 573 

revealed a main effect of stimulation condition (F(1,19) = 8.38, p = 0.009, 𝜂𝑝
2 = 0.306). 574 
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Importantly, we observed a two-factor interaction effect (F(1,19) = 4.56, p = 0.046, 𝜂𝑝
2 = 575 

0.193). Simple effect analyses showed that stimulating IPS significantly impaired 576 

performance at the posttest phase (IPS vs. sham: t(19) = -3.29, p = 0.002, Cohen’s d = -577 

0.735, one-tailed), but not at the pretest phase (IPS vs. sham: t(19) = -0.47, p = 0.322, 578 

Cohen’s d = -0.105, one-tailed). These results converged with fMRI findings and jointly 579 

suggest that perceptual learning enhanced the involvement of IPS in WM maintenance. 580 

To parallel the cross-region comparison of the training effect on fMRI decoding, 581 

we performed a two-way repeated-measures ANOVA (2 stimulation sites: V1 vs. IPS × 582 

2 test phases: pretest vs. posttest) on the sham-normalized discrimination accuracy 583 

(see Materials and Methods). This analysis revealed neither a main effect of stimulation 584 

sites (F(1,19) = 1.29, p = 0.270, 𝜂𝑝
2 = 0.064) nor significant interaction (F(1,19) = 1.04, p 585 

= 0.321, 𝜂𝑝
2 = 0.052). Although potential differences in TMS efficacy between sensory 586 

and higher-order areas may be responsible for the lack of cross-region difference, we 587 

cannot conclude that neurodisruptive effects between V1 and IPS were different. 588 

However, we should note that this result does not affect the observed learning-589 

dependent changes of mnemonic processing in these two regions, separately. 590 

To rule out the alternative possibility that the disruptive effect of TMS on the 591 

accuracy reflected the speed-accuracy tradeoff, we performed the same ANOVA tests 592 

on RT (Fig 6B). The results showed main effects of test phases (2 test phases: pretest 593 

vs. posttest × 2 stimulation conditions: V1 vs. sham: F(1,19) = 18.11, p < 0.001, 𝜂𝑝
2 = 594 

0.488; 2 test phases: pretest vs. posttest × 2 stimulation conditions: IPS vs. sham:  595 

F(1,19) = 14.95, p = 0.001, 𝜂𝑝
2  = 0.440), suggesting an effect due to practice. 596 
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Importantly, there were no significant interaction effects in these analyses (ps > 0.150), 597 

eliminating the account of speed-accuracy tradeoff.  598 

Discussion 599 

In the present study, we provide evidence that training alters mnemonic representation 600 

of simple visual features (i.e., orientation) in a discrimination task. We focused on V1 601 

and IPS that have been associated with WM retention for visual features (Harrison and 602 

Tong, 2009; Serences et al., 2009; Bettencourt and Xu, 2016; Weber et al., 2016). In 603 

particular, combining fMRI decoding and TMS techniques, we found orientation-specific 604 

information during WM delay that was decodable in V1 before, but not after, training; 605 

whereas the V1 stimulation led to decreased behavior performance both before and 606 

after training. In contrast, both fMRI decoding and TMS results showed that IPS 607 

represented WM content after, but not before, training. These findings thus point to 608 

learning-related changes in mnemonic representation of visual features at different 609 

cortical levels, complementing prior studies that mainly addressed learning-dependent 610 

alterations in sensory and decision-making processes.  611 

Previous neurophysiological and neuroimaging studies have shown training-612 

induced changes in visual cortex that presumably occurred at an early stage of 613 

encoding processes (Schoups et al., 2001; Schwartz et al., 2002; Furmanski et al., 2004; 614 

Yang and Maunsell, 2004; Yotsumoto et al., 2008; Jehee et al., 2012; Yan et al., 2014; 615 

