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Abstract 47 

 48 

The perception of duration in the subsecond range has been hypothesized to be mediated by the 49 

population response of duration-sensitive units, each tuned to a preferred duration. One line of 50 

support for this hypothesis comes from neuroimaging studies showing that cortical regions, such 51 

as in parietal cortex exhibit duration tuning.  It remains unclear if this representation is based on 52 

the physical duration of the sensory input or the subjective duration, a question that is important 53 

given that our perception of the passage of time is often not veridical, but rather, biased by 54 

various contextual factors. Here we used fMRI to examine the neural correlates of subjective 55 

time perception in human participants. To manipulate perceived duration while holding physical 56 

duration constant, we employed an adaptation method, in which, prior to judging the duration of 57 

a test stimulus, the participants were exposed to a train of adapting stimuli of a fixed duration. 58 

Behaviorally, this procedure produced a pronounced negative aftereffect: A short adaptor biased 59 

participants to judge stimuli as longer and a long adaptor biased participants to judge stimuli as 60 

shorter. Duration tuning modulation, manifest as an attenuated BOLD response to stimuli similar 61 

in duration to the adaptor, was only observed in the right supramarginal gyrus (SMG) of the 62 

parietal lobe and middle occipital gyrus, bilaterally.  Across individuals, the magnitude of the 63 

behavioral aftereffect was positively correlated with the magnitude of duration tuning 64 

modulation in SMG. These results indicate that duration-tuned neural populations in right SMG 65 

reflect the subjective experience of time. 66 

 67 

 68 

 69 

 70 

 71 
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Significance statement 72 

 73 

The subjective sense of time is a fundamental dimension of sensory experience. To investigate 74 

the neural basis of subjective time, we conducted an fMRI study, using an adaptation procedure 75 

that allowed us to manipulate perceived duration while holding physical duration constant. 76 

Regions within the occipital cortex and right parietal lobe showed duration tuning that was 77 

modulated when the test stimuli were similar in duration to the adaptor. Moreover, the magnitude 78 

of the distortion in perceived duration was correlated with the degree of duration tuning 79 

modulation in the parietal region. These results provide strong physiological evidence that the 80 

population coding of time in the right parietal cortex reflects our subjective experience of time. 81 

 82 

   83 
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Introduction 84 

The ability to precisely represent time is essential for optimizing perception and 85 

motor control. Various theoretical models have been proposed to account for the 86 

representation of subsecond timing, encompassing a range of mechanisms such as 87 

functional delay lines (Ivry, 1996), neural oscillations (Treisman, 1963; Buhusi and 88 

Meck, 2005), and state-dependent neural dynamics (Buonomano and Maass, 2009). An 89 

important challenge for all of these models is to account for the fact that our perception of 90 

time is often not veridical, biased by contextual factors such as motion (Kanai et al., 91 

2006; Kaneko and Murakami, 2009), quantity (Dormal et al., 2006; Hayashi et al., 92 

2013b), recent history (Pariyadath and Eagleman, 2008; Jazayeri and Shadlen, 2010; 93 

Heron et al., 2012), attention (Tse et al., 2004), and motor action (Yarrow et al., 2001; 94 

Morrone et al., 2005; Hagura et al., 2012). Although the consequences of these contextual 95 

factors have been well described behaviorally and incorporated in computational models 96 

of timing, the neural locus of such effects remains poorly understood. 97 

Studies of perceptual adaptation have provided a powerful method to study 98 

contextual effects. Within the domain of time perception, adaptation entails repeated 99 

exposure to an adapting stimulus of a fixed duration (e.g., 250 ms or 750 ms), followed 100 

by the presentation of a test stimulus of variable duration (e.g., 350 – 650 ms) with the 101 

participants required to judge the duration of the test stimulus relative to a reference 102 

duration. This procedure produces a striking negative aftereffect (Heron et al., 2012): 103 

Test stimuli are more likely to be judged long after exposure to a short adaptor and 104 

judged short after exposure to a long adaptor. Moreover, the magnitude of the aftereffect 105 

is duration-specific: The aftereffect disappears for test stimuli that are quite different in 106 

duration from the adaptor. Inspired by analogous negative aftereffects observed following 107 

adaptation to perceptual features such as orientation and motion direction (Schwartz et al., 108 
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2007), mechanistic accounts of these temporal biases have been based on the idea that the 109 

adapter induces desensitization in duration-tuned neurons.       110 

Although considerable study has been devoted to specifying the psychological 111 

constraints on aftereffects in duration perception (Li et al., 2015a, 2015b; Fulcher et al., 112 

2016; Shima et al., 2016; Maarseveen et al., 2017), the neural loci of these aftereffects 113 

has received little attention. Building on the well-established repetition suppression effect 114 

in the fMRI literature, Hayashi and colleagues compared the BOLD response to a visual 115 

stimulus as a function of whether a preceding stimulus had the same or different duration 116 

(Hayashi et al., 2015). Only activity in the right inferior parietal lobule (IPL), specifically 117 

the supramarginal gyrus (SMG), showed a robust repetition suppression effect, with the 118 

BOLD response lower when a specific duration was repeated. Based on the assumption 119 

that repetition suppression results from the desensitization of feature-selective cells 120 

