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Abstract 28 

Multivariate analyses of hemodynamic signals serve to identify the storage of specific stimulus 29 

contents in working memory. Representations of visual stimuli have been demonstrated both in 30 

sensory regions and in higher cortical areas. While previous research has typically focused on the 31 

working memory maintenance of a single content feature, it remains unclear whether two separate 32 

features of a single object can be decoded concurrently. Also, much less evidence exists for 33 

representations of auditory compared with visual stimulus features. To address these issues, human 34 

participants had to memorize both pitch and perceived location of one of two sample sounds. After a 35 

delay phase, they were asked to reproduce either pitch or location. At recall, both features showed 36 

comparable levels of discriminability. Region-of-interest-based decoding of functional magnetic 37 

resonance imaging data during the delay phase revealed feature-selective activity for both pitch and 38 

location of a memorized sound in auditory cortex and superior parietal lobule. The latter region 39 

showed higher decoding accuracy for location than pitch. In addition, location could be decoded 40 

from angular and supramarginal gyrus and both superior and inferior frontal gyrus. The latter region 41 

also showed a trend for decoding of pitch. We found no region exclusively coding pitch memory 42 

information. In summary, the present study yielded evidence for concurrent representations of pitch 43 

and location of a single object both in sensory cortex and in hierarchically higher regions, pointing 44 

towards representation formats that enable feature integration within the same anatomical brain 45 

regions. 46 

 47 

  48 
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Significance Statement 49 

Decoding of hemodynamic signals serves to identify brain regions involved in the storage of stimulus-50 

specific information in working memory. While to-be-remembered information typically consists of 51 

several features, most previous investigations have focused on the maintenance of one memorized 52 

feature belonging to one visual object. The present study assessed the concurrent storage of two 53 

features of the same object in auditory working memory. We found that both pitch and location of 54 

memorized sounds were decodable both in early sensory areas, in higher-level superior parietal 55 

cortex and, to a lesser extent, in inferior frontal cortex. While auditory cortex is known to process 56 

different features in parallel, their concurrent representation in parietal regions may support the 57 

integration of object features in working memory. 58 

 59 

 60 

  61 
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Introduction 62 

Working memory (WM) is a capacity-limited system enabling the temporary maintenance and 63 

manipulation of information (Baddeley, 1992). Functional magnetic resonance imaging (fMRI) has 64 

been used to identify brain regions underlying the storage of WM contents. In line with monkey 65 

electrophysiology and lesion studies (Fuster and Alexander, 1971; Petrides, 2000), univariate 66 

analyses have supported the role of prefrontal and parietal cortex for stimulus processing in WM 67 

(Courtney et al., 1997; Pessoa et al., 2002; Curtis and D'Esposito, 2003; Todd and Marois, 2004; 68 

Bledowski et al., 2009). Multivariate decoding approaches, allowing the identification of content-69 

specific activation patterns (Kriegeskorte et al., 2006; Haynes, 2015), have shown that early sensory 70 

regions are involved in the temporary storage of low-level sensory features (Harrison and Tong, 71 

2009; Serences et al., 2009; Christophel et al., 2012; Riggall and Postle, 2012). Stimulus-specific 72 

information was decodable also from the intraparietal sulcus (Bettencourt and Xu, 2016; Galeano 73 

Weber et al., 2016; Christophel et al., 2018; Lorenc et al., 2018; Rademaker et al., 2019) and even 74 

fronto-parietal regions (Ester et al., 2015). In summary, representations of WM contents are 75 

distributed across multiple cortical areas, whereby hierarchically higher regions likely code 76 

information at a higher level of abstraction than early sensory areas (Christophel et al., 2017).  77 

 78 

Although multiple items can be held in visual WM (Ma et al., 2014), most multivariate decoding 79 

studies have required the maintenance of one single-feature item only (e.g., Harrison and Tong, 80 

2009; Rademaker et al., 2019), or they have assessed the classification performance for one item 81 

when additional stimuli had to be memorized (Emrich et al., 2013; Gosseries et al., 2018). While 82 

some investigations have suggested that only a single item in the focus of attention is accompanied 83 

by a stimulus-selective activation pattern (Lewis-Peacock et al., 2012; LaRocque et al., 2017; Wolff et 84 

al., 2017), others have demonstrated the decodability of currently irrelevant (Peters et al., 2015; van 85 

Loon et al., 2018) or unattended contents (Christophel et al., 2018). When up to two visual objects 86 

had to be maintained, concurrent decoding of their positions revealed an inverse relationship 87 

between memory load and classification performance (Sprague et al., 2014). While these previous 88 
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studies have demonstrated concurrent decoding of the same target feature in two memorized 89 

objects, it remains unclear whether and where in the brain two different, task-relevant features of 90 

one perceptual object can be decoded concurrently during maintenance in WM. 91 

 92 

While most WM decoding studies have investigated visual materials, less is known about the 93 

maintenance of auditory stimulus features. The few existing multivariate studies have focused on 94 

sound identity defined either by frequency or amplitude modulation rate, which could be decoded in 95 

auditory regions (Linke et al., 2011) and, additionally, in inferior frontal (Kumar et al., 2016) or 96 

precentral cortex (Uluc et al., 2018). In contrast, we are not aware of multivariate analyses of WM 97 

maintenance of sound location, which is thought to be processed in parallel to sound identity along a 98 

separate cortical pathway (Rauschecker, 1998; Alain et al., 2001; Arnott et al., 2004).  99 

 100 

The aims of the present study were thus twofold. We sought to assess the concurrent decoding of 101 

two features of a single memorized object and to expand the knowledge on WM representations of 102 

acoustic stimulus features. We hypothesized that both pitch and location of a memorized sound can 103 

be decoded concurrently from auditory cortex, whereas regions along the putative auditory dorsal 104 

and ventral streams should preferentially code either location or pitch, respectively. 105 

