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Abstract

Our perception and decision-making are susceptible to prior context. Such sequential
dependence has been extensively studied in the visual domain, but less is known about its impact on
time perception. Moreover, there are ongoing debates about whether these sequential biases occur at
the perceptual stage or during subsequent post-perceptual processing. Using functional Magnetic
Resonance Imaging (fMRI), we investigated neural mechanisms underlying temporal sequential
dependence and the role of action in time judgments across trials. Participants performed a timing task
where they had to remember the duration of green coherent motion and were cued to either actively
reproduce its duration or simply view it passively. We found that sequential biases in time perception
were only evident when the preceding task involved active duration reproduction. Merely encoding a
prior duration without reproduction failed to induce such biases. Neurally, we observed activation in
networks associated with timing, such as striato-thalamo-cortical circuits, and performance
monitoring networks, particularly when a “Response” trial was anticipated. Importantly, the
hippocampus showed sensitivity to these sequential biases, and its activation negatively correlated
with the individual’s sequential bias following active reproduction trials. These findings highlight the
significant role of memory networks in shaping time-related sequential biases at the post-perceptual

stages.
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Significance Statement

Our study explores the neural mechanisms of sequential dependence in time perception and
reveals that active reproduction of time duration in the previous trial can bias subsequent estimates,
resulting in a sequential dependence effect. In contrast, passive viewing of a stimulus without
reproducing its duration does not produce this effect. At the neural level, we observed increased
activity in memory regions like the hippocampus when sequential biases were reduced. Furthermore,
we found a negative correlation between hippocampal activation and sequential bias following active
reproduction trials, suggesting that the involvement of memory networks mediates how we are

influenced by past experiences when judging time.
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Introduction

The world around us is relatively stable and predictable over a short period. A traffic sign at a
crossroad will turn periodically into red and green in a predictable way. During rush hour, a traffic jam
is likely followed by another. Our experience is thus useful to guide our decisions because the past
and the present often correlate. Research has demonstrated that our current perception is biased by
recent events, referred to as serial dependence or sequential dependence (Holland and Lockhead 1968;
Cross 1973; Fischer and Whitney 2014; Cicchini et al. 2018; Glasauer and Shi 2022; Pascucci et al.
2023). Such sequential bias has primarily been explored in the context of non-temporal features, such
as orientation, color, and motion direction, particularly with a recent paradigm highlighting the
influences of the difference between the current and previous stimuli on perceptual biases (e.g.,
Fischer and Whitney 2014; Cicchini et al. 2017; Bae and Luck 2020; Barbosa and Compte 2020).

There is ongoing debate regarding the underlying mechanisms of sequential dependence. Two
main perspectives have emerged. The first view proposes that sequential dependence is thought to
maintain perceptual stability and continuity by integrating past and current information to filter out
abrupt noises, serving as a perceptual mechanism (Liberman et al. 2016; Whitney et al. 2022). The
second view connects sequential dependence to prior task and response-related post-perceptual factors
(Fritsche et al. 2017; Pascucci et al. 2019; Bae and Luck 2020; Ceylan et al. 2021). For instance,
sequential dependence is only observed when the current and previous tasks are the orientation
judgments (Bae and Luck 2020), indicating that encoding the previous stimulus was not sufficient but
the task-related response in previous trials was essential for sequential effects to occur.

In this latter view, working memory plays a crucial role in sequential dependence, as it
involves integrating preceding stimuli with current sensory inputs for decision-making and motor
plans (Bliss et al. 2017; Kiyonaga, Scimeca, et al. 2017; Bae and Luck 2019; Fornaciai and Park
2020a). Studies have shown the sequential effect increases when the memory retention interval
increases (Bliss et al. 2017), and decreases when the short-term memory maintenance in the premotor
cortex is interrupted with TMS (de Azevedo Neto and Bartels 2021). A recent fMRI study showed

that neural activity in low-level V1 is opposite to behavioral sequential dependence, which suggests
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that the effect emerges in high-level memory or decision-making circuits (Sheehan and Serences
2022). Moreover, a recent electroencephalogram (EEG) study used the auditory pitch categorization
task and decoded neural representations of multiple features (i.e., pitch, category choice, motor
response) of the current trial as well as the neural response from past-trial features on the current trial,
and it found that past-trial features kept their respective identities in memory and were only
reactivated by the corresponding features in the current trial, giving rise to sequential biases (Zhang
and Luo 2023).

While behavioral studies reliably demonstrate sequential dependence, much of the existing
literature has primarily focused on non-temporal spatial features, such as orientation, that have a
circular distribution (e.g., Fischer and Whitney 2014). One advantage of using this is that it allows for
a clear separation of sequential effects from pervasive central tendency and range effects (Vierordt
1868; Teghtsoonian and Teghtsoonian 1978; Shi, Church, et al. 2013; Petzschner et al. 2015; Glasauer
and Shi 2021) - phenomena that are commonplace in magnitude estimations, such as duration
judgments. For example, perceived durations can skew toward a mean duration derived from recent
history or sampled durations (Nakajima et al. 1992; Burr et al. 2009; Jazayeri and Shadlen 2010),
leading to underestimate long durations and overestimate short ones. However, only a handful of
recent behavioral studies have explored trial-to-trial sequential effects on timing (Wiener et al. 2014;
Wehrman et al. 2020; Togoli et al. 2021; Glasauer and Shi 2022), and even fewer have linked these
effects to specific electroencephalogram (EEG) signatures (Damsma et al. 2021; Fornaciai et al.
2023). This leaves a significant gap in our understanding of neural mechanisms at play.

In this study, we employed a classic post-cueing paradigm used in sequential dependence
research (Czoschke et al. 2019; Bae and Luck 2020) to investigate the neural mechanisms underlying
sequential dependence in a duration reproduction task (Shi, Ganzenmidiller, et al. 2013; Shi et al. 2022;
Zang et al. 2022) in conjunction with MRI scanning. The task consisted of an encoding phase and a
subsequent phase that was either for reproduction or passive-viewing, contingent on a post-cue that
indicated “Response” or “No-response”. During the encoding phase, participants had to remember the

stimulus duration, and then either reproduce it or passively observe it, as instructed by the cue. With
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“Response” and ‘“No-response” trials randomly intermixed, participants had to recall the durations
accurately in each case. This design allowed us to compare how passive viewing and active
reproduction during preceding trials influenced the processing of the subsequent stimuli, thereby
shedding light on the post-perceptual factors contributing to sequential dependence.

To preview our findings, we found behaviorally that the central tendency bias operated
independently of the preceding task. However, the sequential dependence was significant only when
the preceding task required active reproduction rather than passive viewing. At the neural level, our
data link striato-thalamo-cortical and performance monitoring networks to time perception and prior
tasks, respectively. Notably, we observed that hippocampus activity was directly linked with the
sequential bias on both prior tasks and prior duration. This hippocampal activation was particularly
evident during the encoding phase following passive viewing trials and led to a decrease in sequential
bias. These findings highlight the involvement of post-perceptual stages that link sensory
representations to responses and underscore the critical role of active timing-related and memory

networks in the temporal sequential dependence.

Materials and Methods

Participants

21 participants (9 females; 12 males; age: Mean + SD = 27.24 + 3.83, range: 23-33 years)
were recruited for the two-session MRI experiment'. All of them were right-handed and had normal or
corrected-to-normal vision and color vision, no history of neurological, psychiatric, or medical
disorders, and no symptoms of COVID-19 in the past two weeks. The sample size was determined
based on previous studies (Fischer and Whitney 2014; Bae and Luck 2020) that usually found large
effect sizes (Cohen’s d > 0.75), and with a power of 80% (1 — [3), which yielded a minimum of 19

participants according to G*Power (Erdfelder et al. 1996). Participants provided their informed

' During scanning, six participants had large head movements (more than 3 mm of
displacement measured by 2nd-degree B-spline interpolation or 3° of rotation in any direction) or
distortion in the T1 image. We then replaced with six new participants.
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consent prior to the experiment and were compensated for their participation for 15 Euro/hour. The

study was approved by the ethics committees of the Psychology Department at LMU Munich.

Experimental design and procedure

We adopted a duration reproduction paradigm (Shi, Ganzenmiiller, et al. 2013; Shi et al. 2022;
Zang et al. 2022), consisting of an encoding phase and a reproduction phase (see Figure 1).
Participants laid down comfortably with their head in the head coil, inside some cushions to fixate the
head position and avoid motion. Participants viewed the back projector canvas (diagonal 30 inches)
via an adjustable mirror positioned on top of the head coil, with a viewing distance of 110 cm. The
task was presented by an MRI-compatible ProPIXX DLP LED projector (Pixx Technologies Inc,
Canada).

Each trial began with a black cross (visual angle of 0.5°) at the center of the display on a light
gray background for 500 ms, prompting participants to maintain their fixation on the center.
Following this, a tunnel view display (subtended 17.8° visual angle) of white randomly moving dots
(20 dots with each diameter of 0.4°, moving at a speed of 1°/s) appeared for a randomly selected
duration between 400 to 600 ms. The white dots then changed to green and moved 100% coherently
with a speed of 6°/s in one direction selected between 0 to 360° for a given duration, chosen from 0.8,
1.0, 1.2, 1.4, and 1.6 secs. Immediately after the given duration, the color of the dots changed back to
white and moved randomly again at a speed of 1°/s. When a dot exited the tunnel view, it was
regenerated at a random location within the view to maintain dot density. The entire presentation of
the tunnel view lasted for 3000 ms. Participants were instructed to remember the duration of the green
coherent motion.

Following the encoding phase, a cue was presented in the center for 500 ms that indicates
whether participants should perform a reproduction task (“Response”) or not (“No-response”). The
cue was a color disk (subtended 1.2° visual angle), which could be either green (indicating a Response
trial: reproducing the duration) or white (indicating a No-response trial: doing nothing, only passive

viewing). For Response trials, immediately following the offset of the cue display, a green random dot
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motion in a tunnel view (20 green dots with each of 0.4° at a speed of 1°/s) appeared in the center of
the screen. Participants had to monitor the elapsed time and press an MRI-compatible ResponsePixx
button (Pixx Technologies Inc, Canada) with their right thumb when they perceived the elapsed time
as being the same as the duration of coherent movement in the encoding phase. Following the
response, a feedback display appeared indicating the response accuracy with a color dot in a
horizontal dot array. Each highlighted dot from the left to right five dots corresponded to a range of
relative reproduction errors (error/duration): The left most represented below -30%, while the second
to fifth dot indicated errors between [-30%, -5%], (-5%, 5%), [5%, 30%], or greater than 30%,
respectively. The middle dot was highlighted in green to indicate an accurate reproduction, while the
2nd and 4th dots were highlighted in light red, the utmost Ist and 5th dots in dark red, with the color
intensity reflecting the degree of error. The feedback lasted for 500 ms. For the No-response trial, the
cue display was followed by a white random dot motion in a tunnel view (20 white dots with each
diameter of 0.4°, moving at a speed of 1°/s), lasting the same amount of time as the coherent
movement of the green dots in the encoding phase, and participants didn’t need to respond and just
passively watched the display. Afterwards, a blank feedback display appeared for 500 ms to equate
the time with the feedback display in the Response trial. The next trial started after a random interval
0f 2000 to 3000 ms.