(Grill-Spector et al., 2006; Krekelberg et al., 2006), the authors proposed that the 121 

population activity in SMG includes some form of duration tuning.  122 

One limitation with the standard repetition suppression method, however, is that it 123 

is unclear whether the duration tuning reflects the physical or perceived duration; with a 124 

single repetition, the two are confounded. Psychophysical adaptation procedures can 125 

allow us to determine whether a brain region is associated with physical or perceived 126 

duration because one can manipulate perceived duration while holding stimulus duration 127 

constant. In the present study, a duration adaptation procedure was tailored for the fMRI 128 

environment. We expected that the BOLD response to the test stimuli in the SMG would 129 

be context-dependent, varying as a function of the duration of the adaptor. If the duration-130 

dependent activity in SMG is related to subjective time, the magnitude of this change 131 

would be correlated with the change in perceived duration.  This result would add 132 

considerable support to the hypothesis that psychophysical adaptation results in the 133 
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desensitization of duration-tuned units, pointing to a neural correlate of the behavioral 134 

aftereffect. In contrast, if the SMG is related to physical time, we would not expect to 135 

observe a correlation between the psychophysical and physiological effects of repeated 136 

exposure to an adaptor. 137 

 138 

 139 

 140 

Materials and Methods 141 

Participants 142 

Twenty healthy, right-handed volunteers were tested in two imaging sessions. The 143 

data from two of the participants were excluded from the analyses because of technical 144 

problems. Thus, the final sample was composed of 18 participants (11 males, 7 females, 145 

mean age 21.1 years (SD= 3.0 years), range 18–27 years). The protocol was approved by 146 

the IRB at UC Berkeley and all participants provided informed consent.  147 

 148 

Experimental design 149 

During fMRI scanning, the participants performed a duration discrimination task, 150 

indicating which was longer, a visual stimulus of variable duration or an auditory 151 

stimulus of fixed duration (Fig. 1A). There were three adaptation conditions, each tested 152 

in separate scanning runs: Short duration adaptation (Short), long duration adaptation 153 

(Long), and no adaptation (None). In the Short and Long blocks, each run began with an 154 

adaptation phase in which a visual stimulus (grey circle, 3.5° presented on a black 155 

background) of a fixed duration (Short = 250 ms; Long = 750 ms) was presented 30 times 156 

at the center of the display. Between presentations, the circle was replaced by a grey 157 

fixation cross (0.5° per side) for a variable duration (700, 800, or 900 ms duration, 158 
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selected at random). After the 30 presentations, the fixation cross remained on the screen 159 

for a variable duration of 12.5, 13.5, or 14.5 s to signal the end of the adaptation phase.  160 

Following the adaptation phase, the experimental program alternated between 161 

adaptation “top-up” and test phases. In the top-up phase, the grey circle adaptor was 162 

presented three times (duration as in the adaption phase), with the fixation cross depicted 163 

between presentations (duration 700, 800, or 900 ms). Each trial in the test phase began 164 

with the presentation of the fixation cross for a variable duration (1.5, 2.5, or 3.5 s), the 165 

test stimulus (same visual properties as adaptor but for duration of 350, 450, 550, or 650 166 

ms), followed by the fixation cross for a variable duration (3, 4, or 5 s), which co-167 

terminated with an auditory stimulus (white noise, sampled at 44.1 kHz) of a fixed, 500 168 

ms duration. Immediately after the termination of the auditory stimulus, the fixation cross 169 

turned red, initiating a 1.5 s response period during which the participant indicated, by 170 

pressing one of two buttons, which was longer, the circle (target stimulus) or auditory 171 

stimulus (reference stimulus). Responses were made with the right hand on an MRI-172 

compatible response device (Current Designs, Philadelphia, Pennsylvania), with the 173 

index finger used to indicate that the target stimulus was longer and the middle finger 174 

used to indicate that the reference stimulus was longer. We opted to use this cross-modal 175 

comparison task given that duration adaptation is modality-specific (Heron et al., 2012) 176 

and thus, the effect of the visual adaptor should not influence the perceived duration of 177 

the auditory reference stimulus but only the perceived duration of the visual test stimulus. 178 

The instructions emphasized accuracy, with the only temporal constraint being that the 179 

response had to be entered during the 1.5 s response period.   180 

On 20% of all trials, the test stimulus was not presented and no response was 181 

required. We included these “catch trials” to ensure that the participants paid attention to 182 

the visual test stimulus. The catch trials also allowed us to accurately estimate the evoked 183 
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response to the test stimulus in the fMRI analysis by isolating the BOLD signal to this 184 

stimulus from other stimulus- and motor-evoked responses of no-interests. 185 

The adaptation and top-up phases were not included in the no adaptation (None) blocks. 186 

Here the test phase was the same as in the Short and Long blocks, with the presentation 187 

of the circle of variable duration followed, after a variable interval, by the presentation of 188 

the auditory stimulus of fixed duration and 1.5 s response cue. To maintain the scanning 189 

duration similar to the Short and Long blocks, the duration of the fixation cross marking 190 

the start of each trial was slightly longer in the None blocks (2, 3, or 4 s).     191 

The visual stimuli were projected by an LCD projector onto a semi-transparent 192 

screen placed inside the scanner bore. The screen was viewed through a mirror mounted 193 

on the head coil. Auditory stimuli were binaurally presented through MRI-compatible 194 

S14 insert earphones (Sensimetrics, Malden, Massachusetts). The audio output was 195 

adjusted on an individual basis to a comfortable level before starting the first imaging 196 

session, and the level was kept constant across the two sessions. Psychtoolbox 197 

(http://psychtoolbox.org) implemented in MATLAB software (MathWorks, Natick, 198 

Massachusetts) was used to generate and present the visual and auditory stimuli. 199 

Participants were instructed to maintain fixation, either on the visual cross or grey circle 200 

at all times. 201 

 Each participant completed 12 test runs, separated into two scanning sessions with 202 

an interval of between three and 46 days (mean 16.3 days, SD 15.9 days) between 203 

sessions. Each session began with two None blocks, followed by four adaptation blocks. 204 

The adaptation blocks were blocked by session: Half of the participants performed four 205 

runs of the Short block during the first session and four runs of the Long block during the 206 

second session, while the other half were tested on the Short and Long blocks in the 207 

opposite order. In this manner, we collected four runs for each condition. Each adaptation 208 
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block was composed of 30 trials, six for each of the test durations and six catch trials. 209 