 106 

Materials and Methods 107 

Participants 108 

42 healthy participants (29 females, mean age 22.7 years, SD = 3.96) with normal or corrected-to-109 

normal vision were recruited for a behavioral pilot test that comprised the experimental fMRI tasks 110 

and served as a performance screening and practice session. 14 participants were excluded after 111 

behavioral testing for one of the following reasons: Reporting the task as being very difficult (2 112 

participants), detection threshold for location changes exceeding 70° (6 participants), poor accuracy 113 

in reproducing pitch or location from memory (3 participants), drop-out prior to the first fMRI 114 

session (3 participants). 28 participants (20 females, mean age 21.04 years, SD = 5.39) completed 115 
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three fMRI sessions lasting approximately 2 hours each. All participants provided written informed 116 

consent and received monetary reimbursement for participation (€10 per hour). The study was 117 

conducted at the Goethe University, Frankfurt am Main/Germany, and was approved by the ethics 118 

committee of the university of Frankfurt medical faculty.  119 

 120 

Stimuli and Apparatus 121 

The stimuli were two-dimensional feature combinations of a complex sound and a spatial location 122 

(Figure 1a). The spectral frequencies of the presented sounds were a combination of three harmonic 123 

band-passed noises (a fundamental frequency and two harmonics, each band-pass filtered to a 124 

bandwidth of 1/10 octave). Sound duration was 300 ms with rise and fall times of approx. 50 ms. The 125 

fundamental frequencies ranged from 286.41 Hz to 451.15 Hz in six equal steps in logarithmic space. 126 

The spatial stimulus feature was generated by introducing an interaural time difference (i.e., a sound 127 

onset delay between the left and right headphone) of 0.53 ms, 0.34 ms, or 0.12 ms, corresponding 128 

roughly to 64°, 39° and 13° from center to the left and to the right, respectively. The stimulus pool 129 

thus consisted of 36 (6 x 6) different combinations of pitch and location. Stimuli were processed with 130 

an external soundcard (Fireface UC, 192 kHz sampling rate, RME, Haimhausen, Germany) and 131 

presented at a comfortable intensity (approx. 85–95 dB SPL) via MRI-compatible noise cancellation 132 

headphones (OptoActive, Optoacoustics Ltd, Mazor, Israel). Stimulus construction and timing were 133 

controlled with Matlab R2012b (The MathWorks, Inc., Natick, Massachusetts, United States) and the 134 

Psychophysics Toolbox (Brainard, 1997). 135 

 136 

Experimental Design: Localizer Experiment 137 

In the localizer experiment, participants had to selectively encode the pitch or location of two 138 

sequentially presented sounds (300 ms sound duration each) and compare one of them, which was 139 

retrospectively cued, to a subsequent test sound. Participants had to decide whether the test sound 140 

matched the cued item on the task-relevant feature dimension (two-alternative forced choice 141 

match/non-match task) within a response window of 2 s. No specific instructions were given with 142 
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respect to speed or accuracy. The task-relevant feature was altered between recording blocks and 143 

was indicated by a colored (yellow or blue) fixation circle, which was presented at the screen center 144 

for 1 s at block onset, and remained on the screen throughout the block (color x task association was 145 

counterbalanced across participants). Participants were instructed to maintain central fixation 146 

throughout the experimental blocks. Each block lasted 16 s and comprised three trials followed by a 147 

16-s resting period. Each trial began with the presentation of the first stimulus for 300 ms, followed 148 

by an inter-stimulus interval of 300 ms and the presentation of the second stimulus for 300 ms. 300 149 

ms after the second stimulus, a numeric cue appeared for 500 ms that indicated whether the first or 150 

second stimulus had to be compared to the upcoming test tone. After cue presentation, the test 151 

stimulus appeared immediately for 300 ms followed by a 1.7-s response period in which the 152 

participants indicated via button press whether the test stimulus was identical to the target stimulus 153 

or deviated from it on the task-relevant feature dimension. If participants did not respond within 2 s, 154 

the trial was recorded as incorrect. Then a visual feedback (red or green fixation circle for incorrect 155 

or correct responses, respectively) appeared for 300 ms, followed by an inter-trial interval of 1 s. 156 

There was one run per fMRI session. Each run contained 48 blocks (24 per feature), resulting in 72 157 

trials per run and feature. Half of the trials per feature were match trials (i.e., target and test 158 

stimulus were identical). In non-match trials the difference between the target and the test stimulus 159 

was controlled by a one-up/two-down staircase procedure targeting 70.7% correct non-match 160 

responses. The initial difference between target and test was 80° for location trials and 0.04 log10(Hz) 161 

for pitch trials (with a step size of 5° or 0.02 log10(Hz) for location and pitch, respectively). The 162 

staircases ran continuously across all four sessions (behavioral session and 3 fMRI sessions). On each 163 

trial, pitch and location were drawn randomly without replacement for both stimuli, with the 164 

restriction that laterality was counterbalanced per run and target feature. Serial position and 165 

laterality of the target stimulus were counterbalanced per run and target feature. Please note that 166 

data from the localizer experiment were also used for a separate study (Erhart et al., 2021). 167 

 168 
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Experimental Design: Main Experiment 169 