Since we were interested in the impact of the preceding task on the present reproduction, and
to ensure equal transitional probability from a ‘“No-response to Response” trial and from a “Response
to Response” trial while minimizing the number of trials required for MRI scanning (within one hour),
we excluded the possibility of a “No-response to No-response” trial. This yielded a 2:1 ratio of the
Response vs. No-response trials while maintaining equal transitional probability (see a similar
approach Czoschke et al. 2019).

Prior to the formal scanning, participants received a practice block of 30 trials to familiarize
themselves with the task in a sound-reduced and moderately lit chamber, near the scanning room. In
the formal MRI study, each participant completed 12 blocks, with each block of 30 trials, among them

20 Response trials and 10 No-response trials. After each block, there was a short 6-second break, and
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after 6 blocks (comprising a session) a long 7-minute break. During this long break, participants took
a rest inside the scanner, and a T1 image was acquired. The whole experiment lasted approximately

60 minutes.

Reproduction Feedback

500 ms

/ Response cue
500 ms
Fixation Random dot "
500 ms motion Coherent motion
for a given duration Random dot
motion |
35s

No-response cue
500 ms

Passive-viewing

Blank Feedback
500 ms

Figure 1. Experimental procedure. Each trial consisted of two phases: the duration encoding phase
and the duration reproduction or passive-viewing phase, with the latter being contingent upon the
Response / No-response cue. The trial started with a fixation, followed by the display of white random
dot motion, which then changed to green dots moving coherently in one direction (e.g., the gray dots
in the illustration represented the green coherently moving dots in the direction of the white arrow, not
shown in the actual experiment) for a given duration before reverting back to white random dot
motion. The entire presentation of the dots display lasted for 3000 ms. Participants were instructed to
remember the duration of the green coherent motion. A cue, either a green (“Response” trial,
represented as the black disk in the illustration) or a white (“No-response” trial) disk, was then shown
on the screen, indicating the beginning of the second phase. In the “Response” trials, the green
random dot motion appeared (represented as the gray dots in the illustration), and participants had to
press a button when they thought the elapsed duration was the same as the perceived duration in the
encoding phase. During “No-response” trials, participants only passively viewed the white random dot
motion for the same duration as the coherent movement of the green dots in the encoding phase and

were not required to respond. In the end, there was a feedback display featuring five horizontal white
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disks, with one disk changing color to indicate the accuracy of the reproduction for the “Response”

trials.

MRI data acquisition and preprocessing

All MRI data were acquired using a 3-Tesla Siemens Prisma MRI scanner (Siemens,
Erlangen, Germany), equipped with a 32-channel head coil. Functional MRI images were obtained
using a blood oxygenation level-dependent (BOLD) contrast-sensitive gradient-echo EPI sequence. A
total of 3000 to 3300 volumes of fMRI data, depending on the duration of the experiment, were
acquired for each participant through two sessions. The following parameters were used: TR = 1000
ms, multi-band factor = 4, TE = 30 ms, flip angle = 45°, FOV =210 x 210 mm, voxels size =3 X 3 x
3 mm, slices number = 48, slice thickness = 3 mm. In addition, structural MRI images (T1 weighted)
were acquired from the sagittal plane using a three dimensional magnetization prepared rapid
gradient-echo (MPRAGE) pulse sequence with the following scanning parameters: TR = 2500 ms, TE
= 2.22 ms, flip angle = 8°, FOV = 256 x 256 mm, voxel size = 0.8 x 0.8 x 0.8 mm, slice thickness =
0.8 mm.

The analyses and visualization of imaging data were performed with SPM12 (Ashburner et al.
2014) and Nilearn - 0.9.2 (Abraham et al. 2014). The functional images were first preprocessed with
realignment, reslicing, and slice time correction. Then, the head movement correction was done by
using affine transformation in a two-pass procedure and aligning individual functional images to their
mean image using 2nd-degree B-spline interpolation. Participants who had head movements more
than 3 mm or rotations greater than 3° were excluded from further analysis, which yielded the
exclusion of six participants in total, five for large head motion and one for T1 image distortion. We
then replaced them with six new participants. The mean image of each participant was then spatially
normalized to a 3 mm standard Montreal Neurological Institute (MNI) template using the “unified
segmentation” approach, and the resulting deformation field was applied to the individual functional

images. The normalized fMRI images were then smoothed with a 6 mm full-width-at-half-maximum

10
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(FWHM) Gaussian kernel to improve the signal-to-noise ratio and compensate for residual anatomical

variations.

Statistical analyses
Behavioral analysis

The reproduction errors, the difference between the reproduced duration and the physical
duration, were calculated for the Response trials. To exclude trials with large reproduction errors due
to accidental button presses or inattention, we applied the three-sigma rule to exclude those outliers.
Then, we categorized the remaining Response trials into two types depending on the preceding task:
(a) Response-Response (RR) trials that were preceded by a reproduction task, and (b)
NoResponse-Response (NR) trials that were preceded by a passive viewing task.

Given that time intervals are an open scale and their judgments are subjective to both central
tendency and sequential biases, we estimated the central tendency and sequential dependence effects

separately. The central tendency effect results from the integration of the prior (Dp) and the current
duration (Dn), and can be estimated through linear regression when the prior is considered fixed

(Cicchini et al. 2012; Shi, Church, et al. 2013):

D =wDh + (1 -w)D .
T n p

Here we applied a linear regression to find the slope (w), and designated 1 — w as the index for
central tendency. An index of 0 indicates no central tendency, while an index of 1 signals a strong
central tendency.

The conventional measures of serial dependence effect, which compare the current response
error to the difference between the previous and the current stimuli (e.g., Fischer and Whitney 2014;
Bliss et al. 2017; Kiyonaga, Manassi, et al. 2017; Cicchini et al. 2018), are not sufficient to separate
sequential dependence from the central tendency bias (for more details, see Glasauer and Shi 2022).
Instead, we adopted a classical approach to sequential effects (Holland and Lockhead 1968), which
correlates the current error with the previous duration. However, this method could still capture a

general bias, such as systematic over- or underestimation, in addition to the sequential trend. Thus, in

11
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the analysis, we only focused on the linear trends (i.e., the slopes), rather than the intercepts.
Specifically, we applied linear regression to relate the current response errors (En) with the previous

sample duration (Dn—1)’ and took the slope b of this linear fit as the index of the sequential bias:

E =a + bD _,
n n—1

A positive slope indicates that the current error is assimilated towards the previous duration, while the
negative slope suggests a repulsion from the previous one. Additionally, as a sanity check and for
further verification, we also computed the sequential effect for the durations presented in future trials
(nt+1).

For statistical analyses, we applied linear regression, simple #-tests and linear mixed models

according to the data structure.

fMRI statistical analysis

There were three types of inter-trial transitions: No-response to Response (NR), Response to
Response (RR), and Response to No-response (RN). Given that the third type (RN) trials yielded no
behavioral response, our analysis focused on the Response trials (i.e., RR and NR). To boost the
power of the first-level fMRI analyses, we grouped the preceding durations into two categories: the
“Short” and the “Long” categories. The “Short” category included durations of 0.8 and 1.0 s, and the
“Long” categories were 1.4 and 1.6 s, with the middle duration of 1.2 s being excluded. Therefore, a
combination of the factors of the Prior Task (RR or NR) and the Prior Duration (Short or Long)
resulted in four conditions.

At the first-level analysis with individual participants, BOLD responses obtained from the
smoothed images were time-locked to the onset of the target duration and modeled using a canonical
hemodynamic response function (HRF) with a box-car function to represent the duration of the
coherent movement. Our analysis defined four conditions through the combination of the Prior Task
and the Prior Duration, each represented by a separate main canonical hemodynamic response

function (HRF) regressor. To identify brain regions associated with sequential biases, we incorporated
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an additional parametric regressor for each main regressor. Parametric modulation serves as an index
of the relationship between neural activity and the normalized response error, helping to pinpoint
regions where activity varies based on specific variables (Penny et al. 2011; Mumford 2015).

Given that the current response error inherited the central tendency biases and the systematic
general biases, we can not directly use them as parametric regressors for identifying neural activities

associated with the sequential effect. Instead, we employed normalized errors:

RE, = (Dn,k B Ek)/ﬁk ’
where Ek is the mean reproduction of the duration D o Dn’k the reproduced duration at trial n» of a
given Duration Dk, REn,k the normalized relative error. The normalized errors retained the trend of

sequential dependence associated with the previous duration, yet they were free from the general bias
and the central tendency linked to the current duration (see Appendix Figures S1 and S2). This
approach allowed us to use it as an additional parametric regressor on the neural activity of the current
trial to isolate the impact of sequential dependence. Together, we had four main regressors and four
parametric regressors. The beta value of the parametric regressor reveals the strength and linear
relationship between brain activity and the relative error. A positive parametric value indicates that
brain activity correlated positively with the relative error, while a negative value suggests an inverse
correlation between brain activity and the relative error. Importantly, as BOLD activations were
analyzed during the encoding phase and sequential biases were assessed during the late reproduction
phase, the parametric modulation serves to quantify both the extent and direction of how fluctuations
in brain activity influence behavioral sequential bias. Additionally, six head movement parameters
were added as nuisance regressors to control head motion artifacts (Lund et al. 2005). The data were
high-pass filtered at 1/128 Hz. For each subject, 8 condition-specific contrast images were created (for
each trial type and parametric modulator).

The respective contrast images for the main HRF regressors and the parametric regressors
were subjected to the second-level analysis with flexible factorial design, separately. In the flexible
factorial design, Prior Task and Prior Duration were created as within-subject factors and Participant
as a random factor. The 2 (Prior Task: Response (RR) vs. No-response (NR)) x 2 (Prior Duration:
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Short vs. Long) ANOVAs allowed us to determine the unique contributions of each factor to the brain
activity, and how they might interact with each other to affect neural processing. We conducted a
whole-brain analysis to determine the candidate brain regions involved in the main effects of Prior
Task and Prior Duration, as well as their interaction, by using planned t-contrasts. All contrasts were
thresholded at p < .001, with FWE cluster correction at p < .05. We were interested in brain regions
that showed sensitivity to the modulation of brain activity by the normalized relative deviation.
Parametric estimates were extracted from the statistically significant clusters and averaged across the
voxels in the individual-level analysis. Once the regions of interest (ROIs) were identified, we
proceeded with a comprehensive analysis where all durations were taken into account.