The None blocks were composed of 45 trials, nine for each of the test durations and nine 210 

catch trials. Each fMRI run lasted 8 min 36 s.  211 

Prior to entering the scanner in each imaging session, the participant performed at 212 

least one practice run composed of 20 trials of the test phase (no adaptation or top-up 213 

phases) using a laptop computer. The practice run was repeated until the participants met 214 

an accuracy criterion (at least 65% correct). All participants passed this criterion within 215 

three practice runs. 216 

 217 

MRI data acquisition and pre-processing 218 

All MRI data were acquired with a 3-Tesla Siemens Trio MRI scanner (Munich, 219 

Germany), equipped with a 12-channel head coil. For each individual, 3,096 volumes of 220 

fMRI data (258 volumes × 6 runs × 2 sessions) were collected using the descending T2*-221 

weighted gradient-echo echo-planar imaging (EPI) sequence with the following 222 

parameters: Repetition time (TR) = 2,000 ms, echo time (TE) = 22 ms, flip angle = 50 223 

degrees, and bandwidth = 2,298 Hz/Px. The field of view was 224 × 224 mm. The digital 224 

in-plane resolution was 64 × 64 pixels, with a pixel dimension of 3.5 × 3.5 mm. To cover 225 

the entire cerebral cortex and cerebellum, 37 oblique slices were collected with 3.2 mm 226 

slice thickness and a 0.32-mm slice gap. The phase-encoding direction was along the 227 

anterior-posterior axis. High-resolution whole-brain MR images were obtained using a 228 

T1-weighted 3-D MPRAGR sequence (voxel size 1.0 × 1.0 × 1.0 mm, matrix size = 256 229 

× 256 × 256). 230 

The first three volumes of each series of fMRI data were discarded. The 231 

remaining 255 volumes per run (a total of 3,060 volumes per participant) were used in the 232 

fMRI analyses. The analyses were performed using statistical parametric mapping 233 
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software (SPM12; http://www.fil.ion.ucl.ac.uk/spm/), implemented in MATLAB. 234 

Following realignment and reslicing, slice timing correction was applied to correct for 235 

variability of acquisition timing within the volume. The fMRI data were then normalized 236 

with the Montreal Neurological Institute (MNI) stereotactic space using diffeomorphic 237 

anatomical registration through exponentiated lie algebra (DARTEL) algorithms in 238 

SPM12. The normalized fMRI data were subsequently smoothed in three dimensions 239 

using an 8-mm full-width-at-half-maximum Gaussian kernel. 240 

 241 

Statistical analyses 242 

Behavior 243 

For each individual, the proportions of ‘test stimulus longer’ responses were 244 

computed for each condition and fitted by a cumulative normal function using a 245 

maximum likelihood criterion implemented on Palamedes toolbox 246 

(http://www.palamedestoolbox.org/)(Prins and Kingdom, 2009). The point of subjective 247 

equality (PSE) and slope were set as free parameters, and the other two parameters, 248 

guessing rate and lapse rate, were fixed at zero. 249 

To compare the estimated values of PSE and slope between the three conditions 250 

(Short, Long, None), one-way repeated measures analysis of variances (ANOVAs, α = 251 

0.05) were performed. When Mauchly’s test indicated a violation of sphericity, the 252 

degrees of freedom were adjusted using the Greenhouse-Geisser correction. In the post-253 

hoc analyses, Holm-corrected p-values were used to correct for multiple comparisons. 254 

 255 

fMRI-data analyses 256 

We constructed two general linear models (GLMs) for analyzing the fMRI data 257 

for each individual. The first model (Model 1, Fig. 1B) was aimed at identifying brain 258 
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areas that showed a duration-selective attenuation in the BOLD response for test stimuli 259 

following duration adaptation. Only the data from the adaptation conditions (S and L 260 

conditions, only) were included in this analysis. The second model (Model 2, Fig. 1C) 261 

was designed to extract the BOLD responses for each test duration from the clusters 262 

identified in Model 1. To compare the BOLD activities for each duration and condition, 263 

Model 2 included the data from the Short, Long and None conditions. 264 

The offsets of test stimuli, onsets of the reference stimuli, button responses, onsets 265 

of top-up stimuli, and onsets of adaptation stimuli in the adaptation phase were included 266 

in Model 1. We opted to model the offset responses of the test stimuli rather than their 267 

onsets because duration information is most salient at the end of each test stimulus 268 

(Hayashi et al., 2015).  269 

To analyze the attenuation in the BOLD response for the test stimuli, we added a 270 

parametric modulation (PM) term for the test stimuli regressors. The modulation 271 

parameter was determined by a deviation ratio, computed by taking the difference 272 

between the longer and shorter duration stimuli, and dividing by the shorter duration 273 

stimulus (Hayashi et al., 2015). Specifically, in the Short condition, the shorter duration 274 

was the adaptor duration (250 ms) and the longer duration was the test duration (350, 275 

450, 550 or 650 ms); in the Long condition, the shorter duration was the test duration 276 

(350, 450, 550 or 650 ms) and the longer duration was the adaptor duration (750 ms). 277 

Thus, the modulation parameters were 0.4, 0.8, 1.2, and 1.6 for the four test durations in 278 

the Short condition, and 1.14, 0.67, 0.36, and 0.15 for the four test durations in the Long 279 

condition. These values were mean-adjusted to zero, and then entered as the PM 280 

parameter for the Short and Long conditions. We expected that the modulation term 281 

would capture the modulation of duration tuning, assuming the BOLD response is 282 
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attenuated when the difference in duration between the adaptor and test duration is small, 283 

and gradually become smaller when the difference in duration becomes larger.  284 

The onsets of the three presentations of the top-up stimulus were modeled by 285 

separate regressors in Model 1. Motion parameters estimated in the realignment 286 

procedure (see pre-processing of fMRI data) were also included in Model 1 to regress the 287 

potential motion-induced signal fluctuations. In summary seven independent regressors 288 

with one parametric modulation term and 6 regressors of no-interest (the motion 289 

parameters) were included in Model 1 for the Short and Long conditions. 290 

 Model 2 was similar to Model 1 except that the four test durations were modeled 291 

by separate regressors instead of the PM terms. By separating the regressors for the test 292 

durations, this model allows us to obtain estimates of the BOLD response for each test 293 

duration separately. The fMRI data from the None condition were modeled in the same 294 

way as for the Short and Long conditions, but without regressors for the top-up and 295 

adaptation phases. For all three conditions, motion parameters, estimated in the 296 

realignment procedure, were again included to regress out motion-induced signal 297 

fluctuations. Thus, Model 2 included 10 independent regressors and 6 regressors of no-298 

interest (the motion parameters) for the Short and Long conditions and 6 independent 299 

regressors and 6 regressors of no-interest for the None condition.  300 

Event durations of all regressors of interests were set to zero and convolved by a 301 

canonical hemodynamic response function (HRF). The models were high-pass filtered 302 