In the main experiment, participants memorized pitch and location of two sequentially presented 170 

sounds for a continuous recall task that allowed to freely adjust a probe stimulus to reproduce the 171 

pitch or location value from memory (Figure 1a). After stimulus presentation, participants were 172 

informed by a sample cue which stimulus (but not which feature) would be task-relevant at the end 173 

of the trial. Thus participants had to maintain both pitch and location of the cued stimulus 174 

throughout the delay period. After the retention period, participants were informed via a feature cue 175 

about the to-be-reported feature (pitch or location) and subsequently reported the target feature via 176 

a continuous probe-adjustment procedure. The trial structure was as follows: 1-s fixation period with 177 

a white fixation circle at the screen center, first sample stimulus (300 ms), inter-stimulus interval (1 178 

s), second sample stimulus (300 ms). After a 300-ms delay, a sample cue (the number "1" or "2") 179 

appeared for 500 ms that indicated the serial position of the task-relevant item, i.e., whether the first 180 

or the second sample stimulus had to be maintained. The 8-s delay period was followed by a feature 181 

cue (500 ms) that indicated by color (yellow or blue) which feature to report in the subsequent 182 

continuous recall procedure. After the feature cue, a probe tone was presented. The probe tone 183 

lasted 300 ms and was continuously repeated either until a response was made or the 10-s response 184 

window ended. The probe tone had a random start value on the to-be-reported feature dimension 185 

and was identical to the target stimulus on the task-irrelevant feature dimension. Participants 186 

adjusted the respective target feature by rotating a trackball to the left or right and entered their 187 

response via button press. The response space for pitch was a continuous space that spanned one 188 

octave (C4 to B4) from 261.62 to 493.88 Hz. The response space for location was a continuous space 189 

ranging from 90° on the left to 90° on the right with a maximum interaural time difference of 0.68 190 

ms. Participants received feedback about their recall accuracy at the end of each trial. Following the 191 

response, the fixation circle took on a color between green and red indicating the error magnitude 192 

(300 ms). The inter-trial interval (blank screen) lasted 3, 4, 5, or 6 s. The inter-trial interval duration 193 

was counterbalanced and randomized across trials.  194 

 195 
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As we had expected a relatively poor classifier performance on the basis of comparable previous 196 

studies (Kumar et al., 2016), we decided to record a large number of trials per condition requiring 197 

three separate MR recording sessions per participant. Each fMRI session contained four runs of the 198 

experiment. Each run contained 24 trials (96 trials per session). Within each session, each of the 36 199 

feature combinations appeared at least once as the target and once as the non-target for each serial 200 

position, resulting in 72 unique examples of feature combination x serial position for target and non-201 

target stimuli. The remaining 24 trials per session were filled up with randomly drawn feature 202 

combinations. Serial position and retrieval feature of the target stimulus were counterbalanced 203 

within runs. 204 

 205 

Figure 1 about here 206 

 207 

Data Acquisition 208 

fMRI data were collected with a 3-Tesla Magnetom Prisma MR scanner (Siemens, Erlangen, 209 

Germany), located at the Brain Imaging Center Frankfurt. We used a 64-channel head coil. We 210 

acquired whole-brain echo-planar images (EPI; 51 axial slices aligned approximately in parallel to the 211 

anterior and posterior commissures, 2 × 2 × 2-mm resolution, 1-mm gap, field of view (FoV) = 192 212 

mm, repetition time (TR) = 1 s, time echo (TE) = 30 ms, flip angle = 90°, interleaved acquisition) and a 213 

high-resolution T1-weighted image (192 sagittal slices, 1 × 1 × 1-mm resolution, FoV =256 mm, TR = 1 214 

s, TE = 2.52 ms). Within each session, we collected 4 runs of the WM main experiment, followed by 215 

the T1 image acquisition, and the localizer task. Between two consecutive runs, and prior to the 216 

localizer task, we recorded 5 EPI volumes with reversed phase encoding direction for the correction 217 

of field inhomogeneities.  218 

 219 

fMRI Preprocessing 220 

Functional imaging data were preprocessed using FSL (https://fsl.fmrib.ox.ac.uk) and SPM12 221 

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12). Functional data were motion-corrected via FSL 222 
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MCFLIRT. A 52nd slice was added to each functional volume by duplicating the bottom slice of each 223 

volume to perform distortion correction (this was necessary, as FSL’s topup procedure for distortion 224 

correction requires an even slice number). Subsequently, all runs were distortion corrected via FSL’s 225 

topup (for each functional run a susceptibility-induced off-resonance field was estimated based on 226 

two consecutively acquired images with reversed phase-encoding blips, and applied to the functional 227 

images for distortion correction (Andersson et al., 2003; Smith et al., 2004). After distortion 228 

correction, the 52nd slice was removed and all distortion-corrected runs were then realigned onto 229 

the first volume of the first session's localizer run (as the localizer was closest to the T1-image 230 

acquisition) and, in a second step, onto the mean image of all runs, using SPM. No normalization, 231 

spatial smoothing or slice-time correction were performed. The anatomical image was coregistered 232 

to the functional mean image. 233 

 234 

Univariate Analyses: Localizer Task 235 

To identify feature-selective voxels for the multivariate decoding analysis, we estimated the BOLD 236 

activity during pitch and location blocks of the localizer task. A general linear model (GLM) with 8 237 

regressors (pitch blocks, location blocks and 6 motion regressors) was designed using hemodynamic 238 

response functions (HRF) time-locked to the onset of each block with a duration of 16 s. The GLM 239 

included the localizer runs of all three fMRI sessions. To identify voxels that responded to pitch or 240 

location processing, we generated separate t-maps for pitch and location blocks by contrasting each 241 

regressor with the implicit baseline. These t-maps were subsequently used for specification of the 242 

regions of interest (see next section). 243 

 244 

Regions of Interest 245 

Regions of interest (ROIs) were based on anatomically defined regions that had been found to be 246 

involved in the processing of auditory spatial and non-spatial information (Arnott et al., 2005; Alain 247 

et al., 2008; Alain et al., 2018). Specifically, we predefined a set of seven ROIs using the Harvard-248 