To gain further insight into activation patterns, a separate general linear model (GLM) was
applied to the fMRI time series, similar to the model designed above, except all individual durations
were included (0.8, 1.0, 1.2, 1.4, and 1.6 s). Thus, we have 2 (Prior Tasks) x 5 (Prior Durations), 10
conditions in total. Each condition had one main HRF regressor and one parametric regressor using
the normalized relative error. Beta values of individual main regressor as well as parametric
modulator were calculated from the significant voxels detected above (a sphere with a diameter of 10
mm) for individual participants. To assess differences in beta values, we employed a linear mixed
model analysis, incorporating Prior Task and Prior Duration as the fixed effect, and Subject as the
random factor. Linear mixed models are resilient to violations of sphericity and help mitigate the risk
of Type I errors (Singmann and Kellen 2019). The p-values reported for the mixed models were
calculated using the maximum likelihood estimation.

We then conducted Spearman’s correlation (o = 0.05, two-tailed) to assess the relationship
between the magnitude of the sequential dependence effect in behavior and the BOLD activity of
interest. The slope of the linear regression with the normalized relative error depending on the
previous sample duration was operationalized to indicate the magnitude of the behavioral sequential
dependence effect. The BOLD response was measured as the § values of the main regressors in the

designated regions detected above.
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Results

Behavioral results

The reproduction errors were calculated for the “Response” trials. Overall, reproduced durations were
close to the probe durations, resulting in a mean reproduction error of 35 ms. We excluded trials with
large reproduction errors and the outliers were generally rare, on average only 0.89%, ranging
individually from 0 to 5 outlier trials. The remaining “Response” trials were categorized into two
types depending on the preceding trial: (a) “Response” to “Response” (RR) trials that were preceded
by a reproduction trial, and (b) “No-response” to “Response” (NR) trials that were preceded by a
passive viewing trial. Given that duration reproduction is affected by both the central tendency effect
and the sequential dependence (Glasauer and Shi 2022), we estimated the central tendency and serial
dependence effects separately.

The central tendency effect.

We applied a linear regression of the duration reproduction (DT) on the current durations (Dn)

to obtain the slope (w), and used 1 — w as the central tendency index, with 0 indicating no central
tendency and 1 strong central tendency (Cicchini et al. 2012; Shi, Church, et al. 2013). The results,
shown in Figure 2a, indicate a strong central tendency effect - participants overestimated short
durations and underestimated long durations. The central tendency effect was quantified through
linear regression, revealing significant central tendency biases with mean central tendency index (
1 — w) of 0.540 (¢, = 9.13, p <.001, d = 1.99) and 0.594 (7,0 = 9.14, p <.001, d = 1.99) for the NR
and RR respectively. But the central tendency biases were comparable between the two conditions
(tao) = 1.748, p = .096, BF,, = 0.830). Additionally, there was a minor positive general bias (M + SE:
35 £ 14 ms, o) = 2.452, p = .024, BF,, = 2.494), which was comparable between the two conditions
(tao) = 1.298, p = .209, BF ), = 0.475). A linear mixed model with Prior Task and Current Duration as
the fixed effects and Subject as the random factor also confirmed similar results: no effect of Prior
Task (Coef = -0.012, 95% CI [-0.038, 0.014], p = .380), but a significant main effect of Current
Duration (Coef = 0.406, 95% CI [0.341, 0.471], p < .001). And their interaction was not significant

(Coef = 0.054, 95% CI [-0.038, 0.146], p = .251). That is, the central tendency and the general bias
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were not influenced by the prior trial task. The lack of a significant difference in the central tendency
effect between preceding task types might be primarily due to the same distribution and range of the
tested durations for two prior tasks, yielding a consistent long-term representation of the prior
durations across tasks. This agrees with previous findings that randomly mixing durations leads to a
generalization of the prior across conditions (Roach et al. 2017).

The sequential dependence effect.

Figure 2b shows that the current response errors increased with increasing prior durations,
suggesting a sequential dependence effect. This was captured by the slopes of the linear regression,
which was only significantly positive for the RR condition (b = 0.103, #,, = 3.668, p = .002, BF}, =
25.043), but not for the NR condition (b = 0.017, £, = 0.922, p = .368, BF,;,= 0.332). Additionally,
the slope for the RR condition was significantly larger than that in the NR condition (¢, = 3.056, p =
.006, BF;, = 7.510, see Figure 2c¢). The results were further confirmed by the linear mixed model with
Prior Task and Prior Duration as the fixed effects and Subject as the random factor. Neither the main
effect of the Prior Task (Coef =0.012, 95% CI [-0.005, 0.030], p = .174) nor the Prior Duration (Coef
=0.016, 95% CI [-0.027, 0.060], p = .464) were significant. However, their interaction effect (Coef =
0.087, 95% CI [0.025, 0.149], p = .006) was significant, indicating a notable difference in the slopes
between the NR and RR conditions. These results suggest that active reproduction in the preceding
trial increased the sequential dependence on the current reproduction, whereas passive viewing did
not. To avoid statistical artifacts (Cicchini et al. 2014), we also tested the sequential dependence effect
on the durations presented in future trials (n+1), which showed no significance (ps > .216). Our
behavioral results provide clear evidence that merely passively perceiving an interval is not sufficient

to bias subsequent duration estimates.
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Figure 2. (a) The central tendency effect. The duration reproductions are shown as a function of the
actual duration, separated for the inter-trial type: No-response/Response (NR) and Response/Response
(RR) trials. Error bars represent £ SEM. (b) The sequential dependence effect. The response errors are
plotted on the durations from previous trials, separated for NR and RR conditions. Error bars
represent = SEM. (¢) Notched boxplots of the sequential dependence slope for NR and RR conditions.
The box plot depicts the sequential dependence effect, measured by the slope, for each condition. The
top and bottom of the notched box represent the interquartile range (between 25% and 75%), and the
notch in the box is the 95% confidence interval for the median; whiskers exclude outliers. *p <.05,

*%p <01,

fMRI Results
Whole-brain analysis

The main analysis was focused here on the effects of prior tasks on the current duration
reproduction (i.e., RR and NR). The combination of the factors of the Prior Task (RR or NR) and the
Prior Duration (Short or Long) resulted in four conditions, each represented by a separate main HRF

regressor and an accompanying parametric regressor incorporating the normalized relative error RE "

The results from the main HRF regressors reflect different brain activations across different

conditions, while the findings of the parametric regressors reflect the covariate changes of brain
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activities to the normalized relative errors in duration reproduction. In the following subsections, we

report the results separately for the main HRF regressors and parametric regressors.

Table 1. Activations associated with the main HRF regressors defined by the two factors Prior Task

and Prior Duration

Contrast Region label MNI coordinates Cluster size T value
Prior Task
RR > NR R inferior frontal gyrus 45, 41, 2 109 5.42
NR > RR R Posterior medial frontal 6, -1, 53 8003 6.34
R Thalamus 9, =22, 5 6.09
L Precentral gyrus -30, -16, 50 7.46
L Postcentral gyrus =51, -19, 53 6.72
L Precuneus -9, -61, 14 259 3.64
Prior Duration
Long > Short R Caudate Nucleus 18, =22, 26 122 442
Prior Task X Prior Duration n.s.

Note: Activations were significant at p < .001, with FWE cluster correction at p < .05, and n.s.
denotes non-significant. R Posterior medial frontal, R Thalamus, L Precentral gyrus, and L Postcentral

gyrus were in the same cluster.

Table 2. Activations associated with the parametric regressors defined by the two factors Prior Task

and Prior Duration

Contrast Region label MNI coordinates Cluster size T value
PriorTask ns.
Prior Duration
Long > Short L Middle frontal gyrus =21, 38, 32 124 4.46
Prior Task X Prior Duration
Long (NR > RR) L Hippocampus -36 -37, -7 139 4.09
R Hippocampus 39, -31, -7 305 5.01

Notes: Activations were significant at p <.001, with FWE cluster correction at p < .05, and n.s.

denotes non-significant.
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Main HRF regressors

We conducted contrast analyses using 2 (RR vs. NR) x 2 (Prior Short vs. Prior Long)
within-subject ANOVAs. Table 1 and Figures 3a and 3b show the significant regions identified
through this contrast analysis. The results show that the right inferior frontal gyrus (RIFG), a region
associated with response inhibition (Aron et al. 2007; Hampshire et al. 2010), exhibited greater
activation during RR trials compared to NR trials. Conversely, the left precuneus and a large cluster
comprising the left precentral gyrus, left postcentral gyrus, the right posterior-medial frontal and the
right thalamus were more active during NR trials compared to RR trials.

The RIFG is a critical region for response inhibition and detecting important cues (Aron et al.
2007; Hampshire et al. 2010). The activation of the RIFG for the contrast RR vs. NR is likely due to a
Response trial (R) can be followed by Response or No-response trials which require response
inhibition. In contrast, for the contrast NR vs. RR, we observed high activation in cognitive control
and performance monitoring networks, including the right posterior-medial frontal cortex (Debener et
al. 2005) and the left precentral gyrus and left postcentral gyrus, as well as the left precuneus
(Ridderinkhof et al. 2004; Fitzgerald et al. 2010). Increased activation in the posterior-medial frontal
cortex (Ridderinkhof et al. 2004; Fitzgerald et al. 2010) is believed to be engaged in the cognitive
control and performance monitoring that leads to response selection and performance adjustments in
subsequent trials (Debener et al. 2005), while the precentral gyrus is the site of the primary motor
cortex and the postcentral gyrus which constitutes the primary somatosensory cortex also takes part in
motor control of the body (Hari et al. 1998; Dijkerman and de Haan 2007). This was likely due to the
activation of the primary motor cortex for those “Response” trials while not for the “No-response”
trials, and the sequential structure of the NR, which indicates that the upcoming trial is “Response”
before the cue appears. The thalamus plays a key role in the cortico-thalamic-basal ganglia timing
circuits (Mole et al. 2018; Yin et al. 2022).

The contrast analysis conducted between the prior short and long durations revealed that the
right caudate nucleus, the main component of the dorsal striatum, was more activated when the prior

trial was long than short (see Table 1 and Figure 3b). The activity in the dorsal striatum (including the
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caudate nucleus) is closely related to the representation of temporal information in working memory
(White 2009; Merchant et al. 2013; Teki and Griffiths 2016; Yin et al. 2022). Thus, our findings
suggest preceding long vs. short durations could impact the working memory trace in the following
trial, consistent with previous event-related fMRI studies on working memory and time interval
demonstrating that activity in the caudate nucleus increased with an increasing number of intervals in

the sequence (Rao et al. 2001; Coull and Nobre 2008; Teki and Griffiths 2016).

