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When navigating a straight path, perceived travel time and perceived traveled distance are linked via movement
speed. Behavioral studies have revealed systematic interferences between the perception of travel time and dis-
tance, but the role of neuronal representations of movement speed for these effects has not been addressed to

g\i:l date. Using a combined fMRI-behavioral paradigm, we investigate the neuronal representations that underlie
Intraparietal sulcus cross-dimensional interferences between travel time and traveled distance. Participants underwent fMRI while
hMT+ experiencing visual forward movements for either a short or a long duration, and covering either a short or a

long distance. At the behavioral level, we found bi-directional interference effects between time and distance
perception, which was correlated with greater representational similarity in speed-sensitive brain regions. The
strength of the distance-on-time effect scaled with representational similarity in the left human middle temporal
complex (hMT+), and the strength of the time-on-distance effect scaled with representational similarity in the
right intraparietal sulcus (IPS). In accordance with the idea that the interference is mediated by the perception of
speed, distance-on-time and time-on-distance effects were of opposing directions. Increases in traveled distance
led to increases in perceived travel time, while increases in travel time led to decreases in perceived traveled
distance. Together, these findings support the view that cross-dimensional interference effects between travel
time and traveled distance are mediated by neuronal representations of movement speed.

When we move through an environment, visual optic flow informs
about both the direction and the speed of motion. The latter can be

1. Introduction

Keeping track of our location in space requires either landmark
navigation or path integration (Taube, 2007). While landmark naviga-
tion is based on allothetic cues and positional information relative to
salient reference points, path integration is accomplished by monitor-
ing idiothetic self-motion cues that are independent from specific land-
marks (Bremmer and Lappe, 1999; Riemer et al., 2014; Robinson and
Wiener, 2021). One important idiothetic cue is the processing of vi-
sual optic flow in parietal brain regions (Britten, 2008; Martinez-
Trujillo et al., 2007; Siegel, 1997) and the human middle temporal
complex (hMT+; Duffy and Wurtz, 1997; He et al., 1998; Martinez-
Trujillo et al., 2005, 2007; Wurtz, 1998), and neuroimaging studies have
indeed reported a recruitment of these structures during visual path in-
tegration (Chrastil et al., 2015; Wolbers et al., 2007).
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used to derive information about the distance traveled within a spe-
cific time interval and the time required to travel a specific distance.
Although traveled distance and travel time are theoretically indepen-
dent (the same distance can be traveled in either a short or a long time
interval), an asymmetric interference between these magnitudes has of-
ten been reported: The same travel time appears longer when the as-
sociated distance is longer, while longer travel times do not result in
the perception of longer distances (Cohen et al., 1963; Herman et al.,
1984; Montello, 1997; Riemer et al., 2018; van Rijn, 2014). Frenz &
Lappe (2005) even reported decreasing distance estimates for increasing
travel times. However, while the interference between travel time and
traveled distance is well documented at the behavioural level, its neu-
ronal basis is unknown to date. A better understanding of the neuronal
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mechanisms underlying these interference effects can provide insights
into characteristic deviations, as for example occurring in advanced age
or during neurodegenerative diseases where uncertainties in estimated
time and distance frequently occur (e.g., Kuehn et al., 2018; Maal et al.,
2022; Mioni et al., 2021; Riemer et al., 2021; Stangl et al., 2020).

A potential neuronal mechanism for the interference between travel
time and traveled distance consists in the processing of speed, because
both time and distance judgments can be solved on the basis of speed
representations, combined with information about the respective other
dimension. If the perceptual interference between time and distance
originates from common neuronal representations of speed, this should
be reflected in high representational similarity during time and distance
judgments in speed-sensitive brain regions, such as area hMT+ and pos-
terior parietal regions (Britten, 2008; Duffy and Wurtz, 1997; Martinez-
Trujillo et al., 2007; Wurtz, 1998).

To test whether behavioural interferences between travel time and
traveled distance are associated with common representations of speed,
we compared the interference between time and distance with the in-
terference between each of these magnitudes and numerosity (i.e., the
amount of dots randomly appearing along a path during visual forward
motion). Twenty-five participants underwent fMRI scanning while ex-
periencing visual forward motion along a virtual linear track, with their
attention being directed either to the duration of the forward movement,
the traversed distance, or the number of events encountered during the
movement. To eliminate confounds driven by sensory differences, visual
stimuli were identical across all conditions. We employed an adaptive
design and tested all participants around their individual 50% perfor-
mance threshold in each task, thereby controlling for confounds of task
difficulty (Livesey et al., 2007; Tregellas et al., 2006). Finally, we con-
trolled for stimulus repetition and adaptation effects by using a specific
randomization sequence (Aguirre, 2007).

Representational similarity analysis (RSA) served to investigate the
neuronal basis for the perceptual interference between travel time and
traveled distance in the human brain. Specifically, if cross-dimensional
interference at the behavioral level between time and distance is medi-
ated by common neuronal representations of speed, interference should
be larger when representational similarity in speed-sensitive areas is
high. To the best of our knowledge, this is the first study that used a
combined fMRI-behavioral paradigm to systematically investigate the
neuronal mechanisms that underlie perceptual interference effects be-
tween travel time and traveled distance.

2. Materials and methods
2.1. Participants

Twenty-five right-handed participants were recruited from the local
community (14 females and 11 males, mean age: 24.9 years, ranging
from 20 to 41 years). Required sample size of 22 (« = 0.05; 1-5 = 0.80)
was calculated with G*Power (Faul et al., 2007), based on effect sizes
reported in Riemer et al. (2018). Exclusion criteria were contraindica-
tions to magnetic resonance imaging, such as metallic objects in the
body, or tinnitus. The data of one participant were excluded from the
analysis due to missed responses in more than 20% of the trials, casting
doubt on overall attention. All participants received monetary compen-
sation and gave written informed consent to the experimental protocol,
which was approved by the local ethics committee of the University of
Magdeburg.