Oxford cortical and subcortical structural atlases (Desikan et al., 2006). The auditory cortex ROI 249 
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included Heschl’s gyrus, planum temporale and the posterior division of the superior temporal gyrus, 250 

the inferior parietal ROI comprised the angular gyrus and the anterior and posterior division of the 251 

supramarginal gyrus, the superior frontal ROI comprised the superior frontal gyrus, the temporal 252 

pole ROI comprised the anterior divisions of the superior temporal and middle temporal gyrus and 253 

the temporal pole, the inferior frontal ROI comprised the pars triangularis and pars opercularis of the 254 

inferior frontal gyrus, the superior parietal ROI comprised the superior parietal lobule, and the 255 

middle frontal ROI comprised the middle frontal gyrus. We considered the auditory cortex ROI as the 256 

starting point of both auditory processing streams, the inferior parietal and superior frontal ROIs 257 

were thought to be associated with the auditory dorsal pathway, and the temporal pole and inferior 258 

frontal ROIs to be associated with the auditory ventral pathway. The superior parietal and middle 259 

frontal ROIs were chosen as higher-level WM-relevant regions not predominantly associated with 260 

one of the pathways. The anatomical probability maps (MNI space) were extracted from the FMRIB 261 

Software Library (FSL) Harvard-Oxford cortical and subcortical structural atlases (Desikan et al., 262 

2006). ROIs were transformed into each participant’s native space using SPM’s segmentation and 263 

normalization functions. Finally, maps were thresholded to exclude voxels with a probability of 264 

forming part of the chosen areas of < 0.1, which at the same time avoided overfitting (Christophel et 265 

al., 2018). To further condense the ROIs to feature-selective voxels, each of the binary ROI maps was 266 

multiplied with the pitch and location contrast t-maps from the localizer task. This resulted in 267 

separate versions of ROI maps for pitch and location for each participant. We then created 30 268 

different versions of each ROI and feature by selecting the n voxels with the strongest response 269 

above or below baseline, i.e., with the n largest absolute t-values. N varied from 100 to 3000 voxels 270 

in steps of 100 voxels (Christophel et al., 2018). Multivariate analysis was performed on each of these 271 

ROIs and then subjected to a cross-validation scheme to select the final ROI size for each subject 272 

independently. For details, see section on Multivariate Analyses below. 273 

 274 
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Multivariate Analyses: Main Experiment 275 

Multivariate analyses were carried out on session-specific delay-period t-maps for each of the 36 276 

feature combinations x serial position of the target and non-target stimulus, respectively. First, trial-277 

specific BOLD signals for the delay period were estimated using the Least Squares Single (LS-S) 278 

approach described by Mumford et al. (2012). To estimate trial-specific delay period activity, we 279 

generated one GLM per trial. Each GLM contained 5 condition regressors (one regressor for the 280 

single trial’s delay-period, one regressor for the delay period of the remaining trials of the run, and 281 

three regressors for the encoding period, stimulus cue and response period across all trials of the 282 

run) and 6 motion regressors. Each condition regressor was convolved with the HRF and time-locked 283 

to the event onset. t-Maps for the delay period of each trial were then calculated by contrasting the 284 

respective trial-specific delay regressor with the implicit baseline. The resulting 96 trial-wise t-maps 285 

per recording session were then averaged into 72 condition examples (36 feature combinations x 2 286 

serial positions) for target and non-target stimuli, respectively. Multivoxel pattern analysis (MVPA) 287 

classification was done with the MVPA-light toolbox for Matlab (Treder, 2020). We used linear SVM 288 

classification to decode pitch and location information within each ROI separately. Data were 289 

median-split into two classes for each feature dimension. Our decoding analysis pursued two goals. 290 

First, to decode stimulus-specific information of the task-relevant item. Second, to demonstrate that 291 

the decoded signal was specific to the prioritized, task-relevant item and did not reflect memory-292 

unspecific, encoding related signals. To this end, our classification models were exclusively trained on 293 

data with target-stimulus class labels but separately applied to classify target and non-target feature 294 

classes. The degree to which decoding accuracy differs between target and non-target classification 295 

reflects signal differences that are introduced only by the retro-cue that indicated the to-be-recalled 296 

item and thus assigned the roles of target and non-target. The classification models were iteratively 297 

trained on the single-subject data of two sessions and tested on data of the left-out third session 298 

(leave-one-session-out) to guarantee independence of training and test data. Classification accuracy 299 

was then determined as the mean accuracy of the three train-test cycles. This procedure was 300 

performed separately for classification of pitch and location within each ROI and voxel count. To 301 
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estimate and select the optimal number of voxels for each ROI and feature per participant, we used a 302 

leave-one-participant-out nested cross-validation procedure that determined the voxel counts per 303 

ROI for each participant based on the group statistics after exclusion of the participant in accordance 304 

with Christophel et al. (2018). This procedure optimized decoding accuracies for each region and 305 

feature independently, thereby increasing comparability across features. In contrast to procedures 306 

with fixed, predetermined voxel counts or fixed activity thresholds, it required only minimal prior 307 

assumptions about location- or pitch-specific signaling, and it avoided double dipping in voxel 308 

selection. Specifically, for each participant and ROI we excluded the participant’s data, averaged the 309 

classification accuracy of the remaining participants for each of the 30 voxel counts of the ROI, and 310 

determined the ROI size with the highest mean classification accuracy. This ROI size was then used to 311 

select the classification accuracy for the ROI of the left-out participant. This procedure was 312 

performed for pitch and location classification separately. ROI sizes were determined on the classifier 313 

performance for target feature classification. Table 1 lists the resulting ROI sizes and the spatial 314 

overlap for feature-selective voxels across anatomical ROIs. 315 

 316 

Table 1 about here 317 

 318 

Statistical Analysis 319 

Behavioral data. To estimate the accuracy of recall from WM, we calculated the behavioral 320 

distinctiveness of the memory representations by computing the mean and standard deviation of the 321 

behavioral response distributions for each of the six presented feature values per feature dimension. 322 