(128 s) and a constant term was included to capture baseline effects. 303 

Our a priori hypothesis was that duration adaptation would result in repetition 304 

suppression in the right SMG (Hayashi et al., 2015); as such, our primary analysis 305 

focused on this region. To perform a region-of-interest (ROI) analysis in the right SMG, 306 
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we created an anatomically-defined mask of the right SMG using WFU PickAtlas 307 

software (https://www.nitrc.org/projects/wfu_pickatlas/). 308 

To make population inferences for the effect of duration adaptation on the test 309 

stimuli, we performed a group-level analysis with a random effects model. We 310 

constructed a full-factorial model with the individuals’ contrast images (i.e., the 311 

parameter estimates) using the PM terms for the Short and Long conditions computed by 312 

Model 1. In the statistical analysis, we applied the ROI mask to restrict the search volume 313 

within the right SMG. A statistical threshold of p < 0.05, family-wise-error (FWE) 314 

corrected at the cluster level (defined by p < 0.001 uncorrected at the voxel level), was 315 

used as the criterion for statistical significance. To further explore brain areas that 316 

showed an effect of duration adaptation, we also performed the same analysis without the 317 

mask. A slightly liberal threshold of p < 0.001 uncorrected at voxel level (cluster size k > 318 

30 voxels) was used as the criterion for statistical significance. 319 

Parameter estimates were extracted from the statistically significant clusters and 320 

averaged across the voxels. The voxel-by-voxel parameter estimates for the PM terms 321 

were obtained from Model 1 and the parameters for each stimulus duration were obtained 322 

from Model 2, estimated in the individual-level analyses. To assess the changes in the 323 

parameter estimates across test durations and the three conditions (Short, Long, None), 324 

we performed a two-way repeated measures ANOVA using within-factors of Condition 325 

and Test Duration (α = 0.05). 326 

 327 

Correlation analyses 328 

Two types of correlation analyses were performed. The first involved correlations 329 

between the magnitude of the behavioral aftereffect and the degree of the attenuation in 330 

the BOLD response (i.e., BOLD aftereffect size); the second involved correlations of the 331 
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BOLD aftereffect between different pairs of brain regions. The differences in the PSE 332 

estimates between the Short and Long conditions was operationalized to indicate the 333 

magnitude of the behavioral aftereffect. The magnitude of the BOLD aftereffect was 334 

operationalized as the sum of the regression coefficients for the PM terms in Model 1. 335 

Both types of correlation analyses were statistically evaluated by computing the 336 

Spearman’s correlation (α = 0.05, two-tailed). We examined the robustness of the 337 

correlations by computing 95% confidence intervals (C.I.), based on a bootstrapping 338 

method (10,000 samples) using the Robust Correlation Toolbox (Pernet et al., 2012).  339 

 340 

 341 

Results  342 

Behavioral negative aftereffects 343 

The behavioral data showed that participants exhibited a systematic increase in 344 

the proportion of ‘test longer’ responses as the test duration increased, indicating that 345 

participants were attending to the task (Figs. 2A and 2B). To quantify the effect of 346 

perceptual adaptation on perceived duration, we fit the individual response functions with 347 

a psychometric function to estimate the point of subjective equality (PSE), a measure of 348 

bias, and slope, a measure of variability (Figs. 2C and 2D). A one-way repeated measures 349 

ANOVA revealed that the PSE estimates differed between the three conditions (F2, 34 = 350 

20.300, p < 0.001, 2 = 0.544). Post-hoc comparisons confirmed that, relative to the None 351 

condition (mean ± SD; 533 ± 50 ms), the PSE was lower in the Short condition (487 ± 62 352 

ms; t = 3.490, p = 0.006, Cohen’s d = 0.822) and higher in the Long condition (568 ± 46 353 

ms; t = -3.160, p = 0.006, Cohen’s d = -0.745). Thus, the duration of the test stimuli was 354 

overestimated following adaptation to the 250 ms adaptor and underestimated following 355 

adaptation to the 750 ms adaptor, the signature of a negative aftereffect.  356 
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The slopes of the psychometric functions were not different between conditions 357 

(F2, 34 = 1.554, p = 0.226, 2 = 0.084; Short: 9.479 ± 3.109; Long: 9.439 ± 2.941; None: 358 

8.311 ± 3.405) (F2, 34 = 1.554, p = 0.226, 2 = 0.084). Moreover, the magnitude of the 359 

changes in the PSE and slope values were not correlated across individuals (Short and 360 

None: rs = 0.071, p = 0.789; Long and None: rs = -0.082, p = 0.717; Long and Short: rs = 361 

-0.181, p = 0.475) (Fig. 3, left column). To examine the robustness of this analysis, we 362 

computed 95% confidence intervals (C.I.) for the distribution of correlation coefficients, 363 

taking 10,000 samples in a bootstrapping method. This analysis confirmed the lack of 364 

correlation between the two psychophysical measures given that the distributions 365 

included zero (Short and None: 95% C.I. = -0.440–0.571; Long and None: 95% C.I. = -366 

0.512–0.349; Long and Short: 95% C.I. = -0.601–0.311; Fig. 3, right column). Thus, the 367 

size of the negative aftereffect was independent of the participants’ variability in making 368 

the psychophysical judgments. 369 

 370 

Neural adaptation and neurobehavioral correlation in the right SMG 371 

We hypothesized that adaptation would produce an attenuation in the BOLD 372 

response, and in particular, that this effect would be most evident for the test stimuli that 373 

are similar in duration to the adapting stimulus duration. Motivated by prior studies on 374 

the cortical representation of duration (Wiener et al., 2012; Hayashi et al., 2015), our a 375 

priori prediction was that the BOLD attenuation would be evident in right SMG.  376 