2.2. Experimental design

2.2.1. Stimuli, tasks and trial order

In a path integration paradigm we probed cross-dimensional inter-
ferences between travel time and traveled distance, and compared them
to the interference between each of these magnitudes and numerosity
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(the amount of items encountered during walking). In our experimental
design, visual input was identical between the tested dimensions, that
is, participants always saw a virtual linear track projected onto a screen
along which they were passively moved forward (see Fig. 1). Optic flow
information was provided by the textures of the track and the grassy
landscape alongside. To prevent participants from fixating specific loca-
tions at the far end of the track (and instead force them to continuously
integrate the accumulating distance information), viewing distance was
limited by gray fog that linearly increased in density, starting one meter
in front of the participant. In different experimental conditions, only the
instruction varied, indicating to the participant which one of four dimen-
sions (i.e., time, distance, numerosity, luminance) they had to attend to
in each trial. Numerosity trials served as a control condition involving
an accumulation process for a different magnitude (i.e., numerosity).
Luminance trials were chosen as a control condition involving only the
decision component, in which the critical dimension (i.e., luminance)
did not accumulate over the course of the trial.

In each trial, one of four task symbols (i.e., time, distance, nu-
merosity or luminance) was presented for 500 ms (see Fig. 1). After
an interstimulus-interval (ISI; randomised between 2 and 3 s), during
which a blank screen was shown, a path was displayed and the observer
was passively moved forward. Movement speed varied between trials,
but was kept constant within each trial. Across trials, the covered dis-
tance was either 11.5 or 19.7 m (distance), and the travel time was
either 2.8 or 4.8 s (time). During the forward motion, either 45 or 77
white dots (numerosity) flashed on the path. The dots did not flash all
at once but in an irregular manner, so that their total sum accumulated
until the end of the forward motion. 200 ms before the forward mo-
tion was terminated by a black screen, a gray square of either 16 or
28 pct white content (luminance) appeared in the middle of the screen.
All levels of these four dimensions were combined equally with each
other, resulting in 16 different combinations. After an ISI of 1 s, a com-
parison number was displayed on the screen and the participants had
to perform a two-alternative forced-choice task. In time trials, partic-
ipants indicated via button press whether the travel time was shorter
or longer than this comparison number in seconds. In distance trials,
they indicated whether the traveled distance was shorter or longer than
this comparison number in meters. In numerosity trials, they indicated
whether the number of flashed dots was smaller or larger than this com-
parison number. Comparison numbers were integers in numerosity trials
and had one decimal during time and distance trials. Finally, in lumi-
nance trials, the comparison value consisted of a displayed square with
variable white content, and participants indicated whether the square
presented at the end of the forward motion was darker or brighter than
this comparison square.

Responses were given with the index finger (‘less’) or the middle fin-
ger (‘more’) of the right hand, and participants had 2 s time to respond.
If no response was given within this time window, a message ‘Please
respond faster!” was displayed in red letters for 0.5 s. Participants had
the option to indicate that they had forgotten the cue (indicating the
relevant dimension for the current trial) by pressing the thumb key. No
feedback was provided throughout the whole experiment.

The experiment was composed of four different trial types (each pre-
sented 100 times) plus 100 null trials, in which a fixation cross was
presented on a gray background. To account for possible repetition ef-
fects, all trials were ordered according to a continuous carryover se-
quence (Aguirre, 2007). This second-order counterbalanced sequence
ensured that each trial type (including null trials) was preceded by ev-
ery other trial type (including itself) for an equal number of times. One
de Bruijn sequence balancing five conditions at the second order in-
cluded 125 trials. This sequence was split in half (i.e., 63 and 62 trials)
and distributed over two separate scan runs. To retain the circularity
of de Bruijn sequences, the final two trials of each run were added to
the start of the corresponding run, resulting in 65 or 64 trials per run
(cf. Fig. 1C).
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Furthermore, we balanced the trials with respect to (short and long)
travel times, because those differed in their total duration (10.8 and
12.8 5).! This was achieved by repeating the two runs (containing one
complete de Bruijn sequence) four times. In the first repetition, short and
long trials were inverted (i.e., each short trial from the original sequence
was changed to a long trial and vice versa). In the second repetition, only
even trials from the original sequence were inverted, and in the third
repetition, only odd trials were inverted. This procedure ensured that
the order of short and long trials was balanced. The resulting eight runs
were conducted in two separate sessions on two different testing days
(maximally one month apart). Each session lasted about 75 min.

2.2.2. Task difficulty

To maintain comparable levels of task difficulty across the four tasks
for each participant, and over the course of the experiment, an adaptive
procedure was employed when selecting comparison numbers (or, in lu-
minance trials, the white content of the comparison square): Depending
on the response (‘less’ or ‘more’) in the previous trial involving the same
standard (e.g., a time trial with 4.8 s), the new comparison value was
randomly chosen from a range of zero to % times below or above this
previous value, respectively. The first comparison value was randomly
chosen between i times below to i times above the respective standard
value.

Finally, after each run, participants rated the difficulty of the four
different tasks on a visual analogue scale (balanced order) via button

1 Although ISIs between cue and passive forward motion were jittered, the
temporal differences were compensated for during the ITIs, so that each trial
was either 10.8 s or 12.8 s in duration.

B trial types
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Fig. 1. Experimental design. (A) Each trial began with
the presentation of a cue, which informed participants
about the dimension (time, distance, numerosity, lumi-
nance) they had to attend to. Next, a gray linear track

surrounded by green grass was shown, and the observer

ti . .
e experienced a passive forward movement along the path.

The covered distance was either 11.5 or 19.7 m, travel
time was either 2.8 or 4.8 s, and either 45 or 77 white dots

¥/’ | distance appeared on the ground. During the last 200 ms of each

/A forward motion, a gray square of either 16 or 28 pct white

content appeared on the screen. Once the forward motion

had ended, participants had to judge whether the magni-

*
¢ o numerosity tude in question was smaller or larger than a presented
L]

comparison value. (B) The four symbols used to inform
participants about the trial type at the start of each trial.