Subsequently, Cohen’s d (mean difference divided by the pooled standard deviation) was calculated 323 

for neighboring feature values (e.g., 64° left vs 39° left; 39° left vs 13° left; and so on) and averaged 324 

across the feature dimension. This resulted in a mean behavioral distinctiveness measure for pitch 325 

and location, respectively. 326 

 327 
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fMRI decoding. All analyses were conducted at the ROI level. An alpha level of .05 was set for all 328 

analyses with no correction of multiple comparisons across ROIs. Within each ROI we compared the 329 

decoding accuracies with a repeated-measures analysis of variance (ANOVA) that comprised the 330 

factors Task-relevance (target vs. non-target) and Feature (location vs. pitch). The Task-relevance 331 

comparison reflected whether the decoded signal carried memory-specific information unique to the 332 

prioritized target item. The Feature comparison reflected the relative decoding sensitivity for 333 

location and pitch information in the respective ROI. Additionally, we calculated post-hoc sign 334 

permutation tests for every comparison that yielded an effect of Task-relevance to test for above-335 

chance decoding. For sign permutation tests the null distribution of group means (10.000 iterations) 336 

was generated by subtracting the chance level (0.5) from individual decoding accuracies, randomly 337 

inverting the sign of the resulting differences and computing the group mean. We then calculated 338 

the proportion of simulated group means equal or larger than the empirical group mean of the 339 

decoding accuracies and reported this proportion as the p-value.  340 

 341 

Results 342 

Behavioral performance 343 

The response distributions for each of the six presented feature values for pitch and location are 344 

depicted in Figure 1b. Albeit showing some overlap, the reproduced feature values were clearly 345 

separable based on their respective behavioral response profiles. While pitch responses appeared 346 

continuously distributed across the feature dimension, location showed a lateralized pattern with 347 

fewer responses around the center of the location space. Behavioral distinctiveness for location was 348 

d = 1.16 (SD = 0.29) and for pitch it was d = 0.98 (SD = 0.73). By analogy to Cohen's d, these values 349 

can be interpreted as reflecting a strong average effect size (i.e., a low degree of overlap between 350 

neighboring response distributions). The behavioral distinctiveness did not differ between both 351 

features (paired t-test, t(27) = 1.31, p = .200), indicating that the discriminability of the presented 352 

pitches and locations was comparable.  353 

 354 
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To assess whether behavioral performance remained stable across sessions, we calculated 355 

additionally a repeated-measures ANOVA with the factors Feature x Session to analyze changes in 356 

stimulus discriminability. The ANOVA showed no significant effects (main effect of Feature, F(1,27) = 357 

1.01, p = .323; main effect of Session, F(2,54) = 0.64, p = .531; interaction, F(2,54) = 0.08, p = .925), 358 

indicating a constant level of memory performance. The behavioral distinctiveness scores for 359 

Location were d = 1.23 (SD = 0.28, range = 0.73 – 1.90) for session 1, d = 1.33 (SD = 0.37, range = 0.58 360 

– 2.17) for session 2 and d = 1.29 (SD = 0.41, range = 0.37 – 2.16) for session 3. For Pitch, behavioral 361 

distinctiveness amounted to d = 1.10 (SD = 0.85, range = 0.49 – 4.54) for session 1, d = 1.14 (SD = 362 

1.27, range = 0.20 – 6.95) for session 2 and d = 1.14 (SD = 0.65, range = 0.33 – 2.83) for session 3. 363 

 364 

fMRI decoding 365 

We compared the effects of Task-relevance and Feature on the decoding accuracy using repeated-366 

measures ANOVAs for each ROI separately. The results are shown in Figure 2.  367 

Auditory cortex. In the auditory cortex ROI, decoding of the task-relevant features was more 368 

accurate than of the task-irrelevant features, indicating memory-specific signal for pitch and location. 369 

We observed a main effect of Task-relevance (F(1, 27) = 33.75, p < .001), no main effect of Feature 370 

(F(1, 27) = 0.85, p = .366), and no interaction (F(1, 27) = 0.07, p = .795). Decoding of both task-371 

relevant location and task-relevant pitch were significantly above chance (both p < .001, post-hoc 372 

sign permutation tests). 373 

Auditory dorsal stream. In the inferior parietal ROI, decoding of the task-relevant location was more 374 

accurate than decoding of the task-irrelevant location, indicating memory-specific signal for location 375 

information. Decoding of task-relevant location was also more accurate than of task-relevant pitch, 376 

indicating greater sensitivity to information of the target’s location relative to pitch information. We 377 

observed a main effect of Task-relevance (F(1, 27) = 5.07, p = .033), a trend for a main effect of 378 

Feature (F(1, 27) = 4.05, p = .054), and a significant interaction (F(1, 27) = 7.14, p = .013). Post-hoc 379 

paired t-tests revealed that the effect of Task-relevance was specific to location decoding (t(27) = 380 

3.23, p = .002). Decoding of the target location (M = 53.85%, SD = 4.94) was more accurate than non-381 
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target location decoding (M = 49.75%, SD = 3.73). Decoding of the target location was significantly 382 

above chance (p < .001, post-hoc sign permutation test). In contrast, there was no effect of Task-383 

relevance for pitch (target: M = 50.35%, SD = 3.80, non-target: M = 50.33% SD = 3.64, t(27) = 0.02, p 384 

= .493), indicating a lack of decodable memory-specific signal for pitch information. Furthermore, we 385 

found a significant effect of Feature for the target features. Decoding of the target location was 386 

significantly more accurate than decoding the target pitch (t(27) = 3.17, p < .004). Decoding of the 387 

non-target features did not differ significantly (t(27) = -0.59, p = .559).  388 

In the superior frontal ROI, decoding of the task-relevant location was more accurate than decoding 389 

of the task-irrelevant location, indicating memory-specific signal. Decoding of the task-relevant 390 

location was also more accurate than of the task-relevant pitch, indicating greater sensitivity to 391 

information about the target’s location relative to pitch information. Decoding of the task-relevant 392 

pitch did not differ from that of the task-irrelevant pitch, indicating that there was no decodable 393 

memory-specific signal for pitch information. We observed a main effect of Task-relevance (F(1, 27) = 394 