Consistent with this prediction, the region-of-interest (ROI) analysis (Model 1) 377 

revealed modulation of duration tuning following adaptation in a cluster of voxels in right 378 

SMG, time-locked to the offset of the test stimuli (p < 0.05 FWE cluster-level corrected, 379 

defined by p < 0.001 uncorrected at voxel level) (Fig. 4A and Table 1). The regression 380 

coefficients (beta values in Fig 4B), reflective of the parametric modulation term in the 381 
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GLM (see Materials and Methods, Model 1), indicate that the degree of modulation was 382 

dependent on the similarity between the test stimulus duration and adaptor duration. That 383 

is, for the Short condition, the BOLD response was more attenuated for relatively shorter 384 

test stimuli, and for the Long condition, the BOLD response was more attenuated for 385 

relatively longer test stimuli. This adaptor-dependent modulation can be seen in Figure 386 

4C, where the beta values for each test stimulus are displayed (Model 2).   387 

To statistically evaluate these effects, we analyzed the beta values for each test 388 

stimulus with a two-way repeated measures ANOVA, using the factors Condition and 389 

Test Duration. The results showed a significant interaction (F6, 102 = 2.747, p = 0.016, 2 390 

= 0.139), with no main effects of Condition (F2, 34 = 0.282, p = 0.756, 2 = 0.016) or Test 391 

Duration (F3, 51 = 0.652, p = 0.586, 2 = 0.037). The BOLD response varied as a function 392 

of the test duration (simple main effects of test duration) in the Short condition (F3, 153 = 393 

3.370, p = 0.021), and a similar trend was observed in the Long condition (F3, 153 = 2.182, 394 

p = 0.095). In contrast, the beta values were similar for all four test durations in the None 395 

condition (F3, 153 = 0.501, p = 0.682). Taken together, these results provide support for the 396 

hypothesis that neural activity in the right SMG is representative of duration-tuned neural 397 

populations. 398 

Having observed negative aftereffects in the participants’ behavior and duration 399 

tuning modulation in right SMG, we next examined the relationship between these 400 

measures. We used the difference between the PSE values from the Short and Long 401 

conditions to quantify the negative behavioral aftereffect; to quantify the duration tuning 402 

modulation (i.e., BOLD aftereffect), we took the degree of modulation of the BOLD 403 

response in right SMG across the four test stimuli (sum of beta values shown in Fig. 4B). 404 

Importantly, we found a strong correlation between the behavioral and physiological 405 

measures (rs = 0.645, p = 0.004) (Fig. 4D). To examine the robustness of this correlation, 406 
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we computed 95% confidence intervals (C.I.) for the distribution of correlation 407 

coefficients by taking 10,000 samples in a bootstrapping method. This analysis showed 408 

that the observed correlation coefficient was reliably different than zero (95% C.I. = 409 

0.223–0.873, p = 0.006, Fig. 4E). These results are consistent with the hypothesis that the 410 

modulation of subjective time following duration adaptation is related to the degree of 411 

modulation by the adaptor of the BOLD response in right SMG to the test stimuli.  412 

 413 

Neurobehavioral correlations in the bilateral MOG 414 

We also performed a whole brain analysis to identify other cortical and 415 

subcortical regions that exhibit duration tuning modulation following adaptation to a 416 

stimulus of a fixed duration (Model 1). Using a liberal threshold (p < 0.001, uncorrected 417 

at voxel level), this analysis identified only three clusters, one in the right SMG area 418 

described previously, and the other two in middle occipital gyrus (MOG), bilaterally (Fig. 419 

5A and Table 1). The main effect of Condition was significant in the left MOG (F2, 34 = 420 

3.879, p = 0.030, 2 = 0.186) but not in the right MOG (F2, 34 = 0.817, p = 0.450, 2 = 421 

0.046), whereas the main effect of Test Duration was not significant in either region 422 

(Right MOG: F3, 51 = 0.350, p = 0.789, 2 = 0.020; Left MOG: F3, 51 = 1.873, p = 0.146, 423 

2 = 0.099). Most important, as with SMG, the interaction term was significant for both 424 

clusters (Right MOG: F6, 102 = 2.478, p = 0.028, 2 = 0.127; Left MOG: F6, 102 = 3.455, p 425 

= 0.004, 2 = 0.169) (Figs. 5B and 5C for the right MOG, and Figs. 5F and 5G for the left 426 

MOG). Note that, although the beta values in the right and left MOG (Figs. 5C and 5G) 427 

were negative, the sign is not important given the arbitrary baseline used in the event-428 

related fMRI design. 429 

The main effect of Test Duration was significant in the left MOG in both the 430 

Short and Long conditions (Short: F3, 153 = 4.183, p = 0.008; Long: F3, 153 = 3.447, p = 431 
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0.019) and approached significance in right MOG for both conditions (Short: F3, 153 = 432 

2.196, p = 0.093; Long: F3, 153 = 2.474, p = 0.066). As with SMG, there was no effect of 433 

Test Duration in the None condition (right MOG: F3, 153 = 0.538, p = 0.658; left MOG: F3, 434 

153 = 0.665, p = 0.575). In combination with the GLM analyses, these results indicate that 435 

the degree of neural adaptation in left and right MOG was dependent on the duration of 436 

the adaptor, with the effect greatest for test stimuli most similar in duration to the 437 

adaptor.    438 

 We performed the neurobehavioral correlation for right and left MOG. In contrast 439 

to SMG, the magnitude of the behavioral aftereffect was not correlated with the 440 

magnitude of the BOLD aftereffect in either MOG cluster (right MOG: rs = 0.395, p = 441 