Main HREF in the brain

a. Contrast of prior task b. Contrast of prior duration
(NR > RR) (prior long > prior short)

Right caudate nucleus

% @,

Left Right Left = Left; Right = Right

Parametric modulation in the brain

c. Contrast of prior duration d. Contrast for prior long
(prior long > prior short) (NR > RR)

Left middle frontal gyrus { ygjue tvalue
4
2
0
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Left = Left; Right = Right Left = Left; Right = Right

Figure 3. Whole-brain activation results. (a) and (b) are brain regions activated in the main HRF. (a)
Whole-brain activation patterns colored in red-blue reflected invoked BOLD signals driven mainly by
the prior task. The red-marked regions (the left precentral gyrus, the left postcentral gyrus, the left
precuneus, the right posterior-medial frontal, and the right thalamus) were activated more for the
preceding No-response (NR) task as compared to the preceding Response task (RR), while the
blue-marked region (right inferior frontal gyrus) was activated more for the RR than the NR

condition. (b) Whole-brain activation patterns colored in red-blue reflected invoked BOLD signals
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that were driven by the prior duration. The red-marked region (right caudate nucleus) was activated
more for the long duration as compared to the short duration. (¢) and (d) are brain regions that show
sensitivity to normalized relative error in different conditions. (¢) Main effect of prior duration for the
parametric estimates with the normalized error. The red-marked region (left middle frontal gyrus,
MNI coordinates: -21, 38, 32) was activated more with a larger normalized relative error for the
preceding long duration than the short duration. (d) The normalized error-dependent differences
between prior tasks (NR vs. RR) in the prior long-duration condition were expressed in the
hippocampus (MNI coordinates: -36, -37, -7; MNI coordinates: 39, -31, -7). All thresholding was
done at p < .05 with FWE-corrected at the clustered level. Neurological convention was used (Left =

Left and Right = Right).

Parametric regressors

To investigate the modulation of sequential effects, we employed the normalized error - which
is free from the general bias and the central tendency - as a parametric regressor. The results of this
analysis are presented in Table 2 and Figures 3¢ and 3d. These results display the contrasts of the
parametric regressors based on a 2 (Prior Task: Response vs. No-response) x 2 (Prior Duration: Short
vs. Long) factorial analysis. By examining these contrasts, we can identify which brain regions during
the encoding stage correlate with variations in normalized errors based on preceding conditions,
which could help pinpoint the brain regions sensitive to sequential bias in time perception.

We observed a significant main effect of Prior Duration. As seen in Table 2 and Figure 3¢, the
left middle frontal gyrus (LMFG; MNI coordinates: -21, 38, 32, including 124 voxels) was more
positively correlated with the normalized error when the duration of the preceding trial was long vs.
short. This suggests that influences of the left middle frontal gyrus activation on normalized error
depend on the preceding duration. Figure 4a depicts the parametric values extracted from the left
middle frontal gyrus. On average, the parametric value was positive (0.412) when the preceding
duration was long, but negative (-0.691) when the preceding duration was short. Specifically,

activation of the left middle frontal gyrus led to a positive trend of the relative error when the
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preceding duration was long, but a negative trend of the relative error when the preceding trial was
short. Recall the right caudate nucleus was found to activate more strongly in response to a long
preceding duration compared to a short one, and the right caudate nucleus is functionally connected to
the left middle frontal gyrus (Robinson et al. 2012), which is associated with working memory
encoding (Nee et al. 2013; Dandolo and Schwabe 2019). Given this association, it is possible that
these two regions work together to regulate inter-trial dependence in duration judgments.

Additionally, the analysis revealed a significant Prior Duration X Prior Task interaction in the
left and right hippocampus (left MNI coordinates: -36, -40, -7, including 16 voxels; right MNI
coordinates: 39, -31, -7, including 25 voxels; with small-volume correction at p < .05 FWE corrected).
Further analyses revealed the most significant contrast results from the left and right hippocampus
between RR and NR conditions when the preceding trial was long, which showed different sensitivity
to the normalized bias (See Figure 3d, MNI coordinates: -36, -37, -7, including 139 voxels; MNI
coordinates: 39, -31, -7, including 305 voxels). As shown in Figure 4b, on average the parametric
values were comparable between NR and RR when the preceding duration was short, but exhibited
opposite signs for the preceding long durations. In trials preceded by a long/No-response task, the
brain activity of the hippocampus was associated with a positive trend in normalized errors.
Conversely, in trials preceded by a long/Response task, the hippocampal brain activity was linked to a
negative trend in normalized errors.

We then further conducted a correlation analysis to examine the relationship between the
hippocampal BOLD signal and the sequential dependence index. To keep the analysis consistent, we
used the sequential index obtained from the normalized error. The analysis revealed a negative
correlation (» = -.44, p = .044, two-tailed; Figure 4c) for RR trials (for both short and long duration),
suggesting more activation in the hippocampus leads to less sequential dependence for RR trials.
However, there was no correlation for NR trials (r = -.08, p = .733, two-tailed; Figure 4c), partly

because the activation in the hippocampus was generally higher for NR than RR trials (Figure 5a).
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Figure 4. (a) Notched boxplots for the mean parameter estimates () from the left middle frontal
gyrus (LMFG) for the parametric regressor for the prior tasks (NR: No-response; RR: Response),
separated for the category of the previous duration (Short vs. Long). The top and bottom of the
notched box represent the interquartile range (between 25% and 75%), and the notch in the box is the
95% confidence interval for the median; whiskers exclude outliers. (b) Notched boxplots for the mean
parameter estimates () from the hippocampus for the parametric regressor. (¢) Correlations between
the mean BOLD signal in the bilateral hippocampus (MNI coordinates: -36, -37, -7, including 139
voxels; MNI coordinates: 39, -31, -7, including 305 voxels) and the behavioral bias (slopes of the
linear regression with the normalized errors to the previous sample duration) across participants,
separated for the RR and NR conditions. The correlation was significantly negative for the RR

condition (rRR= -44, p < .05), but not for the NR (rN 6 -.08, p = .73). The least-square fit lines are

shown. * p <.05, ** p< .01, and *** p<.001.

ROI analysis on the hippocampus

Note that in the whole brain analysis, we observed a large significant activated cluster
(consisting of 8003 voxels) in the contrast NR > RR analysis (see Table 1), which included 0.7% (56
voxels) of this cluster that belonged to the hippocampus. To more closely examine the neural
activation patterns in the bilateral hippocampus in the cluster we obtained in our ROI analysis (MNI
coordinates: -36, -37, -7, including 139 voxels; MNI coordinates: 39, -31, -7, including 305 voxels),
we applied a separate GLM on BOLD signals to model the previous tasks (RR vs. NR) with each of

the five previous durations (0.8, 1.0, 1.2, 1.4, and 1.6 s) for the individual subject, and extracted the 3
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values from the main and parametric regressors. The § values of the main HRF regressors are shown
in Figure 5a. Further linear mixed model on the § values with the fixed factors of Prior Duration and
Prior Task, and a random factor of participants revealed a significant difference between prior tasks (b
= 0.16, 95% CI [0.08, 0.233], p < .001), but not among prior durations and the interaction between
Prior Task and Prior Duration (all ps > .239). On average, trials with preceding passive viewing (i.e.,
NR), compared to trials with preceding active reproduction (i.e., RR), had 16% more activations in the
hippocampus.

Figure 5b shows that the parametric value decreases with an increase in the previous duration
for the RR condition, but increases for the NR condition. A linear mixed model on the parametric
values with fixed factors of Prior Duration and Prior Task revealed a significant main effect of Prior
Task (b = 0.64, 95% CI [0.12, 1.17], p = .016), and a significant interaction between Prior Task and
Prior Duration (b = 2.32, 95% CI [0.48, 4.17], p = .014). The interaction was due to opposite linear
trends observed between the parametric values and the previous duration for the NR and RR
conditions: a positive trend for the NR (b =1.13, 95% CI [-0.18, 2.43], p = .091), but a negative trend
for the RR (b =-1.20, 95% CI [-2.50, 0.11], p = .072). Although the individual trends (the slopes of
1.13 vs. -1.20) were marginally significant from zero, the difference between the two (b = 2.32) was
significant, particularly for the previous long durations (Figure 5b). Interestingly, for the RR
condition, the negative trend of the parametric value with the previous long duration was opposite to
the significant positive trend of the sequential dependence effect (Figure 2b). This implies that
decreased brain activity in the hippocampus was associated with a high sequential error, possibly due
to the recycling of prior information in working memory, which results in strong serial dependence

(Sheehan and Serences 2022; Whitney et al. 2022).
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Figure 5. (a) BOLD signal change estimated from the hippocampus, plotted as a function of previous
duration, separated for the previous task (NR: No-response, RR: Response). (b) Mean beta value of
the parametric regressor extracted from the bilateral hippocampus (MNI coordinates: -36, -37, -7,
including 139 voxels; MNI coordinates: 39, -31, -7, including 305 voxels) plotted as a function of

previous durations, separated for the previous task (NR: No-response, RR: Response).

Discussion

This study investigated neural mechanisms that underlie serial dependence in time perception. We
conducted a duration reproduction task with a post-cue to manipulate between active reproduction and
passive viewing of durations, aiming to determine where the serial dependence originates. We found a
strong central tendency effect in duration reproduction, regardless of the preceding task. However, the
reproduction errors depended on the preceding task and duration, showing a positive serial
dependence effect only for trials with consecutive reproduction (RR), but not for trials preceded by
passive viewing (NR).

Our study seeks to extend upon previous research, which has primarily focused on serial
dependence in non-temporal domains (Holland and Lockhead 1968; e.g., Fischer and Whitney 2014).
Previous studies have shown that serial dependence requires active retrieval of a recent past
(Suarez-Pinilla et al. 2018; Bae and Luck 2020; Fornaciai and Park 2020b; Ranieri et al. 2022). For

instance, a study on motion direction judgment (Bae and Luck 2020) revealed that sequential
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dependence was only present when the preceding task was identical, as opposed to being different,
such as judging the color of the motion stimuli. Our study extends this research by demonstrating that
in the temporal domain, simply encoding the previous stimulus was not enough to produce a
sequential effect. Employing a post-cueing paradigm offers the advantage of ensuring participants
remain attentively engaged with the durations in each trial to perform the task correctly. If merely
observing in the prior trials could bias subsequent duration estimates, we would expect to see some
serial dependence even after just encoding from the previous trial. By contrast, our results revealed
that for sequential dependence in time perception to occur, action component is essential, which
suggests that the origin of this temporal sequential dependence is likely rooted in high-level,
post-perceptual decisional and integrational processes (Fritsche et al. 2017; Kiyonaga, Scimeca, et al.
2017; Roach et al. 2017; Pascucci et al. 2019; Bae and Luck 2020; Ceylan et al. 2021).