9.14, p = .005), a main effect of Feature (F(1, 27) = 10.81, p = .003), and an interaction (F(1, 27) = 395 

14.09, p < .001). Post-hoc paired t-tests revealed that the effect of Task-relevance was specific to 396 

location decoding (t(27) = 4.29, p < .001). Decoding of the target location (M = 54.72%, SD = 4.64) 397 

was more accurate than non-target location decoding (M = 49.41%, SD = 4.17). Decoding of the 398 

target location was significantly above chance (p < .001, post-hoc sign permutation test). There was 399 

no effect of Task-relevance for pitch (target: M = 49.43%, SD = 2.86, non-target: M = 49.85% SD = 400 

3.86, t(27) = -0.44, p = .667). Furthermore, the effect of Feature was specific to target features. 401 

Decoding of the target location was significantly more accurate than decoding of the target pitch 402 

(t(27) = 4.78, p < .001). Decoding of the non-target features did not differ significantly (t(27) = -0.43, 403 

p = .671).  404 

Auditory ventral stream. In the temporal pole ROI, we observed no main effects of Task-relevance 405 

(F(1, 27) = 0.35, p = .562) or Feature (F(1,27) = 0.01, p = .905), and no interaction (F(1, 27) = 0.03, p 406 

= .859), indicating a lack of decodable memory-specific signals for pitch or location. In the inferior 407 

frontal ROI, decoding of the task-relevant features was more accurate than decoding of the task-408 
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irrelevant features, indicating memory-specific signal for pitch and location. We observed a main 409 

effect of Task-relevance (F(1, 27) = 7.58, p = .010), but no main effect of Feature (F(1, 27) = 0.02, p 410 

= .888), and no interaction (F(1, 27) = 0.10, p = .756), i.e., there was no significant difference between 411 

pitch and location. Post-hoc analysis showed that decoding of task-relevant location was significantly 412 

above chance (p = .005, post-hoc sign permutation test), while there was a trend for above-chance 413 

decoding of task-relevant pitch (p = .073, post-hoc sign permutation test). 414 

Higher-level WM regions. In the superior parietal ROI, decoding of the task-relevant features was 415 

more accurate than decoding of the task-irrelevant features, indicating memory-specific signal for 416 

pitch and location. Moreover, decoding of the task-relevant location was more accurate than 417 

decoding of the task-relevant pitch, indicating greater sensitivity to information of the target’s 418 

location relative to pitch information. We observed a main effect of Task-relevance (F(1, 27) = 30.21, 419 

p < .001), a main effect of Feature (F(1, 27) = 6.23, p = .019), and an interaction (F(1, 27) = 30.93, p 420 

< .001). Post-hoc paired t-tests showed that the effect of Task-relevance was significant for both 421 

location decoding (t(27) = 6.53, p < .001) and pitch decoding (t(27) = 1.88, p = .035). Decoding of the 422 

target location (M = 58.01%, SD = 6.83) was more accurate than non-target location decoding (M = 423 

47.91%, SD = 4.84). Decoding of the target pitch (M = 51.69%, SD = 4.19) was more accurate than 424 

non-target pitch decoding (M = 49.74%, SD = 3.73). Decoding of both task-relevant location and task-425 

relevant pitch were significantly above chance (p < .001, p = .022, respectively, post-hoc sign 426 

permutation tests). Furthermore, the effect of Feature was more pronounced for target than non-427 

target features. Decoding of the target location was significantly more accurate than decoding of the 428 

target pitch (t(27) = 4.65, p < .001). There was a trend for decoding of the non-target features (t(27) = 429 

-2.00, p = .056). In the middle frontal ROI, decoding of location information was more accurate than 430 

decoding of pitch information, indicating a greater sensitivity to location information. This effect, 431 

however, was not memory-specific. We observed no main effect of Task-relevance (F(1, 27) = 0.63, p 432 

= .434), but a significant main effect of Feature (F(1, 27) = 7.33, p = .012), and a trend for an 433 

interaction (F(1, 27) = 3.97, p = .056). 434 
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In summary, our repeated-measures ANOVAs revealed decoding of to-be-remembered memory 435 

content for both pitch and location in auditory cortex, inferior frontal cortex and superior parietal 436 

lobule, with a higher decoding accuracy for location than pitch in the latter region. In addition, 437 

location could be decoded from inferior parietal and superior frontal cortex. We found no region 438 

exclusively coding pitch memory information. 439 

 440 

Figure 2 about here 441 

 442 

Discussion 443 

The present study investigated the concurrent maintenance of sound location and pitch in auditory 444 

WM. Using an fMRI decoding paradigm, we found stimulus-specific activation patterns during the 445 

delay phase of a WM task in cortical regions along the putative auditory dorsal and ventral 446 

processing streams and in higher-level fronto-parietal areas. As expected, both location and pitch 447 

could be decoded from auditory cortex. We had also expected that pitch was decodable in auditory 448 

ventral stream regions like inferior frontal cortex, where we found higher decoding accuracy for the 449 

cued target and a trend for decoding above chance. As hypothesized, sound location was decoded 450 

from regions of the auditory dorsal stream including inferior parietal and superior frontal cortex. 451 

Unexpectedly, location could also be decoded in the inferior frontal ROI. Both location and, to a 452 

lesser extent, pitch were decodable from the superior parietal ROI. We failed to find pitch-specific 453 

activation patterns in the temporal pole ROI.  454 

 455 

The present study showed that two task-relevant features of one acoustic object could be decoded 456 

concurrently during maintenance in the delay phase of a WM task. So far, concurrent decoding of 457 

different stimulus attributes has been shown in perceptual paradigms only. In the visual modality, 458 

concurrent representations of object identity and location have been found in lateral occipital cortex 459 