Chen et al., 2015). Here, we examined the contribution of visual cortex to mnemonic 616 

representation. Converging pre-training results from fMRI decoding and TMS provided 617 

direct support for the theoretical hypothesis of “sensory recruitment of WM” (Pasternak 618 

and Greenlee, 2005; Harrison and Tong, 2009; Serences et al., 2009). Extending 619 
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beyond these findings, we further tested the effects of training on the sensory 620 

engagement for WM. Unexpectedly, while the post-training TMS results suggests a 621 

learning-independent mechanism of V1 during WM maintenance, we did not find 622 

decodable WM information in V1. Of note, the null result in V1 decoding after training 623 

was paired with positive results of V1 decoding before training, using the same sets of 624 

voxels and analytical approach. It is thus unlikely that this null effect reflected lack of 625 

sensitivity in voxel selection for decoding. Therefore, we speculate that training moulds 626 

the coding format in this region that is insensitive to decoding. 627 

Although our observation of learning-independent behavioral impairment after 628 

V1 stimulation seems at odds with the inability to decode WM content in V1 specifically 629 

after training, such discrepancy may be reconciled by a time-varying attentional 630 

modulation on sensory processing given the close relationship between WM and 631 

attention (Awh and Jonides, 2001; Gazzaley and Nobre, 2012). Itthipuripat and 632 

colleagues (2017) found a dominance of attentional gain modulation on sensory activity 633 

early in training, which was abolished at late phase of training. This reported change of 634 

gain modulation (i.e., early vs. late phase of training) may correspond to our observation 635 

of changes in pattern difference between two features (i.e., before vs. after training) in 636 

V1. In particular, the lack of gain modulation after extensive training may correspond to 637 

the absence of decodable WM content. The inability to decode memorized features, 638 

however, does not necessarily mean the absence of information. Instead of a gain 639 

mechanism, training was proposed to improve performance via noise reduction 640 

(Itthipuripat et al., 2017), to which the MVPA of fMRI data might be insensitive. 641 
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 An alternative interpretation for the lack of decodable WM information in V1 642 

after training is that training induced synaptic changes in WM storage (Mongillo et al., 643 

2008; Christophel et al., 2017; Masse et al., 2020). Previous studies using 644 

computational modeling offered a plausible mechanism of activity-silent short-term 645 

retention of WM, where the feature-specific information can be retained in the pattern of 646 

synaptic weights even in absence of persistent delay activity (Mongillo et al., 2008; 647 

Masse et al., 2020). We thus speculate that such effect of synaptic facilitation might be 648 

sufficient for mnemonic processing of features after training without relying upon 649 

pattern-level differences. Nevertheless, our current study was not sufficient to 650 

discriminate between these two possibilities (i.e., noise reduction vs. synaptic changes). 651 

Further investigations with advanced neurobiological techniques are needed to clarify 652 

this issue. 653 

 Another governing assumption in WM research has been that the retention of 654 

WM information is supported by the delay period activity in the frontoparietal network 655 

(D’Esposito and Postle, 2015; Sreenivasan and D’Esposito, 2019). Here, we also 656 

showed elevated delay period activity in IPS, which was not influenced by training. 657 

Although the pattern activity during the delay period did not contain feature information 658 

(i.e., orientation) before training, as also reported in other studies (Linden et al., 2012; 659 

Riggall and Postle, 2012), combined evidence from fMRI decoding and TMS suggest 660 

that after training, IPS became engaged for feature-specific mnemonic processing. 661 

Such learning-dependent changes in IPS may contribute to the formation of a more 662 

stabilized WM representation in higher-order areas. Combined with the findings in V1, 663 

we suggest that discrimination training may alter feature-specific WM coding at different 664 
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cortical levels for complementary roles (Bettencourt and Xu, 2016; Lorenc et al., 2018). 665 

It is worth noting that some previous studies showed decodable WM content in IPS 666 

without training (Bettencourt and Xu, 2016; Cai et al., 2019; Rademaker et al., 2019), 667 

differing from the lack of IPS decoding before training in our data. This apparent 668 

discrepancy can be ascribed to the different parietal subregions defined across studies: 669 

we used the delay-period activity to define IPS, whereas other studies used retinotopic 670 

mapping procedure (Rademaker et al., 2019) or tasks measuring WM capacity 671 

(Bettencourt and Xu, 2016). This possibility was supported by the study from 672 

Bettencourt and Xu (2016), where they found decodable WM content in IPS regions 673 

sensitive to WM load, but not for IPS defined by topographic or anatomical features. In 674 

addition, the differences in the presented stimulus may also contribute to differences in 675 

fMRI decoding: we used a small, peripheral stimulus, in contrast to the large and 676 

centrally presented stimulus used in their studies (Bettencourt and Xu, 2016; 677 