It should be noted, however, that our findings do not dismiss the potential influences
originating from the perceptual stage, as commonly identified in studies involving non-temporal
stimuli (Fornaciai and Park 2018, 2020b; Czoschke et al. 2019; Togoli et al. 2021). Convergent
evidence shows that serial dependence could emerge at different stages. For example, evidence has
emerged where irrelevant stimuli, whether they are response-irrelevant inducers (Fornaciai and Park
2018) or simultaneously presented irrelevant (Czoschke et al. 2019), can either attract or repulse
estimates in subsequent tasks. Intriguingly, these studies tend to position these task-irrelevant inducers
close in time to the target (e.g., within a second in Togoli et al., 2021), which could promote potential
perceptual integration. Well-documented phenomena, like ensemble perception (Whitney and
Yamanashi Leib 2018), show a tendency to attract individual items toward the ensemble mean
(Nakajima et al. 1992; Zhu et al. 2021; Baykan, Zhu, Allenmark, et al. 2023; Baykan, Zhu,
Zinchenko, et al. 2023). A classic manifestation of this is the time-shrinking illusion, where
successive intervals seem to blend into one another (Nakajima et al. 1992; Burr et al. 2009). From a
Bayesian standpoint, the ensemble prior assimilates the target duration (Shi and Burr 2016; Zhu et al.
2021). The distinction between action and inaction can impact prior updates in unique ways. For

instance, it has been shown that duration judgment exhibits a decisional carryover effect, a tendency

26


https://paperpile.com/c/smheDj/NzyC+jTEi+SUKb+KiGn+nNsN+ayz9
https://paperpile.com/c/smheDj/NzyC+jTEi+SUKb+KiGn+nNsN+ayz9
https://paperpile.com/c/smheDj/45h8+9h71X+73Ix+KPfZ
https://paperpile.com/c/smheDj/9h71X
https://paperpile.com/c/smheDj/9h71X
https://paperpile.com/c/smheDj/73Ix
https://paperpile.com/c/smheDj/kbPF
https://paperpile.com/c/smheDj/kbPF
https://paperpile.com/c/smheDj/HxPW+m1L0+tDOf+vt6Y
https://paperpile.com/c/smheDj/HxPW+m1L0+tDOf+vt6Y
https://paperpile.com/c/smheDj/vt6Y+fKIU
https://paperpile.com/c/smheDj/0AKy+HxPW
https://paperpile.com/c/smheDj/0AKy+HxPW
https://doi.org/10.1101/2023.05.07.538104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.538104; this version posted November 6, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

to report the current stimulus as being similar to a prior one (Wiener et al. 2014; Wehrman et al.
2020). A study by Roach et al. (2017) highlighted that when participants were tasked with
reproducing clearly delineated durations (either short or long) associated with specific spatial
locations, the durations from different locations were merged together forming a single prior that
significantly influenced their reproductions in all locations. However, merely passive observation of
durations from one location left time reproductions from another location largely unaffected. This
points to the influential role of responses, suggesting that action may serve as a common cause for
temporal assimilation, leading to sequential effects predominantly in consecutive trials that demand a
response. Our study using the post-cue paradigm further confirmed that the sequential effect in the
time domain relies heavily on late decision stages that engage action. It is essential to highlight that in
our study, since both passive no-response trials and response trials covered the same duration range,
we cannot conclusively determine if central tendency would differ when passive and active trials span
different ranges. Nonetheless, the response-driven common cause hypothesis does suggest a possible
variation in central tendency biases. It would be interesting for further studies to validate this
prediction.

At the neural level, during the duration encoding phase, BOLD signals were enhanced for NR
trials relative to RR trials. This was observed within a network associated with cognitive control and
response preparation (Ridderinkhof et al. 2004; Dijkerman and de Haan 2007; Fitzgerald et al. 2010),
which includes regions like the right posterior-medial frontal, the left postcentral gyrus, and the left
precuneus. Additionally, the right thalamus, a critical component of cortico-thalamic-basal ganglia
timing circuits (Mole et al. 2018; Yin et al. 2022), also showed activation. After a passive-viewing
trial with no response demands, the response preparation network and cortico-thalamic-basal ganglia
timing circuits were better primed for the upcoming trial. In contrast, the right inferior frontal gyrus
(RIFQG), essential for response inhibition and cue detection (Aron et al. 2007; Hampshire et al. 2010;
Hartwigsen et al. 2019), displayed increased activity during RR trials compared to NR trials. This
enhanced activity occurs because, after an active reproduction trial, the type of next trial (Response or

No-response) remains uncertain until the appearance of the post cue.
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The contrast between the prior long and short durations revealed greater activation in the right
caudate nucleus for the prior long duration. The caudate nucleus, a key part of the dorsal striatum,
plays a critical role in the striato-thalamo-cortical network (Rao et al. 2001; Coull and Nobre 2008;
Teki and Griffiths 2016). Serving as a “core timer” of the timing system (Meck et al. 2008), the
caudate nucleus holds temporal “memories” in its GABAergic medium spiny neurons (MSNs) via
dopamine-facilitated long-term potentiation and short-term plasticity mechanisms (Allman and Meck
2012; Kononowicz 2015). Adjustments to corticostriatal synaptic weights by MSNs in the dorsal
striatum could tune them to specific time intervals encoded by coincident oscillatory patterns,
increasing the likelihood of them firing upon similar intervals in the future (Kononowicz et al. 2016;
Yin et al. 2022). The observed sequential dependence in the present study likely reflects these residual
temporal “memories” left in the MSNs of the caudate nucleus from the previous trial.

Using parametric modulation analysis on brain activity, we unveiled compelling patterns
reflecting the intricate relationship between sequential bias and BOLD activations. Specifically, the
left middle frontal gyrus showed greater sensitivity to sequential bias when previously exposed to
long durations as opposed to short ones, resonating with observed activations in the right caudate
nucleus. It is widely recognized that the left middle frontal gyrus in concert with the fronto-striatal
pathway (Darki and Klingberg 2015; Teki and Griffiths 2016) contributes to working memory
encoding (Nee et al. 2013; Dandolo and Schwabe 2019). Past research has solidified this connection,
showing that activity in the caudate nucleus and the frontal cortex systematically increased with an
increasing number of intervals in the sequence (Rao et al. 2001; Coull and Nobre 2008; Teki and
Griffiths 2016). This emphasizes the indispensable role of the fronto-striatal pathways in time
perception (Matell et al. 2005). Drawing from these insights, our findings thus argue that the strong
modulation of sequential bias in the left frontal gyrus can be attributed to the high involvement of
working memory encoding and fronto-striatal timing circuits in processing prior long durations.

Furthermore, the hippocampus displayed a higher activity level for NR trials than for RR
trials, working together with the preparation network that includes the precuneus - a region known for

its crucial role in working memory (Hebscher et al. 2018; Ren et al. 2018). This high activation of the
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hippocampus during NR trials likely serves to actively preserve the encoded duration, effectively
shielding potential sequential biases. In contrast, the subdued hippocampal activation during RR trials
suggests a less active maintenance of the current duration, possibly because the information from
prior trials is being reused (Sheehan and Serences 2022; Whitney et al. 2022). Additionally, the
parametric modulation analysis further elucidated the hippocampus’s role in shaping sequential bias in
both NR and RR conditions. Specifically, as the previous duration lengthened, the parametric value
increased for the NR but decreased for the RR condition. Their difference reached significance at long
durations (i.e., 1.4 and 1.6 secs). Further supporting this, we found a significant negative correlation
between BOLD signals from the hippocampus and the sequential bias, but only in the RR condition.
That is, reduced hippocampal activation was linked to a greater likelihood of incorporating the prior
duration into the current reproduction. This sequential bias diminished when the hippocampal
activation reached a certain threshold, such as the activation level seen in NR trials - nullifying any
significant correlation (Figure 4c). These findings underscore the pivotal role of the hippocampus in
mitigating or exacerbating sequential bias.

A logical question arises: why does the hippocampal activation remain elevated in NR trials
but not in RR ones? One possibility is that after a trial involving no action, both visual attention and
motor readiness are more keenly tuned for the next trial. Indeed, our results revealed higher activity in
brain networks associated with executive control and performance monitoring during NR trials
compared to RR ones. Recent studies suggest that history biases depend largely on the expectation of
making a perceptual decision and the subsequent attention state; when individuals pay more attention
to the current stimulus, the influence of the preceding one diminishes (Ceylan and Pascucci 2023;
Pascucci et al. 2023). It is worth noting that this sharpened focus on the current stimulus is likely
facilitated by the absence of motor activity in the preceding trial. However, we cannot entirely dismiss
other factors, such as the frequency distribution of the “Response” and ‘“No-response” trials, as
potential contributors. For instance, stimuli from the less frequent “No-response” trials might be more
easily disregarded or even cause an opposite effect (Ceylan and Pascucci 2023). Nevertheless, our

findings point to more efficient encoding and accurate retention of the current duration during NR
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trials. This prevents inter-trial memory interference and reduces historical bias. This neural efficiency
may reflect a strategic allocation of cognition resources for processing sequential stimuli and
optimizing performance (Hsieh et al. 2014; Chanales et al. 2017).

Our findings are broadly consistent with prior studies on non-temporal sequential dependence,
corroborating the idea that sequential biases are influenced by the reactivation of the memory trace
(Fornaciai and Park 2020b; de Azevedo Neto and Bartels 2021; Ranieri et al. 2022; Sheehan and
Serences 2022; Zhang and Luo 2023). For instance, an EEG study employing an auditory pitch
categorization task revealed that past information - be it pitch, category choice, or motor response -
stores their respective features in memory. These stored features are only reactivated by the
corresponding features in the current trial, thereby shifting current neural encoding and giving rise to
sequential biases (Zhang and Luo 2023). In the present study, we observed similar dynamics: a
negative modulation in the hippocampus by prior reproduction on current encoding, as well as a
negative correlation between hippocampal BOLD signals and sequential dependence index. These
findings further collectively underscore the crucial role of memory in shaping inter-trial sequential
biases.

Turning to future avenues of research, the question of whether hippocampal engagement or
associated working memory networks are universally required for sequential dependence in various
contexts remains open. Though our study didn’t directly tackle working memory tasks, we did reveal
the potential role of working memory in shaping sequential effects in time perception. The relatively
long durations (e.g., 1.4 and 1.6 seconds) in our study might place greater demands on memory
mechanisms, thereby causing significant differences in neural activations between the NR and RR
conditions. Previous literature suggests different neural mechanisms for perceiving sub- and
supra-second intervals (Rammsayer 1999; Lewis and Miall 2003; e.g., Hayashi et al. 2014), though
supra-seconds are usually longer (e.g., above 3 seconds) than a simple action task that we adopted
here. Nevertheless, our results indicated more pronounced differences between NR and RR trials in
the hippocampus when longer durations were present in the preceding trial, consistent with increasing

evidence highlighting the hippocampus’s central role for longer intervals (Howard and Eichenbaum
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2013; Jacobs et al. 2013; Meck et al. 2013; Palombo et al. 2016; Tsao et al. 2022). This is also
consistent with the behavioral study on the non-temporal sequential effect (Bliss et al. 2017), which
showed that lengthening retention intervals increased the sequential effect.

While it’s clear that the hippocampus plays a key role in sequential-dependent biases in time
perception, its role in other types of sequential dependence remains an open question. This complexity
mirrors the “sensory recruitment” phenomenon in working memory, where task-specific cortical
regions come into play (D’Esposito and Postle 2015). For instance, a recent study used Transcranial
Magnetic Stimulation (TMS) to inhibit the left dorsal premotor cortex - a region critical to short-term
memory - and observed a significant reduction in serial dependence for judgments of motion speed
(de Azevedo Neto and Bartels 2021). On the other hand, when focusing on visual features, evidence
from fMRI studies points to the early visual cortex as a key region in sequential dependence (St.
John-Saaltink et al. 2016; Sheehan and Serences 2022). Importantly, our findings emphasized that
sequential dependence in time perception not only engages specific neural circuits but also relies on
the hippocampus’s role in fine-tuning these sequential biases.