(Cichy et al., 2011), and facial gender and affect were decodable from sensory cortex and attention 460 

networks (Long and Kuhl, 2018). In the auditory domain, independent representations have been 461 



 

 19 

reported for sound frequency and amplitude modulation in the superior temporal plane (Sohoglu et 462 

al., 2020). Considering WM, concurrent decoding of multiple visual contents has been restricted to 463 

the same feature of different perceptual objects (Sprague et al., 2014). More recent studies using 464 

oriented gratings (Christophel et al., 2018) or object categories (van Loon et al., 2018) have shown 465 

decoding of currently unattended items in parallel with attended ones. Similarly, in a previous MVPA 466 

study we found that attending one position enhanced the discriminability of an unattended position 467 

on the same object (Peters et al., 2015). In the present study participants had to focus their attention 468 

on two features of the same memorized object, which were decodable both in sensory and higher-469 

order brain regions. The demonstration of concurrent decodability of different object features opens 470 

the possibility to test, e.g., whether attending to one task-relevant feature of an object elicits 471 

spontaneous representations of other, task-irrelevant features of the same object. For example, task-472 

irrelevant spatial positions of different types of visual memoranda could be decoded from 473 

electroencephalographic alpha-band activity (Foster et al., 2017). While this result reflected the 474 

importance of location for visual object formation (van Ede et al., 2019; Fischer et al., 2020), given 475 

the different nature of visual and auditory objects, it is conceivable that memorized auditory object 476 

features would be accompanied by spontaneous representations of sound identity-related attributes 477 

like pitch (Kubovy and Van Valkenburg, 2001). 478 

 479 

Our findings provide only partial support for the WM maintenance of spatial and non-spatial sound 480 

features in regions of the putative auditory dorsal and ventral streams, respectively (Rauschecker, 481 

1998; Arnott et al., 2004). A WM representation of pitch in the auditory cortex ROI replicated 482 

previous fMRI decoding studies (Linke et al., 2011; Kumar et al., 2016). This finding is also consistent 483 

with the sensory recruitment hypothesis (D'Esposito and Postle, 2015). We also found evidence for 484 

pitch representation in inferior frontal cortex, as reflected by the Task-relevance main effect without 485 

a Task relevance x Feature interaction and a trend for above-chance decoding in the post-hoc 486 

permutation test, which is consistent with both multivariate (Kumar et al., 2016) and some univariate 487 

fMRI studies (Alain et al., 2001; Gaab et al., 2003). The failure to find pitch decoding in the temporal 488 
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pole ROI could be attributable to task-dependent modulations of higher-level auditory regions. 489 

Previous fMRI studies have found that the anterior superior temporal gyrus was selectively involved 490 

in perceptual discrimination but not working memory tasks for both pitch and location, whereas 491 

inferior parietal cortex showed the opposite response pattern (Rinne et al., 2009, 2012). While we 492 

are not aware of any decoding studies of memorized spatial sound attributes, feature-selective 493 

activity patterns for sound location in the inferior parietal and superior frontal ROIs were in line with 494 

previous univariate fMRI research (Alain et al., 2001; Rämä et al., 2004; Alain et al., 2008; Leung and 495 

Alain, 2011).  496 

 497 

In addition, we had selected a middle frontal and a superior parietal ROI as higher-level regions with 498 

a known relevance for WM. Here we found that the superior parietal ROI contained feature-specific 499 

information about both location and pitch. Visual WM research has demonstrated the contribution 500 

of the superior parietal lobule to WM capacity limitations (e.g., Todd and Marois, 2004; Xu and Chun, 501 

2006) and its involvement in attentional prioritization (Nobre et al., 2004; Bledowski et al., 2009). 502 

The involvement of fronto-parietal attention systems is consistent with previous 503 

electroencephalographic studies showing modulations of event-related potentials and alpha power 504 

when target stimuli are attentionally selected in AWM tasks (Backer et al., 2015; Lim et al., 2015). 505 

Feature-specific neural signatures as reported for sound locations versus categories (Backer et al., 506 

2015) could underlie the present decodability of spatial and non-spatial sound attributes. Recent 507 

decoding studies have shown that parietal cortex supports the storage of content-specific 508 

representations (Christophel et al., 2012; Ester et al., 2015; Bettencourt and Xu, 2016; Galeano 509 

Weber et al., 2016; Xu, 2017; Lorenc et al., 2018; Rademaker et al., 2019) and supports content-510 

specific prioritization of memory representations (Peters et al., 2015). The present decoding of 511 

location and pitch thus supports an overarching role of superior parietal cortex also for auditory WM. 512 

The higher decoding accuracy for location than pitch could reflect the fact that the selected ROI 513 

combined subregions underlying WM storage and attentional prioritization on the one hand and 514 
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those involved in the processing of spatial information in the visual and auditory domains on the 515 

other hand, which has been associated with parietal cortex (Xu, 2018). 516 

 517 

As persistent delay-period activity in prefrontal cortex traditionally has been considered the neural 518 

basis of WM storage, we also included a middle frontal ROI in our analyses. There has been a debate 519 

about the function of lateral prefrontal cortex in WM (Sreenivasan et al., 2014), with more recent 520 

work supporting the decodability of visual WM contents in this region (reviewed by Serences, 2016; 521 

Christophel et al., 2017). In contrast to the higher-order superior parietal ROI, neither location nor 522 

pitch could be decoded from this region. As visual studies have found decoding of memorized stimuli 523 

in relatively small subregions of lateral frontal cortex only (Ester et al., 2015), it is possible that 524 

comparable representations of auditory stimuli are located dorsally or ventrally (Kumar et al., 2016; 525 