0.104; left MOG: rs = 0.129, p = 0.610). The bootstrap analyses confirmed that the 442 

distribution of correlation coefficients included zero (right MOG: 95% C.I. = -0.162–443 

0.843, p = 0.175; left MOG: 95% C.I. = -0.389–0.617, p = 0.629). Thus, although we 444 

observed a BOLD aftereffect in MOG, the magnitude of the response in left and right 445 

MOG was not correlated with the changes in perceived duration following adaptation. 446 

We recognize that this last point is based on a null result: The neurobehavioral 447 

correlations for right and left MOGs may be qualitatively similar to that observed in right 448 

SMG, even if not statistically significant. To address this question, we used a bootstrap 449 

procedure to compare the neurobehavioral correlation coefficients of right SMG, right 450 

MOG, and left MOG. We used this analysis to estimate the distribution of the difference 451 

in correlation coefficients between each brain region pair, taking 10,000 samples. The 452 

estimated distributions were evaluated by assessing if the 95% confidence interval 453 

included zero. This analysis indicated that the neurobehavioral correlations were similar 454 

across the three regions, with each distribution including zero (right SMG vs right MOG: 455 

95% C.I. = -0.393–0.914, p = 0.512; right SMG vs left MOG: 95% C.I. = -0.116–1.115, p 456 
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= 0.123; right MOG vs left MOG: 95% C.I. = -0.017–0.556, p = 0.062). Thus, while the 457 

changes in perceived durations were strongly associated with modulation of the BOLD 458 

response in right SMG, a similar pattern is also observed in the two occipital regions.  459 

 460 

Correlations of BOLD aftereffect size between brain regions 461 

In the final analysis of the BOLD aftereffects, we examined the correlations 462 

between the size of this effect in right SMG, right MOG, and left MOG. Positive 463 

correlations would suggest that the effect in one area might be driven by the effect in a 464 

different area. The magnitude of the BOLD aftereffect in right and left MOG were 465 

correlated (rs = 0.655, p = 0.003), a result confirmed with the bootstrap method (95% C.I. 466 

= 0.212–0.898, p = 0.008) (Fig. 6C). Interestingly, the BOLD aftereffect in both of these 467 

areas was not correlated with that observed in right SMG (right SMG–right MOG: rs = 468 

0.156, p = 0.537; right SMG–left MOG: rs = -0.018, p = 0.945). This null result was 469 

confirmed with the bootstrap method (right SMG–right MOG: 95% C.I. = -0.447–0.660, 470 

p = 0.610; right SMG–left MOG: 95% C.I. = -0.589–0.558, p = 0.964) (Fig. 6A and 6B).  471 

Based on the overall pattern of results here, we speculate that the BOLD response 472 

in right and left MOG may reflect similar input from early visual cortex (and 473 

interhemispheric cross-talk) with these areas responsive to physical duration, with a more 474 

modest effect of perceived duration. The duration tuning modulation in SMG appears to 475 

be independent of the modulatory effects in MOG, suggesting that this region might be a 476 

point of convergence of different inputs that underlie our subjective experience of time.  477 

 478 

 479 

 480 

 481 
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Discussion 482 

To examine the neural mechanisms underlying subjective time perception, we 483 

used a duration adaptation procedure that allowed us to distinguish between the 484 

subjective time of a visual event and its physical time. The neuroimaging results showed 485 

that the adaptation procedure produced duration-selective attenuation of the BOLD 486 

response in right SMG, and that the degree of attenuation was correlated with the size of 487 

the behavioral aftereffect. These results suggest that activity in the right SMG reflects our 488 

subjective experience of time. 489 

A prominent model of an fMRI adaptation, the fatigue model, proposes that the 490 

decrease in the BOLD response following adaptation to a specific stimulus feature 491 

reflects reduced neural activity due to the repetitive activation of neural populations that 492 

are tuned to the repeated stimulus feature (Grill-Spector et al., 2006; Alink et al., 2018). 493 

Applying this logic used to interpret adaptation effects in the spatial domains, the 494 

attenuation of the BOLD response (i.e., duration tuning modulation) observed in the 495 

current study can be interpreted as providing evidence for the existence of duration-tuned 496 

neural populations in the human brain (Heron et al., 2012). Namely, following repeated 497 

exposure to a stimulus of a fixed duration, populations tuned to that duration become 498 

fatigued, producing a reduction in the BOLD response. 499 

 Importantly, we observed a correlation between our physiological measure of 500 

neural adaptation and our behavioral measure of subjective time: Participants who 501 

showed the strongest modulation of duration tuning in right SMG also showed the largest 502 

behavioral aftereffect. Using other visual properties, adaptation methods have shown 503 

similar neurobehavioral correlations for motion perception in MT+ (Huk et al., 2001), 504 

biological motion in pSTS (Thurman et al., 2016), facial expression and identity in 505 

anterior medial temporal cortex (Furl et al., 2007; Cziraki et al., 2010). These correlations 506 
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have been taken to provide strong, albeit indirect, evidence of a causal role of the neural 507 

area with its associated behavior. Here we propose that the correlation between the 508 

behavioral aftereffect and the degree of duration tuning modulation in SMG is compatible 509 

with the hypothesis that the bias in perceived duration following duration adaptation 510 

arises from altered response properties of duration-tuned neural populations. 511 

A prominent computational model of duration adaptation is based on that idea that 512 

aftereffects result from a gradient of desensitization across a bank of neurons tuned to 513 

different durations, with the center of desensitization at the duration of the adaptor 514 

(Heron et al., 2012). The resulting variation in sensitivity leads to a shift in the population 515 

response away from the adapted duration, which results in a negative aftereffect 516 

(Schwartz et al., 2007). By showing the correlation between the effects of the adaptor on 517 

behavior and the BOLD response, our study provides the first physiological evidence in 518 

support of this model, with the results pointing to the right SMG as the locus of duration-519 

tuned neural populations. Our results are also consistent with other models of fMRI 520 

adaptation such as the idea that adaptation results in the sharpening of tuning curves 521 