(C) The task was performed in eight runs, on two differ-

luminance .
ent days. Two subsequent runs comprised a complete de

Bruijn sequence (5°=125 elements), which was equal for
all four runpairs. Relative to the original sequence in run
1-2, the level of travel time (short/long) was switched for
all trials in run 3-4, for even trials in run 5-6, and for odd
trials in run 7-8 (indicated by red numbers).

scanning day 2
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press. Participants used the index and middle finger keys to move a
marker along an easy-difficult continuum and confirmed their response
with the thumb key.

2.3. Acquisition of fMRI data

MRI data were acquired on a 3T Siemens Magnetom Prisma
scanner, equipped with a 64-channel phased array head coil. Func-
tional images were recorded with an echo-planar-imaging (EPI) se-
quence (TR = 2000 ms; TE = 30 ms; slice thickness = 3 mm; voxel
size = 3 X 3 X 3 mm; number of slices = 36; field of view = 216 mm;
flip angle = 90°; slice acquisition order = interleaved). Anatomical
data consisted of (i) a T1-weighted image (MPRAGE, TR = 2500 ms;
TE = 2.82 ms; TI = 1100 ms; slice thickness = 1 mm; number of
slices = 192; voxel size = 1 x 1 x 1 mm; field of view = 256 mm; flip
angle = 7°), as well as (ii) a T2-weighted image (TSE, TR = 6000 ms,
TE = 73 ms, slice thickness = 2 mm, number of slices = 60, voxel
size = 2 X 2 X 2 mm, field of view = 512 mm, flip angle = 120°). Ad-
ditionally, in each session, double-echo gradient-echo field maps were
calculated (echo times 4.92 ms and 7.38 ms). Each run took approxi-
mately 15 min to complete.

2.4. Preprocessing of fMRI data

Anatomical and functional images were preprocessed using fM-
RIPrep 1.1.1 (Esteban et al., 2019). In this pipeline, T1/T2 weighted
(T1w/T2w) images were corrected for intensity non-uniformity with
ANTSs’ N4BiasFieldCorrection v2.1.0 (Tustison et al., 2010). Afterwards,
they were skull-stripped using ANTSs’ antsBrainExtraction.sh v2.1.0 (OA-
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SIS template; Marcus et al., 2007) to create an initial binary mask of the
brain. After brain mask computation, FSL FAST v5.0.9 (Zhang et al.,
2001) was used to perform brain tissue segmentation (CBF, white mat-
ter, gray matter). Brain surface reconstruction was performed by recon-
all from FreeSurfer v6.0.1 (Dale et al., 1999). The initial brain mask
was refined with a fMRIPrep custom variation of the method to rec-
oncile ANTs-derived and FreeSurfer-derived segmentations of the corti-
cal gray-matter (Klein et al., 2017). In the last step, spatial normaliza-
tion to the MNI152NLin2009cAsym template space (Fonov et al., 2009)
was performed using antsRegistration. This entails a multiscale, mutual-
information based, nonlinear registration scheme.

During the initial step of BOLD image preprocessing, a reference im-
age was created in order to calculate a brain mask for the BOLD sig-
nal.? This EPI reference image was then passed to FSL’s mcflirt v5.0.9
(Jenkinson et al., 2002) in order to estimate head motion parameters
(three for rotation and three for translation). Slice time correction was
performed using AFNI v16.2.07 3dTShift function (Cox, 1996), realign-
ing each slice to the middle of each TR. Next, spatial distortion due
to BO field inhomogeneities were accounted for by susceptibility dis-
tortion correction (SDC) using an implementation of the TOPUP tech-
nique (Andersson et al., 2003) using function 3qwarp in AFNI v16.2.07.
Hereby, the field inhomogeneity can be mapped by measuring the phase
evolution in time between two close GRE acquisitions (Hutton et al.,
2002). Finally, the BOLD reference image was aligned to the T1w im-
age using linear boundary-based registration with 9 DOF implemented
in FSL flirt. To map the EPI image to the MNI152NLin2009cAsym tem-
plate space, transform calculated upstream (head-motion estimation,
SDC, EPI to Tlw registration, T1w-to-MNI transform) workflows are
concatenated. These transforms are applied all at once with one Lanczos
interpolation step.

2.5. Statistical analysis of behavioral data

Trials with response times shorter than 300 ms (0.2%) or longer than
25 (2.7%)° after the onset of the comparison value were discarded for
behavioral analyses. In the luminance task, three participants confused
the meaning of response buttons (‘less’ vs. ‘more’) in the first fMRI ses-
sion. The corresponding behavioral data were removed.

Effects on difficulty ratings and reaction times were tested by analy-
ses of variance (R function aov from package stats), including the within-
subjects factors trial type (time vs. distance vs. numerosity vs. lumi-
nance) and run number (1-8). If relevant, pairwise post-hoc compar-
isons were performed with Tukey’s HSD test.

After a manipulation check with one-tailed t-tests, confirming that
participants were able to differentiate between the small and the large
standard value of each dimension (e.g., short and long travel times),
analyses were performed on the ratios between comparison and stan-
dard value. This allowed for a conjoint analysis of responses to both
small and large standards.