In summary, our study revealed that action or not in a preceding trial significantly influences
sequential dependence in time perception. When a reproduction task follows passive viewing, both
memory and striato-thalamo-cortical networks actively engage, effectively nullifying any sequential
biases. In contrast, back-to-back reproduction tasks result in subdued hippocampal activity, which in
turn gives rise to prominent sequential biases. Intriguingly, these biases show a negative correlation
with individual levels of hippocampal activation. Our findings highlight that sequential biases in time
perception do not solely arise at the perceptual stage but also crucially involve the post-perceptual

processes. Herr, the hippocampus plays a key role in linking sensory representation to responses.

Declaration of competing interest

The authors declare no competing financial interests.

Data and code availability statement

31


https://paperpile.com/c/smheDj/Wdrj+Lxiab+o6d26+JiRDN+ONydz
https://paperpile.com/c/smheDj/Qzow
https://paperpile.com/c/smheDj/zakk
https://paperpile.com/c/smheDj/Rif4
https://paperpile.com/c/smheDj/fLkQ+X7Kl
https://paperpile.com/c/smheDj/fLkQ+X7Kl
https://doi.org/10.1101/2023.05.07.538104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.538104; this version posted November 6, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

The data and analysis code that support the findings of this study will be made available from the

author, Si Cheng (chengsil23456(@gmail.com), upon reasonable request.

Acknowledgements
This study was supported by German Research Foundation (DFG) research grants SH 166/10-1 to Z.S
GL 342/3-2 to S.G. and CH 3093/1-1. The NICUM scanner was financed by the DFG project INST

86/1739-1 (324324095).

Reference

Abraham A, Pedregosa F, Eickenberg M, Gervais P, Mueller A, Kossaifi J, Gramfort A, Thirion B,
Varoquaux G. 2014. Machine learning for neuroimaging with scikit-learn. Front Neuroinform.
8:14.

Allman MJ, Meck WH. 2012. Pathophysiological distortions in time perception and timed
performance. Brain.

Aron AR, Behrens TE, Smith S, Frank MJ, Poldrack RA. 2007. Triangulating a cognitive control
network using diffusion-weighted magnetic resonance imaging (MRI) and functional MRI. J
Neurosci. 27:3743-3752.

Ashburner J, Barnes G, Chen C, Daunizeau J, Flandin G, Friston K, Kiebel S, Kilner J, Litvak V,
Moran R, Others. 2014. SPM12 manual. Wellcome Trust Centre for Neuroimaging, London, UK.
2464.

Bae G-Y, Luck SJ. 2019. Reactivation of Previous Experiences in a Working Memory Task. Psychol
Sci. 30:587-595.

Bae G-Y, Luck SJ. 2020. Serial dependence in vision: Merely encoding the previous-trial target is not
enough. Psychon Bull Rev. 27:293-300.

Barbosa J, Compte A. 2020. Build-up of serial dependence in color working memory. Sci Rep.
10:10959.

Baykan C, Zhu X, Allenmark F, Shi Z. 2023. Influences of temporal order in temporal reproduction.
Psychon Bull Rev.

Baykan C, Zhu X, Zinchenko A, Miiller HJ, Shi Z. 2023. Electrophysiological signatures of temporal
context in the bisection task. Exp Brain Res. 241:2081-2096.

Bliss DP, Sun JJ, D’Esposito M. 2017. Serial dependence is absent at the time of perception but
increases in visual working memory. Sci Rep. 7:1-13.

Burr DC, Banks MS, Morrone MC. 2009. Auditory dominance over vision in the perception of
interval duration. Exp Brain Res. 198:49-57.

Ceylan G, Herzog MH, Pascucci D. 2021. Serial dependence does not originate from low-level visual
processing. Cognition. 212:104709.

Ceylan G, Pascucci D. 2023. Expectations and cognitive control modulate history biases in perceptual
decisions. J Vis. 23:5392-5392.

Chanales AJH, Oza A, Favila SE, Kuhl BA. 2017. Overlap among Spatial Memories Triggers
Repulsion of Hippocampal Representations. Curr Biol. 27:2307-2317.e5.

Cicchini GM, Anobile G, Burr DC. 2014. Compressive mapping of number to space reflects dynamic
encoding mechanisms, not static logarithmic transform. Proc Natl Acad Sci U S A.
111:7867-7872.

Cicchini GM, Arrighi R, Cecchetti L, Giusti M, Burr DC. 2012. Optimal encoding of interval timing
in expert percussionists. J Neurosci. 32:1056—1060.

32


http://paperpile.com/b/smheDj/8k0p
http://paperpile.com/b/smheDj/8k0p
http://paperpile.com/b/smheDj/8k0p
http://paperpile.com/b/smheDj/wLqi
http://paperpile.com/b/smheDj/wLqi
http://paperpile.com/b/smheDj/V34f
http://paperpile.com/b/smheDj/V34f
http://paperpile.com/b/smheDj/V34f
http://paperpile.com/b/smheDj/WqEA
http://paperpile.com/b/smheDj/WqEA
http://paperpile.com/b/smheDj/WqEA
http://paperpile.com/b/smheDj/qHLa
http://paperpile.com/b/smheDj/qHLa
http://paperpile.com/b/smheDj/jTEi
http://paperpile.com/b/smheDj/jTEi
http://paperpile.com/b/smheDj/f1YT
http://paperpile.com/b/smheDj/f1YT
http://paperpile.com/b/smheDj/m1L0
http://paperpile.com/b/smheDj/m1L0
http://paperpile.com/b/smheDj/tDOf
http://paperpile.com/b/smheDj/tDOf
http://paperpile.com/b/smheDj/Qzow
http://paperpile.com/b/smheDj/Qzow
http://paperpile.com/b/smheDj/fKIU
http://paperpile.com/b/smheDj/fKIU
http://paperpile.com/b/smheDj/NzyC
http://paperpile.com/b/smheDj/NzyC
http://paperpile.com/b/smheDj/YTL2
http://paperpile.com/b/smheDj/YTL2
http://paperpile.com/b/smheDj/6xZq
http://paperpile.com/b/smheDj/6xZq
http://paperpile.com/b/smheDj/HAI4
http://paperpile.com/b/smheDj/HAI4
http://paperpile.com/b/smheDj/HAI4
http://paperpile.com/b/smheDj/cRLc
http://paperpile.com/b/smheDj/cRLc
https://doi.org/10.1101/2023.05.07.538104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.538104; this version posted November 6, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Cicchini GM, Mikellidou K, Burr D. 2017. Serial dependencies act directly on perception. J Vis. 17:6.

Cicchini GM, Mikellidou K, Burr DC. 2018. The functional role of serial dependence. Proc Biol Sci.
285.

Coull J, Nobre A. 2008. Dissociating explicit timing from temporal expectation with fMRI. Curr Opin
Neurobiol. 18:137-144.

Cross DV. 1973. Sequential dependencies and regression in psychophysical judgments. Percept
Psychophys. 14:547-552.

Czoschke S, Fischer C, Beitner J, Kaiser J, Bledowski C. 2019. Two types of serial dependence in
visual working memory. Br J Psychol. 110:256-267.

Damsma A, Schlichting N, van Rijn H. 2021. Temporal Context Actively Shapes EEG Signatures of
Time Perception. J Neurosci. 41:4514—4523.

Dandolo LC, Schwabe L. 2019. Time-dependent motor memory representations in prefrontal cortex.
Neuroimage. 197:143—155.

Darki F, Klingberg T. 2015. The role of fronto-parietal and fronto-striatal networks in the
development of working memory: a longitudinal study. Cereb Cortex. 25:1587-1595.

de Azevedo Neto RM, Bartels A. 2021. Disrupting Short-Term Memory Maintenance in Premotor
Cortex Affects Serial Dependence in Visuomotor Integration. J Neurosci. 41:9392-9402.

Debener S, Ullsperger M, Siegel M, Fiehler K, von Cramon DY, Engel AK. 2005. Trial-by-trial
coupling of concurrent electroencephalogram and functional magnetic resonance imaging
identifies the dynamics of performance monitoring. J Neurosci. 25:11730-11737.

D’Esposito M, Postle BR. 2015. The cognitive neuroscience of working memory. Annu Rev Psychol.
66:115-142.

Dijkerman H, de Haan EHF. 2007. Somatosensory processes subserving perception and action. Behav
Brain Sci. 30:189-201.

Erdfelder E, Faul F, Buchner A. 1996. GPOWER: A general power analysis program. Behav Res
Methods Instrum Comput. 28:1-11.

Fischer J, Whitney D. 2014. Serial dependence in visual perception. Nat Neurosci. 17:738-743.

Fitzgerald KD, Perkins SC, Angstadt M, Johnson T, Stern ER, Welsh RC, Taylor SF. 2010. The
development of performance-monitoring function in the posterior medial frontal cortex.
Neuroimage. 49:3463—-3473.

Fornaciai M, Park J. 2018. Attractive Serial Dependence in the Absence of an Explicit Task. Psychol
Sci. 29:437-446.

Fornaciai M, Park J. 2020a. Attractive serial dependence between memorized stimuli. Cognition.
200:104250.

Fornaciai M, Park J. 2020b. Neural Dynamics of Serial Dependence in Numerosity Perception. J
Cogn Neurosci. 32:141-154.

Fornaciai M, Togoli I, Bueti D. 2023. Perceptual History Biases Are Predicted by Early
Visual-Evoked Activity. J Neurosci. 43:3860-3875.

Fritsche M, Mostert P, de Lange FP. 2017. Opposite Effects of Recent History on Perception and
Decision. Curr Biol. 27:590-595.

Glasauer S, Shi Z. 2021. The origin of Vierordt’s law: The experimental protocol matters. Psych J.
10:732-741.

Glasauer S, Shi Z. 2022. Individual beliefs about temporal continuity explain variation of perceptual
biases. Sci Rep. 12:10746.

Hampshire A, Chamberlain SR, Monti MM, Duncan J, Owen AM. 2010. The role of the right inferior
frontal gyrus: inhibition and attentional control. Neuroimage. 50:1313—1319.

Hari R, Forss N, Avikainen S, Kirveskari E, Salenius S, Rizzolatti G. 1998. Activation of human
primary motor cortex during action observation: a neuromagnetic study. Proc Natl Acad Sci U S
A. 95:15061-15065.

Hartwigsen G, Neef NE, Camilleri JA, Margulies DS, Eickhoff SB. 2019. Functional Segregation of
the Right Inferior Frontal Gyrus: Evidence From Coactivation-Based Parcellation. Cereb Cortex.
29:1532-1546.