(Grill-Spector et al., 2006). Electrophysiological recordings may be essential for 522 

evaluating these different neural models of fMRI adaptation in the time domain. 523 

The neurobehavioral correlation is also relevant to the current debate concerning 524 

where our subjective experience of time arises from within the temporal processing 525 

hierarchy (Shima et al., 2016; Li et al., 2017a; Heron et al., 2019). Some researchers have 526 

proposed that duration-channels are located in early processing stages given 527 

psychophysical evidence showing that duration aftereffects exhibit modality (Heron et 528 

al., 2012; Li et al., 2019) and, with visual stimuli, some degree of spatial specificity 529 

(Fulcher et al., 2016; see also, Johnston et al., 2006). In contrast, a later-stage hypothesis 530 

is supported by studies showing that the aftereffects in the perceived duration of visual 531 
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stimuli lack orientation (Li et al., 2015b) and position specificity (Li et al., 2015a; see 532 

also, Burr et al., 2007; Anobile et al., 2019). The right SMG locus observed in the present 533 

study would be more consistent with the later-stage account. It may be that duration-534 

channels in this area constitute a read-out mechanism that integrates temporal 535 

information arising from neural activity in early sensory areas. Interestingly, 536 

temporoparietal junction (TPJ), which includes SMG, has been associated with our 537 

awareness of visuospatial information (Beauchamp et al., 2012). Although highly 538 

speculative, our findings may point to a more general role of TPJ in awareness, one 539 

associated with our subjective experience of not only spatial, but also temporal 540 

information.  541 

In our previous study on duration perception, we had observed a suppression of 542 

the BOLD response in right SMG when a visual stimulus was repeated for the same 543 

duration (Hayashi et al., 2015). In both our ROI and exploratory whole-brain analysis, the 544 

present results replicate and extend this finding. The initial study did not allow us to 545 

differentiate between subjective and physical time because it involved paired stimuli (i.e., 546 

a reference stimulus and a test stimulus, without any adaptation phase), a procedure that 547 

does not produce a distortion of perceived durations (Heron et al., 2012; Li et al., 2017b). 548 

Moreover, the two stimuli were presented in the same modality, and thus any distortion 549 

would impact both stimuli. By using an established psychophysical adaptation procedure 550 

(Heron et al., 2012; Li et al., 2015a, 2015b; Fulcher et al., 2016; Maarseveen et al., 2017), 551 

we were able to measure duration aftereffects in the MRI environment, observing the 552 

correlation between duration-sensitive activity in right SMG and the subjective 553 

experience of time.  554 

The right lateralized effect observed here in the parietal cortex reported is 555 

consistent with our previous study of duration-selective repetition suppression (Hayashi 556 
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et al., 2015). Lesion studies, either involving neurological patients (Harrington et al., 557 

1998) or transient disruption from TMS (Bueti et al., 2008; Wiener et al., 2010a) also 558 

have pointed to a greater involvement of the right parietal lobe relative to the left in 559 

duration perception. On the other hand, left parietal cortex has been implicated in 560 

temporal prediction tasks in which temporal information can facilitate perception and 561 

action (Wiener et al., 2010c). It is possible that laterality patterns are related to the 562 

distinction between explicit and implicit timing (Coull et al., 2013; Breska and Ivry, 563 

2016), where the former refers to tasks where the task goal focuses on the temporal 564 

property of the stimulus while the latter refers to tasks in which the task goal focuses on 565 

non-temporal properties (e.g., detection, stimulus identification). It will be interesting to 566 

develop adaptation methods for implicit timing tasks to test this hypothesis.  567 

In addition to right SMG, we also observed a BOLD aftereffect in left and right 568 

MOG following duration adaptation, a result that would suggest that MOG also contains 569 

duration-tuned neural populations. The relationship between the physiological changes in 570 

MOG and the behavioral aftereffect is problematic: The neurobehavioral correlations 571 

were not significant for either area, but they were in the same direction as that observed 572 

in SMG. Moreover, the neurobehavioral correlation in SMG was not significantly 573 

stronger than that observed with either left or right MOG.  Although we can only 574 

speculate, one possible interpretation might be that activity in bilateral MOG is less 575 

sensitive to the history of temporal information.  576 

Interestingly, the degree of the BOLD aftereffect was correlated between right 577 

and left MOG (Fig. 6C), consistent with the foveal presentation of the stimuli, but the 578 

BOLD aftereffect in neither area correlated with the degree of BOLD aftereffect in right 579 

SMG. Whether the SMG and MOG are functionally related is still an open question. 580 

Future studies applying a functional connectivity analysis to a suitable neuroimaging 581 
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experiment may provide insight into the issue of whether the SMG and MOG interact 582 

with each other.  583 

Previous studies have pointed to a broad network of neural regions engaged in 584 

temporal processing, including the supplementary motor area (SMA), inferior frontal 585 

gyrus (IFG), cerebellum and basal ganglia (Wiener et al., 2010b; Hayashi et al., 2014, 586 

2018; Protopapa et al., 2019; Harvey et al., 2020). Although the ROI approach utilized 587 

here was designed to focus on right SMG, it is noteworthy that none of these cortical or 588 

subcortical areas showed duration-selective attenuation of the BOLD response in the 589 

exploratory, whole brain analysis. These areas may contribute to other aspects of 590 

performance on timing tasks; alternatively, they may utilize different coding mechanisms 591 

for timing that are insensitive to our adaptation manipulation. For example, activity in 592 

SMA exhibits ramping neural activity (van Rijn et al., 2011) and inferior frontal region 593 

have been shown to represent time in a categorical manner (e.g., longer or shorter) 594 

(Hayashi et al., 2013a), both signatures that may be more indicative of decision- and 595 

response-relevant representations. One important direction for future research would be 596 

to dissociate different processing operations required for making temporal judgments.  597 

To conclude, the present study demonstrates that physiological activity in right 598 

SMG associated with temporal processing is contextually sensitive, with exposure to an 599 

adapting stimulus modulating duration tuning in this area. Moreover, the degree of the 600 