For each participant and each dimension, one psychometric func-
tion was calculated using the Bayesian-based toolbox psignifit 4
(Schiitt et al., 2016). This toolbox was chosen because (i) it is robust
against (potentially) overdispersed data, (ii) accounts for sparse and
varying trial numbers per sampled intensity, (iii) allows for a transpar-
ent adjustment of parameters, and (iv) provides a reliable proxy for the
goodness-of-fit. Default priors were adjusted according to the expected
range of the behavioral data, given the adaptive approach of defining the
comparison value for each trial. Specifically, the prior w for the width
of the psychometric function was increased to a uniform distribution
between four times the minimal distances between two stimulus inten-

2 Please see Esteban et al. (2019) for a detailed explanation of the employed
steps.

3 Note that this also includes cases in which the participant forgot the cue and
withheld a response on purpose.

Neurolmage 257 (2022) 119336

sities (lower limit) and three times the total range of stimulus intensities
(upper limit) with a cosine fall-off to 0 at both ends. The lapse rate was
fixed at A=0.01. Preliminary analyses of the data showed that a variable
lapse rate with a beta-distributed prior resulted in overestimated lapse
rates due to the low number of trials for some comparison values, es-
pecially near the lower and upper intensity boundaries. All other priors
(e.g., threshold and guess rate) were left at their default settings.

Fitted psychometric functions represent the probability of the re-
sponse ‘comparison value was larger than the experienced standard
value’, as a function of the (standardised) comparison value (cf. Fig. 2a).
Mean accuracy and precision were quantified by the point of subjective
equality (PSE) and the width of the psychometric function, respectively.
If two magnitudes are processed by the same neuronal mechanism, pre-
cision for those magnitudes should be positively correlated. This was
tested by correlation analyses (one-tailed). Direct comparison between
correlation coefficients was performed with R function paired.r from
package psych.

For the analysis of cross-dimensional interference effects, we sepa-
rately calculated psychometric functions for each dimension using only
trials associated with either the small or the large standard of the irrel-
evant dimension (e.g., travel distance during time trials). For example,
to investigate the influence of traveled distance on perceived time, one
function for time judgments was calculated on the basis of time trials
involving a short travel distance, and a second one based on time trials
involving a long travel distance (see Fig. 2C). Cross-dimensional inter-
ference effects were quantified by the PSE difference between these two
functions, so that positive values indicate congruent interference (i.e.,
larger values of the irrelevant dimension led to an overestimation of the
target dimension). Values deviating more than three standard deviations
from the mean were discarded as outliers (0.7%). Cross-dimensional in-
terference effects were analysed with t-tests (two-tailed). The relation-
ship between interference effects and representational similarity (see
Section 2.6.2) was tested by Spearman rank correlations (two-tailed).

Effect sizes are reported by means of partial eta squared (npz) for
anovas and Cohen’s d,, for t-tests (Lakens, 2013).

2.6. Statistical analysis of fMRI data

2.6.1. Univariate analysis

Design and implementation of the univariate analysis was done using
the nipype v1.5.1 Python framework (Gorgolewski et al., 2011), which
allows for a flexible and accessible implementation of multiple neuro-
scientific software packages in one workflow. SPM12 v7487 MATLAB
2016b (The MathWorks, Natick, 2016) was utilised for model gener-
ation and contrast estimation. The functional images were smoothed
using a 6 mm FWHM Gaussian filter and masked with an individual
brain mask obtained from fMRIPrep using the extractroi function of
FSL. The data were high-pass filtered at 128 Hz. Trials of interest were
modeled as delta functions (covering the entire period of movement,
i.e., either 2.8 or 4.8 s) that were convolved with the hemodynamic re-
sponse function as implemented in SPM12. Additionally, the cue and
the comparison phase (until a response was given, maximally 2 s; cf.
Fig. 1) were included as regressors. As nuisance regressors, six head
motion parameters and framewise displacement were included. In ad-
dition to computing the contrasts “time>control”, “distance>control”
and “numerosity>control”, we also performed a conjunction analysis
for these contrasts. For the second level, classical inference with one
sample t-tests were performed on all contrasts. Threshold criteria were
a voxel-wise FWE (p<.05) and a minimum cluster size of 10 voxels. As
reported in Eklund et al. (2016), this approach tends to be conserva-
tive, but avoids the inflated false-positive bias of the clusterwise FWE.
The anatomical location of each cluster was assessed by the JuBrain
Anatomy v3.0 SPM Toolbox (Amunts et al., 2007; Eickhoff et al., 2005).
Unless otherwise specified, reported coordinates in MNI space represent
location of peak voxels in the respective cluster.
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Fig. 2. Behavioral results. (A) Subjectively perceived difficulty and (B) reaction times for time (blue), distance (red), numerosity (yellow) and luminance/control
trials (black) over the course of eight runs. Difficulty was rated after each run on a visual analogue scale. Error bars show standard error across subjects. (C) Cross-
dimensional effect of distance on time judgments, exemplary for one subject. Even though travel distance was irrelevant for time judgments, travel time was judged
as shorter for trials with a short travel distance (dashed line) as compared to trials with a long travel distance (solid line). (D) Cross-dimensional interference effects
between time, distance and numerosity (***p<.001; **p<.01; ™S:p>.05). Boxes show median (white lines) and interquartile ranges (box span). The bold point in the

distance-on-time effect indicates the exemplary subject shown in C.

2.6.2. Representational similarity analysis

To investigate the relation between representational similarity at
the neuronal level and cross-dimensional interference on the behav-
ioral level, we performed a whole-brain searchlight representational
similarity analysis (RSA) and correlated the resulting voxel-wise rep-
resentational dissimilarity values (RDVs) for each possible dimension
pair (time-distance, distance-numerosity, time-numerosity) with the in-
dividual cross-dimensional interference effects. The RSA was based on
Pearson correlation distance and a whole-brain searchlight with a ra-
dius of 6 mm together with a leave-one-run-out cross validation scheme
(Walther et al., 2016). Because such analyses are prone to inflated cor-
relations due to a nonindependence error (Vul et al., 2009), we split
the available eight runs in odd and even runs. Data from the odd runs
were used to create masks containing only voxels that show significant
Spearman rank correlation coefficients (p<.05). Additionally, a cluster-
threshold of k = 10 voxels was applied.* The actual Spearman rank cor-
relation coefficients (two-tailed), based on data from the even runs, were
then computed only for the voxels of the mask obtained from analysing
the odd runs. This resulted in three R-maps, in which each voxel carries

4 To test whether this cluster-threshold was too conservative, we ran an
additional analysis with k = 5. This did not reveal different results. Details
for this analysis can be found at https://github.com/jAchtzehn/timePath/tree/
wholeBrain-CV/mri/rsa.

the Spearman rank correlation coefficient (and corresponding p-value)
between RDVs and cross-dimensional interference. As for the univariate
analysis, JuBrain Anatomy v3.0 SPM Toolbox was used to characterize
cluster locations (Amunts et al., 2007; Eickhoff et al., 2005).