Hayashi MJ, Kantele M, Walsh V, Carlson S, Kanai R. 2014. Dissociable neuroanatomical correlates
of subsecond and suprasecond time perception. J] Cogn Neurosci. 26:1685-1693.

33


http://paperpile.com/b/smheDj/zlag
http://paperpile.com/b/smheDj/056T
http://paperpile.com/b/smheDj/056T
http://paperpile.com/b/smheDj/dpgq
http://paperpile.com/b/smheDj/dpgq
http://paperpile.com/b/smheDj/B1md
http://paperpile.com/b/smheDj/B1md
http://paperpile.com/b/smheDj/73Ix
http://paperpile.com/b/smheDj/73Ix
http://paperpile.com/b/smheDj/KXAF
http://paperpile.com/b/smheDj/KXAF
http://paperpile.com/b/smheDj/Kroy
http://paperpile.com/b/smheDj/Kroy
http://paperpile.com/b/smheDj/GT9D
http://paperpile.com/b/smheDj/GT9D
http://paperpile.com/b/smheDj/Rif4
http://paperpile.com/b/smheDj/Rif4
http://paperpile.com/b/smheDj/j0Fk
http://paperpile.com/b/smheDj/j0Fk
http://paperpile.com/b/smheDj/j0Fk
http://paperpile.com/b/smheDj/zakk
http://paperpile.com/b/smheDj/zakk
http://paperpile.com/b/smheDj/gHGX
http://paperpile.com/b/smheDj/gHGX
http://paperpile.com/b/smheDj/MfwJl
http://paperpile.com/b/smheDj/MfwJl
http://paperpile.com/b/smheDj/cZAM
http://paperpile.com/b/smheDj/Uepl
http://paperpile.com/b/smheDj/Uepl
http://paperpile.com/b/smheDj/Uepl
http://paperpile.com/b/smheDj/9h71X
http://paperpile.com/b/smheDj/9h71X
http://paperpile.com/b/smheDj/ii8o
http://paperpile.com/b/smheDj/ii8o
http://paperpile.com/b/smheDj/KPfZ
http://paperpile.com/b/smheDj/KPfZ
http://paperpile.com/b/smheDj/fETQ
http://paperpile.com/b/smheDj/fETQ
http://paperpile.com/b/smheDj/nNsN
http://paperpile.com/b/smheDj/nNsN
http://paperpile.com/b/smheDj/DKCa
http://paperpile.com/b/smheDj/DKCa
http://paperpile.com/b/smheDj/ZhMP
http://paperpile.com/b/smheDj/ZhMP
http://paperpile.com/b/smheDj/1K23
http://paperpile.com/b/smheDj/1K23
http://paperpile.com/b/smheDj/HJvU
http://paperpile.com/b/smheDj/HJvU
http://paperpile.com/b/smheDj/HJvU
http://paperpile.com/b/smheDj/db74
http://paperpile.com/b/smheDj/db74
http://paperpile.com/b/smheDj/db74
http://paperpile.com/b/smheDj/SM3g
http://paperpile.com/b/smheDj/SM3g
https://doi.org/10.1101/2023.05.07.538104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.538104; this version posted November 6, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Hebscher M, Levine B, Gilboa A. 2018. The precuneus and hippocampus contribute to individual
differences in the unfolding of spatial representations during episodic autobiographical memory.
Neuropsychologia. 110:123—-133.

Holland MK, Lockhead GR. 1968. Sequential effects in absolute judgments of loudness. Percept
Psychophys. 3:409-414.

Howard MW, Eichenbaum H. 2013. The hippocampus, time, and memory across scales. J Exp
Psychol Gen. 142:1211-1230.

Hsieh L-T, Gruber MJ, Jenkins LJ, Ranganath C. 2014. Hippocampal Activity Patterns Carry
Information about Objects in Temporal Context. Neuron. 81:1165-1178.

Jacobs NS, Allen TA, Nguyen N, Fortin NJ. 2013. Critical role of the hippocampus in memory for
elapsed time. J Neurosci. 33:13888-13893.

Jazayeri M, Shadlen MN. 2010. Temporal context calibrates interval timing. Nat Neurosci.
13:1020-1026.

Kiyonaga A, Manassi M, Whitney D. 2017. Context transitions modulate perceptual serial
dependence. J Vis. 17:92-92.

Kiyonaga A, Scimeca JM, Bliss DP, Whitney D. 2017. Serial Dependence across Perception,
Attention, and Memory. Trends Cogn Sci. 21:493-497.

Kononowicz TW. 2015. Dopamine-dependent oscillations in frontal cortex index “start-gun” signal in
interval timing. Front Hum Neurosci. 9.

Kononowicz TW, van Rijn H, Meck WH. 2016. Timing and time perception: a critical review of
neural timing signatures before, during, and after the To-Be-Timed Interval. Stevens Handbook
of Experimental Psychology and Cognitive Neuroscience (4th ed).

Lewis PA, Miall RC. 2003. Brain activation patterns during measurement of sub- and supra-second
intervals. Neuropsychologia. 41:1583—-1592.

Liberman A, Zhang K, Whitney D. 2016. Serial dependence promotes object stability during
occlusion. J Vis. 16:16.

Lund TE, Nergaard MD, Rostrup E, Rowe JB, Paulson OB. 2005. Motion or activity: their role in
intra- and inter-subject variation in fMRI. Neuroimage. 26:960-964.

Matell MS, Meck WH, Lustig C. 2005. Not “just” a coincidence: Frontal-striatal interactions in
working memory and interval timing. Memory. 13:441-448.

Meck WH, Church RM, Matell MS. 2013. Hippocampus, time, and memory--a retrospective analysis.
Behav Neurosci.

Meck WH, Penney TB, Pouthas V. 2008. Cortico-striatal representation of time in animals and
humans. Curr Opin Neurobiol. 18:145-152.

Merchant H, Harrington DL, Meck WH. 2013. Neural Basis of the Perception and Estimation of
Time. Annu Rev Neurosci.

Mole J, Winegardner J, Malley D, Fish J. 2018. Time perception impairment following thalamic
stroke: A case study. Neuropsychol Rehabil. 28:208-222.

Mumford. 2015. Orthogonalization of Regressors in fMRI Models. PLOS ONE.

Nakajima Y, ten Hoopen G, Hilkhuysen G, Sasaki T. 1992. Time-shrinking: a discontinuity in the
perception of auditory temporal patterns. Percept Psychophys. 51:504-507.

Nee DE, Brown JW, Askren MK, Berman MG, Demiralp E, Krawitz A, Jonides J. 2013. A
meta-analysis of executive components of working memory. Cereb Cortex. 23:264-282.

Palombo DJ, Keane MM, Verfaellie M. 2016. Does the hippocampus keep track of time?
Hippocampus. 26:372-379.

Pascucci D, Mancuso G, Santandrea E, Della Libera C, Plomp G, Chelazzi L. 2019. Laws of
concatenated perception: Vision goes for novelty, decisions for perseverance. PLoS Biol.
17:¢3000144.

Pascucci D, Tanrikulu OD, Ozkirli A, Houborg C, Ceylan G, Zerr P, Rafiei M, Kristjansson A.2023.
Serial dependence in visual perception: A review. J Vis. 23:9.

Penny WD, Friston KJ, Ashburner JT, Kiebel SJ, Nichols TE. 2011. Statistical Parametric Mapping:
The Analysis of Functional Brain Images. Elsevier.

Petzschner FH, Glasauer S, Stephan KE. 2015. A Bayesian perspective on magnitude estimation.
Trends Cogn Sci. 1-9.

34


http://paperpile.com/b/smheDj/U5be
http://paperpile.com/b/smheDj/U5be
http://paperpile.com/b/smheDj/U5be
http://paperpile.com/b/smheDj/Tkst
http://paperpile.com/b/smheDj/Tkst
http://paperpile.com/b/smheDj/Wdrj
http://paperpile.com/b/smheDj/Wdrj
http://paperpile.com/b/smheDj/d2GB
http://paperpile.com/b/smheDj/d2GB
http://paperpile.com/b/smheDj/JiRDN
http://paperpile.com/b/smheDj/JiRDN
http://paperpile.com/b/smheDj/PdS9
http://paperpile.com/b/smheDj/PdS9
http://paperpile.com/b/smheDj/FBqL
http://paperpile.com/b/smheDj/FBqL
http://paperpile.com/b/smheDj/SUKb
http://paperpile.com/b/smheDj/SUKb
http://paperpile.com/b/smheDj/PTSF
http://paperpile.com/b/smheDj/PTSF
http://paperpile.com/b/smheDj/q6YN
http://paperpile.com/b/smheDj/q6YN
http://paperpile.com/b/smheDj/q6YN
http://paperpile.com/b/smheDj/yiIV
http://paperpile.com/b/smheDj/yiIV
http://paperpile.com/b/smheDj/DQVP
http://paperpile.com/b/smheDj/DQVP
http://paperpile.com/b/smheDj/7bia
http://paperpile.com/b/smheDj/7bia
http://paperpile.com/b/smheDj/KAOK
http://paperpile.com/b/smheDj/KAOK
http://paperpile.com/b/smheDj/Lxiab
http://paperpile.com/b/smheDj/Lxiab
http://paperpile.com/b/smheDj/ltjs
http://paperpile.com/b/smheDj/ltjs
http://paperpile.com/b/smheDj/4SCs
http://paperpile.com/b/smheDj/4SCs
http://paperpile.com/b/smheDj/KRl4
http://paperpile.com/b/smheDj/KRl4
http://paperpile.com/b/smheDj/Qy6E
http://paperpile.com/b/smheDj/vt6Y
http://paperpile.com/b/smheDj/vt6Y
http://paperpile.com/b/smheDj/wdPS
http://paperpile.com/b/smheDj/wdPS
http://paperpile.com/b/smheDj/o6d26
http://paperpile.com/b/smheDj/o6d26
http://paperpile.com/b/smheDj/KiGn
http://paperpile.com/b/smheDj/KiGn
http://paperpile.com/b/smheDj/KiGn
http://paperpile.com/b/smheDj/R5p8
http://paperpile.com/b/smheDj/R5p8
http://paperpile.com/b/smheDj/CBGT
http://paperpile.com/b/smheDj/CBGT
http://paperpile.com/b/smheDj/MOlm
http://paperpile.com/b/smheDj/MOlm
https://doi.org/10.1101/2023.05.07.538104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.538104; this version posted November 6, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Rammsayer TH. 1999. Neuropharmacological evidence for different timing mechanisms in humans.
Q J Exp Psychol B. 52:273-286.

Ranieri G, Benedetto A, Ho HT, Burr DC, Morrone MC. 2022. Evidence of Serial Dependence from
Decoding of Visual Evoked Potentials. J Neurosci. 42:8817-8825.

Rao SM, Mayer AR, Harrington DL. 2001. The evolution of brain activation during temporal
processing. Nat Neurosci. 4:317-323.

Ren Y, Nguyen VT, Sonkusare S, Lv J, Pang T, Guo L, Eickhoff SB, Breakspear M, Guo CC. 2018.
Effective connectivity of the anterior hippocampus predicts recollection confidence during
natural memory retrieval. Nat Commun. 9:4875.

Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuis S. 2004. The role of the medial frontal
cortex in cognitive control. Science. 306:443—447.

Roach NW, McGraw PV, Whitaker DJ, Heron J. 2017. Generalization of prior information for rapid
Bayesian time estimation. Proceedings of the National Academy of Sciences. 114:412-417.

Robinson JL, Laird AR, Glahn DC, Blangero J, Sanghera MK, Pessoa L, Fox PM, Uecker A, Frichs
G, Young KA, Griffin JL, Lovallo WR, Fox PT. 2012. The functional connectivity of the human
caudate: an application of meta-analytic connectivity modeling with behavioral filtering.
Neuroimage. 60:117-129.

Sheehan TC, Serences JT. 2022. Attractive serial dependence overcomes repulsive neuronal
adaptation. PLoS Biol. 20:¢3001711.

Shi Z, Burr D. 2016. Predictive coding of multisensory timing. Curr Opin Behav Sci. 8:200-206.

Shi Z, Church RM, Meck WH. 2013. Bayesian optimization of time perception. Trends Cogn Sci.
17:556-564.

Shi Z, Ganzenmiiller S, Miiller HJ. 2013. Reducing bias in auditory duration reproduction by
integrating the reproduced signal. PLoS One. 8:€62065.

Shi Z, Theisinger LA, Allenmark F, Pistorius RL, Miiller HJ, Falter-Wagner CM. 2022. Predictive
coding in ASD: inflexible weighting of prediction errors when switching from stable to volatile
environments. bioRxiv.

Singmann H, Kellen D. 2019. An introduction to mixed models for experimental psychology. In: New
Methods in Cognitive Psychology. Routledge. p. 4-31.

St. John-Saaltink E, Kok P, Lau HC, de Lange FP. 2016. Serial Dependence in Perceptual Decisions Is
Reflected in Activity Patterns in Primary Visual Cortex. J Neurosci. 36:6186—6192.

Suarez-Pinilla M, Seth AK, Roseboom W. 2018. Serial dependence in the perception of visual
variance. J Vis. 18:4.

Teghtsoonian R, Teghtsoonian M. 1978. Range and regression effects in magnitude scaling. Percept
Psychophys. 24:305-314.

Teki S, Griffiths TD. 2016. Brain Bases of Working Memory for Time Intervals in Rhythmic
Sequences. Front Neurosci. 10:239.

Togoli I, Fedele M, Fornaciai M, Bueti D. 2021. Serial dependence in time and numerosity perception
is dimension-specific. J Vis. 21:6.

Tsao A, Yousefzadeh SA, Meck WH, Moser M-B, Moser EI. 2022. The neural bases for timing of
durations. Nat Rev Neurosci.

Vierordt K von. 1868. Der Zeitsinn nach Versuchen [The sense of time according to research].
Tibingen: H. Laupp.

Wehrman JJ, Wearden J, Sowman P. 2020. Decisional carryover effects in interval timing: Evidence of
a generalized response bias. Atten Percept Psychophys. 82:2147-2164.

White NM. 2009. Some highlights of research on the effects of caudate nucleus lesions over the past
200 years. Behav Brain Res. 199:3-23.

Whitney D, Manassi M, Murai Y. 2022. Searching for serial dependencies in the brain. PLoS Biol.

Whitney D, Yamanashi Leib A. 2018. Ensemble Perception. Annu Rev Psychol. 69:105-129.

Wiener M, Thompson JC, Coslett HB. 2014. Continuous carryover of temporal context dissociates
response bias from perceptual influence for duration. PLoS One. 9:¢100803.

Yin B, Shi Z, Wang Y, Meck WH. 2022. Oscillation/coincidence-detection models of reward-related
timing in corticostriatal circuits. Timing Time Percept. 1-43.

Zang X, Zhu X, Allenmark F, Wu J, Miiller HJ, Glasauer S, Shi Z. 2022. Duration reproduction under

35


http://paperpile.com/b/smheDj/pwqP0
http://paperpile.com/b/smheDj/pwqP0
http://paperpile.com/b/smheDj/njIW
http://paperpile.com/b/smheDj/njIW
http://paperpile.com/b/smheDj/uvSQ
http://paperpile.com/b/smheDj/uvSQ
http://paperpile.com/b/smheDj/Lu9S
http://paperpile.com/b/smheDj/Lu9S
http://paperpile.com/b/smheDj/Lu9S
http://paperpile.com/b/smheDj/TmaV
http://paperpile.com/b/smheDj/TmaV
http://paperpile.com/b/smheDj/ayz9
http://paperpile.com/b/smheDj/ayz9
http://paperpile.com/b/smheDj/1HoO
http://paperpile.com/b/smheDj/1HoO
http://paperpile.com/b/smheDj/1HoO
http://paperpile.com/b/smheDj/1HoO
http://paperpile.com/b/smheDj/fLkQ
http://paperpile.com/b/smheDj/fLkQ
http://paperpile.com/b/smheDj/0AKy
http://paperpile.com/b/smheDj/KQIZ
http://paperpile.com/b/smheDj/KQIZ
http://paperpile.com/b/smheDj/MVvc
http://paperpile.com/b/smheDj/MVvc
http://paperpile.com/b/smheDj/9fMV
http://paperpile.com/b/smheDj/9fMV
http://paperpile.com/b/smheDj/9fMV
http://paperpile.com/b/smheDj/hOVXI
http://paperpile.com/b/smheDj/hOVXI
http://paperpile.com/b/smheDj/X7Kl
http://paperpile.com/b/smheDj/X7Kl
http://paperpile.com/b/smheDj/EPZ7
http://paperpile.com/b/smheDj/EPZ7
http://paperpile.com/b/smheDj/sQwp
http://paperpile.com/b/smheDj/sQwp
http://paperpile.com/b/smheDj/PsXj
http://paperpile.com/b/smheDj/PsXj
http://paperpile.com/b/smheDj/45h8
http://paperpile.com/b/smheDj/45h8
http://paperpile.com/b/smheDj/ONydz
http://paperpile.com/b/smheDj/ONydz
http://paperpile.com/b/smheDj/EPFD
http://paperpile.com/b/smheDj/EPFD
http://paperpile.com/b/smheDj/WbrY
http://paperpile.com/b/smheDj/WbrY
http://paperpile.com/b/smheDj/o2DF
http://paperpile.com/b/smheDj/o2DF
http://paperpile.com/b/smheDj/jJB1
http://paperpile.com/b/smheDj/kbPF
http://paperpile.com/b/smheDj/FEaA
http://paperpile.com/b/smheDj/FEaA
http://paperpile.com/b/smheDj/ttFH
http://paperpile.com/b/smheDj/ttFH
http://paperpile.com/b/smheDj/UUAF
https://doi.org/10.1101/2023.05.07.538104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.538104; this version posted November 6, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

memory pressure: Modeling the roles of visual memory load in duration encoding and
reproduction. bioRxiv.

Zhang H, Luo H. 2023. Feature-specific reactivations of past information shift current neural
encoding thereby mediating serial bias behaviors. PLoS Biol. 21:¢3002056.

Zhu X, Baykan C, Miiller HJ, Shi Z. 2021. Temporal bisection is influenced by ensemble statistics of
the stimulus set. Atten Percept Psychophys. 83:1201-1214.

36


http://paperpile.com/b/smheDj/UUAF
http://paperpile.com/b/smheDj/UUAF
http://paperpile.com/b/smheDj/jl0wS
http://paperpile.com/b/smheDj/jl0wS
http://paperpile.com/b/smheDj/HxPW
http://paperpile.com/b/smheDj/HxPW
https://doi.org/10.1101/2023.05.07.538104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.538104; this version posted November 6, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Appendix

Neural mechanisms of sequential dependence in time perception:

The impact of prior task and memory processing

Si Cheng (F2£/£)!, Siyi Chen (% J24%)!, Stefan Glasauer?, Daniel Keeser’, Zhuanghua Shi (fifi [ 4£)"’

! General and Experimental Psychology, Department of Psychology, LMU Munich, Munich, Germany
2 Computational Neuroscience, Brandenburg University of Technology Cottbus-Senftenberg, Cottbus,
Germany

*Neurolmaging Core Unit Munich (NICUM), LMU Munich, Munich, Germany

Normalized relative errors

The current reproduction Error (En) inherits the general over-/under-estimation bias and the central

tendency bias, as well as the sequential bias. Assume the inter-trial sequential bias is independent
from the global general and central tendency biases, we can express the following for the reproduction

€1ror:

En = b+ C(Dn - D) + sDn_1 + €, (1)

where Dn, Dn_ ¥ D are the current, previous durations, and the mean sample duration, respectively.

The coefficients b, ¢, s are the general bias, the slope of the central tendency, and the slope of the

sequential dependence, respectively. And € is the residual.

When the durations are uniformly distributed and randomly sampled, the conditional distribution of
the previous duration on the current duration remains uniform. This means the classical measure of

the sequential dependence En =b + S'Dn_ L is close to the assumption that the central tendency is

linear across the sample durations and averaged out by not considering the current duration. However,
this general bias term b remains in the equation. To remove the bias term for further analysis, like in

fMRI modeling, one approach is to transform the above equation to:

En—[b+c(Dn—5)]= sD _+ € Q)

n—1
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However, this approach has the assumption that the central tendency trend is linear. To relax this
assumption, we used another approach, that is, we subtract the mean reproduction from individual
sample durations to obtain the relative errors. To equate potential impact of scalar property (i.e.,

Weber scaling), we further normalized the relative error (RE , k) as follows:
RE .= D, = RI/R,.
where Ek is the mean reproduction of the duration D I an the reproduced duration at trial n of a

given Duration Dk. When Ek is approximately linear ﬁk = a + bD, the normalized error is an

approximate to Equation (2).

Figure S1 shows the normalized errors were almost flat across all current durations, both for the NR
and RR conditions. A repeated-measures ANOVA failed to show any significance (ps > 0.084). In
contrast, the trends of the normalized error remained similar to the classic measure (Figure 2b), but
centered around 0 (see Figure S2). We then calculated the slopes of the linear regression, which was
only significantly positive for the RR condition (b = 0.054, #,,, = 3.011, p = .007, BF,;, = 6.890), but
not for the NR condition (b = 0.016, #,, = 1.355, p = .190, BF';, = 0.506). Additionally, the slope for
the RR condition was significantly larger than that in the NR condition (¢, = 2.213, p = .039, BF ), =
1.673, see Figure S3).
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Figure S1. The normalized relative response errors are plotted on the current durations, separated for
NR and RR conditions. Error bars represent + SEM. S2. The normalized relative response errors are
plotted on the durations from previous trials, separated for NR and RR conditions. Error bars
represent = SEM. S3. Notched boxplots of the sequential bias for NR and RR conditions. The box plot
depicts the slope, measured by the normalized relative errors, for each condition. *p <.05, **p <.01.
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