Rademaker et al., 2019).  678 

We should note that IPS may not be the unique region that shows robust delay 679 

period activity, as prefrontal cortex (PFC) also exhibited elevated delay activity that can 680 

be selective for different stimuli (Miller et al., 1996; Stokes et al., 2013; Ester et al., 681 

2015). However, many neuroimaging studies using MVPA failed to decode WM content 682 

in this region (Christophel et al., 2012; Riggall and Postle, 2012; Lee et al., 2013; Ester 683 

et al., 2015; LaRocque et al., 2017). The absence of decodable WM content may reflect 684 

the limitations of applying MVPA techniques to PFC, as suggested by a meta-analysis 685 

(Bhandari et al., 2018) and other studies showing stimulus-specific response in PFC by 686 

means of the inverted encoding models (Ester et al., 2015). Another possibility is that 687 
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PFC activity primarily represent higher order information, such as task rules, abstract 688 

representations of categories (Lee et al., 2013; Ester et al., 2015). Future studies may 689 

use other analytical approaches and neurophysiological methods to investigate 690 

learning-dependent modification in the WM representation in PFC.  691 

Previous studies have produced mixed results regarding the involvement of V1 692 

and IPS during WM delay, especially between human and non-human primates. Here, 693 

we point to the role of training that may explain such discrepancy. While human only 694 

need a few trials to familiarize the task, monkeys have to go through extensive training 695 

before recording their neural activity, analogous to the measurement of post-training 696 

performance in human learning studies. In this regard, the decodable WM content found 697 

in human V1 (Harrison and Tong, 2009; Serences et al., 2009) versus weak (or absent) 698 

WM information reported in sensory areas from neurophysiological studies (Zaksas and 699 

Pasternak, 2006; Mendoza-Halliday et al., 2014) may reflect the key difference in 700 

training. Similarly, the decodable WM information contained in elevated delay period 701 

activity from neurophysiological studies (Baeg et al., 2003; Averbeck and Lee, 2007) 702 

versus the mixed results of WM decoding in parietal cortex from human neuroimaging 703 

studies (Linden et al., 2012; Riggall and Postle, 2012) may also relate to the difference 704 

in training. Thus, we provide a plausible account that can reconcile the discrepant 705 

findings across species. That is, the neural locus of WM representation depends 706 

critically upon training. 707 

Interestingly, a previous study that used feature discrimination task showed a 708 

lack of TMS effect when stimulating IPS both before and after training (Chang et al., 709 

2014). However, in that study, two features were concurrently, rather than sequentially, 710 
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shown to the participants. This design did not require short-term memory retention of a 711 

particular item and thus involvement of IPS was not necessary for performing the task. 712 

The contrast between our results and the findings in Chang et al. (2014) supported the 713 

critical dependence on parietal cortex to afford stable WM representation after training, 714 

specifically when the task included mnemonic processing of the stimuli (Postle, 2006; 715 

Xu, 2017). 716 

In summary, discrimination training influenced the mnemonic processing of visual 717 

features in sensory and higher-order areas. Although the sensory engagement for WM 718 

is relatively independent of training, training may alter the coding format of WM content 719 

in this region. In contrast, the recruitment of higher-order parietal areas for WM 720 

representation depends upon training, potentially contributing to a more stabilized 721 

representation along with improved discriminability. The feature-specific WM 722 

representation at different cortical areas may serve complementary roles to support 723 

learning-related brain plasticity throughout multiple cortical hierarchy (Watanabe and 724 