In a second analysis, we quantified representational similarity be-
tween time, distance and numerosity in regions with significant activa-
tion for either of the three dimensions in the univariate analysis. RDMs
for all clusters were calculated separately, again using Pearson correla-
tion distance and a leave-one-run-out approach. For this analysis, two
successive runs were grouped together (as they encompass one com-
plete de Bruijn sequence; cf. Section 2.2.1), resulting in a 4-fold cross
validation scheme. T-tests to compare representational similarity be-
tween different dimension pairs were two-tailed and corrected for mul-
tiple comparisons according to the false discovery rate (Benjamini and
Hochberg, 1995).

All RSA calculations were performed within the PyMVPA2 frame-
work (Hanke et al., 2009). As input data, trial-wise beta estimates were
calculated. These were obtained by computing a GLM for each trial
in which the specific trial is modeled as the regressor of interest. All
other occurrences of that specific trial type during the run as well as the
trials of different types were modeled in separate nuisance regressors.
This approach (named “LS2”) was found to be superior in classifica-
tion performance for rapid event-related designs compared to modeling
each trial as a separate regressor (Mumford et al., 2012; Turner et al.,
2012). Except for the included regressors, this analysis was performed
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with the same software and parameters as the univariate analysis (cf.
Section 2.6.1).

3. Results
3.1. Behavioral results

3.1.1. Task difficulty and reaction times

As shown in Fig. 2A, perceived difficulty differed between time, dis-
tance, numerosity and luminance trials (F3 745=7.6, p<.001, r[p2=0.03),
but did not change over the course of the eight runs (F; 744<0.1, p>.5,
npz <0.01). There was also no interaction between trial type and runs
(F3,745=0.4, p>.5, npz <0.01). A pairwise post-hoc Tukey’s HSD test re-
vealed that the effect of trial type was due to luminance trials being
rated as easier than time trials (diff=0.06, p,4;=0.019, d,,=0.29), dis-
tance trials (diff=0.07, p,qj=0.003, d,,=0.38), and numerosity trials
(diff=0.09, p,4j<0.001, d,,=0.42). Differences between time, distance
and numerosity trials did not reach a significant level (all: diff<0.03,
Padj>0.32, d,y<0.17). This demonstrates that the adaptive procedure for
the selection of comparison values was effective in keeping perceived
difficulty for time, distance and numerosity trials at a comparable level.

In line with this interpretation, Fig. 2B shows that reaction times did
not differ between trial types (F3743=0.8, p=.48, np2<0.01). Reaction
times decreased over the course of the experimental runs (F; 745=11.9,
p<.001, np2=0.02), but did not change differently depending on trial
type (F3 745=0.2, p>.5, 1,2<0.01).

3.1.2. Judgment precision and cross-dimensional interference

We first tested whether participants were able to differentiate be-
tween the small and the large value of each dimension. One-tailed t-tests
for paired samples confirmed that the PSE was significantly larger for the
large as compared to the small standard value for time (t,3=8.0, p<.001,
d,,=1.15), distance (t,3=4.7, p<.001, d,,=1.38), numerosity (t,3=9.6,
p<.001, d,,=1.23), and luminance (t,3=9.5, p<.001, d,,=3.33). To con-
firm that time, distance and numerosity trials were based on accumula-
tion processes, we tested whether precision (cf. Section 2.5) decreased
with increasing magnitude (due to the accumulation of noise). This
was confirmed for time (t,3=2.0, p=.028, d,,=0.53), distance (ty3=2.3,
p=.014, d,,=0.60) and numerosity trials (ty3=3.6, p<.001, d,,=0.55),
but not for luminance/control trials (ty3=1.6, p=.06, d,,=0.45).

Judgment precision was correlated between time and distance tri-
als (typ=2.0, p=.030, r = 0.39), demonstrating that individuals who
were relatively precise in their time judgments also tended to be rela-
tively more precise in their distance judgments. In contrast, correlations
were neither found between the precision in time and numerosity trials
(typ=1.2, p=.13, r = 0.24) nor between distance and numerosity trials
(typ=—0.1, p>.5, |r|<0.1). However, a direct comparison between cor-
relation coefficients showed that the correlation between time and dis-
tance trials was significantly different only from the correlation between
distance and numerosity trials (p=.05), but not from the correlation be-
tween time and numerosity trials (p=.31).

With respect to cross-dimensional interferences (Fig. 2C-D), two-
tailed t-tests revealed that perceived travel time was influenced by
traveled distance (ty3=3.7, p=.001, d,,=0.53), but not by numerosity
(ty3=-1.3,p=.21, d,,=0.16). Perceived traveled distance was influenced
by travel time (t,,=-2.8, p=.011, d,,=0.36), but not by numerosity
(ty3=1.4,p=.19, d,,=0.19). And perceived numerosity was neither influ-
enced by travel time (ty3=0.3, p>.5, d,,=0.06) nor by traveled distance
(ty3=0.7, p>.5, d,,=0.07). Direct comparisons confirmed that perceived
travel time was influenced more by travel distance than by numeros-
ity (t;3=3.6, p=.001), that perceived traveled distance was influenced
more by travel time than by numerosity (t,,=—2.8, p=.011), and that
the influence on perceived numerosity was not significantly different for
travel time and traveled distance (|ty3|=<0.1, p>.5).