Uluc et al., 2018) of the present middle frontal ROI. Indeed, we found comparable decoding accuracy 526 

for location and pitch information in the neighboring inferior frontal ROI.  527 

 528 

Our finding of concurrent decodability of different object features in superior parietal and, to a lesser 529 

extent, inferior frontal cortex might also contribute to the debate about the format of information 530 

held in WM, i.e., whether objects in WM are stored as independent features or as feature bindings 531 

(Schneegans and Bays, 2017). Previous research on auditory perception showing processing of 532 

multiple object features in distinct anatomical pathways has pointed towards the idea of 533 

independent feature stores (Arnott et al., 2004). In contrast, a recent MVPA study has suggested a 534 

role for posterior parietal cortex in the integration of sound frequency and amplitude modulation 535 

(Sohoglu et al., 2020). Our study suggests that multi-feature memory information is represented 536 

concurrently within the same anatomical brain regions including higher-order frontal and parietal 537 

cortex, opening the possibility for coding in a feature binding format, e.g., via a binding pool or 538 

binding space (Swan and Wyble, 2014; Oberauer and Lin, 2017).  539 

 540 
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The present MVPA (uncorrected for multiple comparisons across ROIs) resulted in a classification 541 

performance that was lower than for decoding of visual WM stimuli (e.g., Harrison and Tong, 2009; 542 

Emrich et al., 2013), but comparable with levels reported by other auditory WM studies (Kumar et 543 

al., 2016). This discrepancy may be attributable to the fact that fMRI investigations of auditory 544 

processing are inevitably affected by the noise produced by the MR scanner, even when using an 545 

active noise cancellation system as in the present investigation. Same-modality distractors presented 546 

during the delay interval have been shown to reduce classification performance particularly in 547 

sensory cortex (Bettencourt and Xu, 2016; Rademaker et al., 2019). Moreover, a comparison of our 548 

results with studies requiring the maintenance of only one single-feature item is problematic, as the 549 

maintenance of two stimulus features increased memory demands, which is known to lead to 550 

decreased decoding accuracy (Emrich et al., 2013; Sprague et al., 2014; Gosseries et al., 2018). Our 551 

results showed that multiple features of a single sound object were decodable in sensory and higher-552 

order cortical regions despite the distracting auditory noise produced by the MR scanner and despite 553 

the increased memory demands associated with retaining two task-relevant features concurrently in 554 

WM. 555 

 556 

  557 
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Figure Legends 707 

Figure 1. Auditory WM task and behavioral data.  708 

a) Left panel: pitch and location feature values of complex sound samples presented in the WM task. 709 

Bottom left panel: range of the feature values used during the continuous recall of pitch and 710 

location. Right panel shows the trial structure: participants heard two sequentially presented sound 711 

samples and were visually cued to remember the precise pitch and location of a single target sound. 712 

After an 8-s delay, participants were cued to recall either pitch or location of the cued target sound 713 

by adjusting the corresponding feature of a "pulsating" probe sound using a trackball. b) Response 714 

distributions for each recalled pitch (upper panel) and location (lower panel) of the target sound 715 

sample. 716 

 717 

Figure 2. Concurrent decoding accuracy of location and pitch of a sound sample retained in auditory 718 

WM.  719 

Upper left panel: simplified illustration of the decoding procedure (see Methods for details). 720 

Remaining panels: Decoding accuracy of pitch and location of the target (i.e., the to-be-remembered 721 

sample) and non-target sound samples during the delay phase of the WM task, in seven regions of 722 

interest (ROIs). Colored dots represent the values of individual participants, the black and dark gray 723 

dots reflect the group mean, the bold gray bars indicate the interquartile range, the grey thin bars 724 

represent the whiskers with maximum 1.5 interquartile range and shading represents the density 725 

trace. Each panel contains a rendered representation of the human brain depicting the 726 

corresponding ROI. Asterisks indicate significant differences between conditions, see Results for 727 

details. We found main effects of Task-relevance (target versus non-target) in the auditory cortex 728 

and inferior frontal ROIs. The inferior parietal and superior frontal ROIs showed main effects of 729 

Feature accompanied by an interaction between Task-relevance and Feature. Main effects of Task-730 

relevance and Feature and an interaction between both factors were found in the superior parietal 731 

ROI. 732 
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Figure 2 744 
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Table 1. ROI sizes and proportion of voxels for feature-selective and overlapping areas across ROIs 747 
 748 

 ROI size      Selectivity    

 Location   Pitch   Location Pitch Overlap 

ROI voxels N  voxels N  % %  %  

Auditory cortex 700 
600 

27 
1 

 200 28  71 < 1 29 

Temporal pole 600 
1200 

23 
5 

 100 
400 

27 
1 

 84 < 1 16 

Inferior frontal 600 28  500 28  23 8 68 

Inferior parietal 1700 
1600 

26 
2 

 200 
400 
600 

26 
1 
1 

 87 < 1 13 

Superior frontal 800 
1600 

21 
7 

 1200 
200 

18 
10 

 36 17 47 

Superior parietal 1100 28  1000 
800 

16 
12 

 22 5 73 

Middle frontal 500 
400 
1000 
300 

13 
10 
3 
2 

 1100 
1300 
1900 
1700 
100 
1600 

12 
7 
5 
2 
1 
1 

 36 4 60 

 749 
Note: ROI size indicates the number of voxels included in the decoding analysis for each feature. 750 
Different numbers of voxels were selected for subgroups of participants. Selectivity refers to the 751 
group mean percentage of feature-selective and overlapping ROI areas included in the decoding 752 
analysis. To quantify the percentage of unique and overlapping voxels used for location and pitch 753 
decoding, we combined the final ROI maps for pitch and location within each subject and calculated 754 
the proportion of voxels exclusively used for location decoding, exclusively used for pitch decoding 755 
and used for both. N, number of participants. 756 
 757 

 758 

 759 
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