Sasaki, 2015; Dosher and Lu, 2017; Maniglia and Seitz, 2018). 725 

  726 
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Figure Legends 951 

Fig 1. Procedure and tasks for Experiment 1.  952 

(A) Participants completed four phases in Experiment 1, including (1) a 2-day pretest, (2) a 6-953 

day training, (3) a 2-day posttest I and (4) a 2-day posttest II. Each test phase comprised of a 954 

behavioral and a scanning session, as separately denoted by black and gray bars. The first 955 

session of each test phase (behavioral session) included both short- and long-delay tasks. The 956 

second session of each phase (scanning session) included the long-delay task to address 957 

neural activity during WM delay. Training phase used short-delay task only. (B) Trial sequence 958 

of short-delay (Left) and long-delay (Right) orientation discrimination tasks. Participants viewed 959 

two sequentially presented stimuli and reported whether the test stimulus was tilted clockwise or 960 

counterclockwise relative to the sample stimulus in both tasks. 961 

 962 

Fig 2. Procedure and tasks for Experiment 2.  963 

(A) Participants completed four phases in Experiment 2, including (1) fMRI localizer scans for 964 

ROIs definition (V1 and IPS), (2) a 2-day pretest, (3) a 6-day training, (4) a 2-day posttest. 965 

Pretest and posttest were completed one day before and after the training phase. The two 966 

sessions of each test phase were behavioral and TMS sessions, respectively. Both sessions 967 

included the long-delay orientation discrimination task. Training phase included the same short-968 

delay task as that used in Experiment 1. (B) Trial sequence of the long-delay orientation 969 

discrimination task. Participants viewed two sequentially presented stimuli and reported whether 970 

the test stimulus was tilted clockwise or counterclockwise relative to the sample stimulus. An 971 

online 10 Hz rTMS (5 pulses synchronized with 1500 ms after the offset of the sample stimulus) 972 

was delivered to one of the stimulation conditions (i.e., V1, IPS or sham). 973 

 974 
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Fig 3. Behavioral results of Experiment 1.  975 

(A) Participants’ discrimination threshold decreased significantly over training sessions. (B) 976 

Participants’ performance during the posttest phases. (Left) Mean percent improvement (MPI) in 977 

the short-delay task during the posttest phase I and II. MPI showed learning specificity for the 978 

trained compared to the untrained orientation presented at the trained versus untrained location 979 

in both posttest phases. Orientation was abbreviated as ori for the condition labels. (Right) MPI 980 

in the long-delay task during the posttest phase I and II. MPI was significantly higher for the 981 

trained versus untrained orientation in both posttest phases. Error bars represent standard error 982 

of the mean across participants.  983 

 984 

Fig 4. Time course of z-transformed BOLD activity in V1 and IPS in posttest I.  985 

(A) Time course of BOLD activity in contralateral and ipsilateral V1. (B) Time course of BOLD 986 

activity in left and right IPS. The gray and black triangles indicate time points selected for all 987 

subsequent analyses of the delay period and the ITI, respectively. Event labels above the x axis 988 

are shown at the corresponding time points to represent the Sample (S), Delay (D) and Test (T) 989 

periods, respectively. Each subplot shows the time course of BOLD response for the trained 990 

and untrained orientations. Error bars represent standard error of the mean across participants.  991 

 992 

Fig 5. MVPA results of Experiment 1.  993 

(A) Orientation decoding in contralateral and ipsilateral V1 across three test phases. 994 

Classification accuracies were above chance only for the pretest phase in both V1 ROIs. (B) 995 

Orientation decoding in left and right IPS across three test phases. Classification accuracies 996 

were above chance only for the posttest phases in left IPS. The dashed lines denote maximal 997 

significance threshold across all conditions obtained from the permutation tests. Note that the 998 

significance thresholds were shown only for the purpose of visualization. The reported p-values 999 
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were obtained from the permutation tests for each ROI and each condition, and corrected for 1000 

multiple comparisons using FDR method. Error bars represent standard error of the mean 1001 

across participants.  1002 

 1003 

Fig 6. TMS results of Experiment 2.  1004 

 (A) Discrimination accuracy at the pretest and posttest phases. From left to right, each pair of 1005 

bars corresponds to behavioral performance before and after training across different TMS 1006 

conditions (sham, V1 and IPS). Discrimination accuracy was significantly lower for V1 1007 

stimulation versus sham condition in both pretest and posttest phases. Discrimination accuracy 1008 

was significantly lower for IPS stimulation versus sham condition only in the posttest phase. (B) 1009 

RT at the pretest and posttest phases. RTs were significantly shorter in the posttest than in the 1010 

pretest phases across TMS conditions. Error bars represent standard error of the mean across 1011 

participants.  1012 
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