Importantly, the effects of time-on-distance and distance-on-time
were of opposing directions: Longer travel distances resulted in longer
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A time > control

Fig. 3. Univariate fMRI results. Contrasts for (A-C) accumulation (time, dis-
tance and numerosity) vs. control (luminance) trials, and (D) results of a con-
junction analysis for these three contrasts. Cluster size > 10 voxels, T = 5.12
(p = .05; FWE-corr). For specifications of brain regions see Table 1.

time judgments, whereas longer travel times resulted in shorter distance
judgments (t,,=>5.0, p<.001).

3.2. fMRI results

3.2.1. Overlapping brain activations for the processing of time, distance
and numerosity

First, we contrasted time, distance and numerosity trials with lumi-
nance trials (as they did not involve an accumulation process), to iden-
tify areas involved in the accumulation of those quantities (Fig. 3A-C and
Table 1). For time trials, recruited areas comprised the pars orbitalis of
the inferior frontal gyrus (IFG) bilaterally and the left superior frontal
gyrus. For distance trials, the right IFG (pars orbitalis) and the lingual
gyrus bilaterally were involved. For numerosity trials, recruited areas
consisted of the right IFG (pars orbitalis), right parietal lobe (including
the IPS), area hMT+ bilaterally, and the right superior frontal gyrus. A
conjunction analysis combining these three contrasts revealed the right
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Table 1
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Univariate fMRI results. Significant clusters identified for (A-C) accumulation (time, distance and numerosity) vs. control (luminance) trials, and (D) conjunction

analysis. Coordinates represent the peak of the activated cluster.

Region MNIcoordinates

Clustersize Voxel level(T-value)

A time > control

L inferior frontal gyrus (p. orbitalis) —45, 45, -5
R inferior frontal gyrus (p. orbitalis) 42, 45, -9

R inferior frontal gyrus (p. opercularis) 51,18, 11

L inferior frontal gyrus (p. triangularis) -51,33,1

L superior medial gyrus -3, 39, 41

B distance > control

L lingual gyrus —-21, —-66, -5
R lingual gyrus 15, -63, -5
R inferior frontal gyrus (p. orbitalis) 42, 45, —-12
C numerosity > control

R middle temporal gyrus (V5) 48, -69, 1
fusiform gyrus 42, -60, -15
inferior occipital gyrus (V4) 42, -84, -9
L middle occipital gyrus (hO4cla) —45, -84, -2
inferior occipital gyrus (V4) -39, -69, —-12
fusiform gyrus -42, -57, =15
R inferior parietal lobule 51, —36, 51
postcentral gyrus 42, -33, 57
superior parietal lobule 39, —48, 57
R middle occipital gyrus 30, -72, 34
R postcentral gyrus 63, —12, 28
R inferior frontal gyrus (p. orbitalis) 42, 48, —12
R inferior frontal gyrus 45,42, 11

L paracentral lobule -6, —30, 61
R posterior-medial frontal gyrus 6, 24, 47

D (time > control) AND (distance > control) AND (numerosity > control)
R inferior frontal gyrus 42, 45, -12

108 7.92
90 7.25
37 6.56
63 6.39
47 6.23
77 6.51
122 7.39
43 6.57
519 11.29
10.53
10.36
314 9.69
7.77
7.45
199 7.36
6.48
6.11
51 7.09
21 6.71
54 6.54
34 6.48
38 6.18
20 6.10
29 6.52

IFG as the only region to be commonly activated in time, distance and
numerosity trials (Fig. 3D and Table 1).

3.2.2. Correlation between cross-dimensional interference and
representational similarity

Finally, we tested how the observed behavioral interference effects
relate to the representational similarity of the involved neuronal net-
works. If the cross-dimensional interference effects that we observed
between time and distance (cf. Section 3.1.2) emerge from common
neuronal representations in speed-sensitive areas, greater representa-
tional similarity in these regions should coincide with more pronounced
interference effects. To test this hypothesis, we performed a represen-
tational similarity analysis and assessed the correlation between the
time-distance representational similarity and the behavioral measures
of time-distance interference.

Results are depicted in Fig. 4. Representational similarity between
time and distance was positively correlated with the cross-dimensional
interference effect of distance on time (indicated by a negative correla-
tion with representational dissimilarity) in the left fusiform gyrus and
the left area hMT+ (percent of cluster volumes: 16.3% in FG4, 9.2% in
hOc5 based on maximum probability map; probabilities: global maxi-
mum 64.3% in FG4, two local maxima with 49.6% and 86.3% in hOc5,
respectively; Lorenz et al., 2015; Malikovic et al., 2006). In accordance
with the negative interference effect of time on distance (i.e., increased
travel time led to shorter distance estimates; cf. Fig. 2D), a positive cor-
relation with representational dissimilarity was found in the right IPS
(percent of cluster volumes: 75.5% in hIP3, 3.4% in hIP6 based on max-
imum probability map; probabilities: global maximum 49.8% in hIP3,
two local maxima with 55.7% and 39.8% in hIP3; Richter et al., 2019;
Scheperjans et al., 2008). Hence, for both types of interference, these
correlations indicate that higher representational similarity in the re-
spective area coincide with a larger interference effect measured in be-
havior.

With respect to the cross-dimensional interference between time and
numerosity and between distance and numerosity, no correlations with
representational similarity between the respective trials were found.

The RDMs in Fig. 4C show that representational similarity between
time and distance was larger than between time and numerosity and
between distance and numerosity. However, left hMT+ and right IPS
were defined by their correlation with time-distance interference ef-
fects and therefore are not indicative of a generally higher represen-
tational similarity between time and distance trials. To solidify this as-
sumption, we calculated the RDMs for all regions showing higher ac-
tivity during the accumulation of either time, distance or numerosity
(cf. Fig. 3A-C).