BOLD aftereffect was predictive of behavioral performance, with individuals who 601 

showed the largest tuning modulation also exhibiting the largest behavioral aftereffect. 602 

These findings are consistent with the hypothesis that our subjective experience of time is 603 

represented by population coding in the right SMG. Future research is required to directly 604 

test the causal relationship between perceived duration and duration-selectivity in the 605 

right SMG.   606 
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Figures legends 727 

 728 

Figure 1. Stimulus sequence and design matrices. (A) Stimulus sequence. Adaptation 729 

blocks (Short and Long conditions) begin with an adaptation phase, followed by 730 

alternations between top-up and test phases. In the adaptation phase, an adaptor of a fixed 731 

duration (either 250 ms or 750 ms) was successively presented 30 times, with each 732 

presentation separated by a variable interval. In the top-up phase, the adaptor was 733 

presented three times. In the test phase, participants performed a duration discrimination 734 

task, indicating which of two stimuli was longer, a visual test stimulus of variable 735 

duration (350 – 650 ms) or an auditory stimulus of a fixed, reference duration (500 ms). 736 

The participant indicated their choice during a response interval, cued when the fixation 737 

cross turned red. Only the test phase was presented in the no-adaptation condition 738 

(None). Examples of design matrices for Model 1 (B) and Model 2 (C), using a single run 739 

of the long condition as an example. The regressors are listed on the x-axes and the image 740 

number on the y-axes (top to bottom corresponds to the first to last image, respectively). 741 

Test: test stimuli; PM: parametric modulation parameters; Ref: reference stimuli; Resp: 742 

button responses; TU1 to TU3: first to third top-up stimuli; Adapt: adaptation phase; 743 

Motion param: head motion parameters; Const: constant term; Test1 to Test 3: Test 744 

stimuli from shortest (Test1) to longest (Test4). The None (no adapter) condition was 745 

also modeled in Model 2 in the same way as (C) but the TU1, TU2, TU3, and Adapt 746 

regressors were omitted as neither adaptation nor top-up stimuli were presented. 747 

 748 

Figure 2. Behavioral results. Task performance of a representative participant (A) and 749 

the average performance for all participants (B). The data show the percentage of trials 750 

for the three conditions in which the test stimulus was judged to be longer than the 751 
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reference stimulus. Estimates of the PSE (C) and slope (D) from the psychometric fitting 752 

procedure. Red: Short condition (S); Black: None condition (N); Blue: Long condition 753 

(L). Gray circles on the bar graphs indicate individual data. Error bars indicate standard 754 

errors of the mean. ** p < 0.01, *** p < 0.001.  755 

 756 

Figure 3. The effect of adaptation on bias and variability is not correlated.   757 

Correlations between the shift in PSE and change in slope between the Short and None 758 

conditions (A), Long and None conditions (B), and Long and Short conditions (C). The 759 

rs-values in each panel indicate Spearman’s correlation. Right column shows distribution 760 

of correlation coefficients estimated by bootstrap method. Solid lines indicate 95% C.I., 761 

and dotted line indicates Spearman’s correlation from the corresponding panel in the left 762 

column. 763 

 764 

Figure 4. ROI analysis of SMG. (A) Cluster in right SMG that exhibited a BOLD 765 

aftereffect, with the BOLD response to the test stimuli differentially modulated during 766 

the adaptation runs (Short and Long conditions). The color scale indicates t-values. Mean 767 

regression coefficients of the parametric modulation term in the GLM (Model 1) in the 768 

adaptation runs (B) and for each test duration, extracted from Model 2 (C). Colors, grey 769 

dots, and error bars are as in Figure 2. (D) Correlation between behavioral aftereffect and 770 

modulation of BOLD response as a function of test stimulus duration in right SMG. 771 

Least-square fit line is plotted. (E) Distribution of correlation coefficients estimated by 772 

bootstrap method. Solid lines indicate 95% C.I., and dotted line indicates Spearman’s 773 

correlation for the neurobehavioral effect shown in (D).  774 

 775 
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Figure 5. Whole brain analysis of neural adaptation. (A) In addition to right SMG, 776 

clusters within MOG in the right and left hemispheres exhibited a BOLD aftereffect in 777 

response to the test stimuli during the adaptation runs. The color scale indicates t-values. 778 

Mean regression coefficients of the parametric modulation term in the GLM (Model 1) in 779 

the adaptation runs (B, F) and for each test duration, extracted from Model 2 (C, G). 780 

Colors, grey dots, and error bars are as in Figure 2. (D, H) Neurobehavioral correlations 781 

in the right and left MOG, depicted as in Figure 3. (E, I) Distribution of correlation 782 

coefficients estimated by bootstrap method. Solid lines indicate 95% C.I., and dotted line 783 

indicates Spearman’s correlation for the neurobehavioral effect (D, H).  784 

 785 

Figure 6. Comparison of the BOLD aftereffect across brain regions. Left column 786 

shows the correlations for each pairwise comparison of the three areas exhibiting a 787 

BOLD aftereffect as a function of the duration of the test stimulus: (A): right SMG and 788 

right MOG; (B): right SMG and left MOG; (C): right MOG and left MOG. The rs-values 789 

indicate Spearman’s correlation and solid lines indicate the least-square fit lines. Right 790 

column shows distribution of correlation coefficients estimated by bootstrap method. 791 

Solid lines indicate 95% C.I., and dotted line indicates Spearman’s correlation for the 792 

neurobehavioral effect shown in corresponding left column panel.  793 
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Table 795 

 796 

Table 1. Parameters of clusters exhibiting duration adaptation in the ROI analysis 797 

of right supramarginal gyrus (SMG) and the whole brain analysis. 798 

 

   MNI coordinates  

Cluster size Location Side x y z Z-value 

49 SMG R 66 -34 34 3.58* 

49 MOG L -42 -80 24 3.90 

38 MOG R 50 -70 26 3.58 

* SMG cluster found in the ROI analysis. 

 Note: one cluster that appeared in the white matter was omitted from this 

table. 
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