The results are presented in Fig. 5 and Table 2. For many re-
gions, representational similarity between time and distance trials
was significantly larger than between time and numerosity or dis-
tance and numerosity trials (cf. Table 2). Importantly, there was no
region for which the time-distance representational similarity was
smaller than that for time-numerosity or distance-numerosity. This
pattern of results mirrors the behavioral cross-dimensional interfer-
ence effects, which were exclusively found between time and distance
(cf. Section 3.1.2).

4. Discussion

In the present study we examined the representations of travel time
and traveled distance, in order to identify neuronal mechanisms under-
lying the perceptual interference between these dimensions. We found
a mutual interference between travel time and traveled distance, but
of opposing direction: Perceived travel time increased with longer dis-
tances, while perceived distance decreased with longer travel times. The
strength of these interference effects was associated with greater repre-
sentational similarity in speed-sensitive parietal and extrastriate brain
areas. The effect of distance on time was correlated with higher repre-
sentational similarity in left area hMT+, and the effect of time on dis-
tance was correlated with higher representational similarity in the right
IPS. We therefore conclude that neuronal representations of movement
speed in parietal and occipital regions (derived from visual optic flow)
play a major role for the cross-dimensional interference between travel
time and traveled distance.



M. Riemer, J. Achtzehn, E. Kuehn et al.

A Correlation between time-distance RSA and...

... effect of distance on time

o
o
PSE difference

-0.5

-1.0

-0.5

o
o
PSE difference

-1.0

B Correlation plots

Neurolmage 257 (2022) 119336

C Dissimilarity matrices

rho = -.69™" time
distance

numerosity

distance g 0.8

rho =.49"  numerosity 1.53
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f R—— distance
representational dissimilarity
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Fig. 4. Representational similarity and cross-dimensional interference. (A) R-maps showing voxels with a significant spearman rank correlation coefficient
between time-distance representational similarity values and cross-dimensional interference between these dimensions. (B) Exemplary for the voxel with the highest
absolute Spearman rank correlation coefficient, linear regression plots between PSE difference and representational dissimilarity value are plotted. For the same
voxel, (C) shows the average representational dissimilarity matrix of all participants (left fusiform gyrus / hMT+ for distance-on-time [—45, —66, —91; right IPS for

time-on-distance [39, —45, 51]).

left-hemispheric clusters central clusters

t d n
time 1.0 1.38 1.64
1.2
distance 08 1.43
numerosity 04

0.0

hMT+ superior medial gyrus
fusiform gyrus

inferior occipital gyrus

paracentral gyrus

IFG (p. orbitalis)
IFG (p. triangularis)

lingual gyrus

hMT+
fusiform gyrus
inferior occipital gyrus

middle occipital gyrus IPS
postcentral gyrus
inferior parietal lobule

IFG (p. orbitalis)
IFG (p. opercularis)

postcentral gyrus lingual gyrus

Fig. 5. RSA results. Average representational dissimilarity matrices of all participants for brain regions involved in either time, distance or numerosity accumulation
(cf. Fig. 3A-C and Table 1A-C). Smaller RDM values indicate greater representational similarity. The top panel shows interpolated cortical projections of the cluster

masks.

The idea that the interference between travel time and traveled dis-
tance is mediated by movement speed is also in line with our finding of
an opposite direction for the distance-on-time and the time-on-distance
effect (cf. Fig. 2D). One possible origin for cross-dimensional interfer-
ence effects is a congruent mapping on the respective more-less con-
tinua: Larger values of the task-irrelevant dimension lead to larger es-

timates of the task-relevant dimension (e.g., a louder sound leads to a
longer estimated duration of that sound). If the illusory increase of an ac-
tually constant travel time is driven by an increase in speed (rather than
by an increase in distance), then we would still expect a positive relation
between traveled distance and perceived travel time, because, given a
constant travel time, distance correlates positively with speed (traveling
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Table 2

Neurolmage 257 (2022) 119336

RSA results. Results of two-tailed t-tests comparing representational similarity (RS) between pairs of dimensions for brain regions involved in either time, distance
or numerosity accumulation (cf. Fig. 3A-C and Table 1A-C). Tests were corrected for multiple comparisons according to the false discovery rate (Benjamini and

Hochberg, 1995).

time-distance

Cluster (cf. Fig. 5) Hemi-sphere RS>time-numerosity RS

time-distance
RS>distance-numerosity RS

time-numerosity
RS>distance-numerosity RS

t3 Peorr to3 Peorr ts Peorr
IPS, postcentral gyrus, right 7.0 <0.001 6.4 <0.001 -0.5 >0.5
inferior parietal lobule
IFG right 4.2 <0.001 2.6 .025 -2.2 .06
left 5.5 <0.001 1.1 .35 -3.3 .006
hMT+, fusiform gyrus, right 10.2 <0.001 10.8 <0.001 0.5 >0.5
inferior occipital gyrus
left 11.3 <0.001 11.1 <0.001 </>0.1 >0.5
lingual gyrus right 1.2 .34 4.5 <0.001 3.8 .003
left 1.4 .26 5.9 <0.001 31 .010
middle occipital gyrus right 7.1 <0.001 7.3 <0.001 -0.5 >0.5
postcentral gyrus right 3.5 .004 3.4 .006 -1.3 .28
superior medial gyrus 3.1 .010 0.6 >0.5 -3.6 .004
paracentral gyrus -0.6 >0.5 0.3 >0.5 0.9 .50

a longer distance in the same time requires higher speed). This situation
is different for the time-on-distance effect. If the illusory increase of
an actually constant distance is driven by an increase in speed (rather
than by an increase in travel time), then we would expect a reversed
(i.e., a negative) relation between travel time and perceived traveled
distance, because, given a constant distance, travel time correlates neg-
atively with speed (a longer travel time for the same distance can only
be achieved by reducing speed). This is the pattern that we found the
present study.

In line with this interpretation that the interference between travel
time and traveled distance is mediated by speed, many studies re-
ported a positive relation between traveled distance and perceived
travel time, while no or a negative relation was found between travel
time and perceived distance (Frenz and Lappe, 2005; Herman et al.,
1984; Montello, 1997; Riemer et al., 2018; van Rijn, 2014; but see
Cohen et al., 1963).

The symmetry or asymmetry of cross-dimensional interferences is
also a matter of debate in the literature on the interaction between
time and space perception in general (Cai and Connell, 2015; Casasanto
and Boroditsky, 2008; Riemer et al., 2018) .°> Many studies report an
asymmetrical relationship, with time being significantly more affected
by space than vice versa (Bottini and Casasanto, 2013; Casasanto and
Boroditsky, 2008; Merritt et al., 2010). Others have argued that the
apparent asymmetry reflects a confound of spatial stimuli being more
salient than temporal stimuli (Cai and Connell, 2015; Homma and
Ashida, 2015) or of spatial magnitudes being presented instantaneously
without continuous accumulation (which is impossible for the dimen-
sion of time; Lambrechts et al., 2013; Riemer, 2015). Is has also been
argued that the time-space asymmetry is an epiphenomenon of the fact
that the processing of spatial information is behaviorally more relevant
than the processing of temporal contingencies (Riemer et al., 2018).
Indeed, studies reporting an absence or a relative insignificance of an
interference from time on space (e.g., Bottini and Casasanto, 2013;
Casasanto et al., 2010; Casasanto and Boroditsky, 2008; Gijssels et al.,
2013; Merritt et al., 2010) are accompanied by many other studies
demonstrating a time-on-space effect of a comparable size as the space-
on-time effect (e.g., Cai and Connell, 2015; Homma and Ashida, 2015;
Lambrechts et al., 2013; Lourenco and Longo, 2010; Experiment 1 in
Riemer et al., 2018).

A critical difference between the studies supporting and disprov-
ing the idea of an asymmetrical time-space interference seems to lie

5 It is important to distinguish the interference between travel time and trav-
eled distance (involving a speed component) from the interference between time
and space in general (usually not involving a speed component).

in the involvement of a speed component. Either no or a reversed ef-
fect of time on space was found in studies using dynamic stimuli, in
which time and space dimensions are connected via some factor of
speed (moving objects in Bottini and Casasanto, 2013; growing lines
in Gijssels et al., 2013; accumulating surface in Martin et al., 2017;
self-motion in the present study), whereas the majority of studies us-
ing static stimuli show a positive effect of time on space (e.g., Cai and
Connell, 2015; Homma and Ashida, 2015; Lourenco and Longo, 2010;
Experiment 1 in Riemer et al., 2018; but see Experiment 6 in Casasanto
and Boroditsky, 2008).

Hence, on a more general level, the asymmetric interference between
travel time and traveled distance found in the present and in other stud-
ies reinforce the idea that time-space interferences are governed by the
factor of speed (Storch and Zimmermann, 2019). As long as temporal
and spatial stimuli are presented statically (i.e., without a speed compo-
nent) a symmetric interference is observed. Space is influenced by time
to a comparable degree as vice versa. But as soon as a speed component
is introduced, it governs the time-space interference. Increases in speed
lead to increases in temporal and spatial estimates. And with respect
to the direct relation between time and space, this results in a positive
relationship between actual spatial distance and perceived time, and in
a negative relationship between actual time and perceived spatial dis-
tance.

Neuroimaging studies in humans and single cell recordings in ani-
mals suggest an involvement of right-hemispheric parietal and frontal
brain regions in the processing of temporal, spatial and numerical mag-
nitudes (Bueti and Walsh, 2009; Leon and Shadlen, 2003; Nieder et al.,
2006; Riemer et al., 2016; Skagerlund et al., 2016; Walsh, 2003). These
findings led to the assumption that these areas contain a dimension-
unspecific magnitude system (Bueti and Walsh, 2009; Walsh, 2003).
However, the fact that different magnitudes are processed in common
areas does not necessarily mean that these areas are directly involved
in the interference across those magnitudes. The results of the present
study are unclear with respect to this issue. While representational simi-
larity in the right IPS was correlated with the time-on-distance effect, we
did not find a significant correlation for the reversed distance-on-time ef-
fect. This result shows that the right IPS in principle is involved in cross-
dimensional interferences between time and distance, but it seems that
this involvement depends on the direction of interference. Based on the
present study we cannot explain this direction dependency. However, it
highlights an issue that has been largely unaddressed to date. Many stud-
ies investigated either the asymmetry of time-space interferences (e.g.,
whether time is more influenced by space than vice versa; Cai and Con-
nell, 2015; Casasanto and Boroditsky, 2008; Riemer et al., 2018) or the
role of the IPS for time-space interferences (e.g., Magnani et al., 2010;
Oliveri et al., 2009; Riemer et al., 2016). The present study suggests that
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it might be advisable to combine these research questions and to clarify
whether the role of the IPS depends on the direction of influence.

Using transcranial magnetic stimulation, Hayashi et al. (2013) sug-
gested that the right inferior frontal gyrus (IFG) is specifically involved
in the decision phase of magnitude comparison, while the right intra-
parietal cortex modulates the degree of cross-dimensional interference.
This interpretation is supported by our findings. Representational simi-
larity in the right IPS correlated with the interference from time on dis-
tance. Independent of the strength of this interference effect, we found
a common activation of the right IFG in all trials requiring continuous
accumulation of a magnitude (i.e., time, distance and numerosity trials;
see univariate fMRI results in Section 3.2.1). In addition to the study
by Hayashi et al. (2013), our results show that the right IFG is already
recruited during the accumulation phase, that is, before a categorical
decision is made.

An important question relates to the cognitive level at which cross-
dimensional interferences between travel time and traveled distance oc-
cur. There are three possible processing stages. First, interference can
emerge at the level of stimulus processing. For example, when accu-
mulating temporal information during a time trial, the accumulation
process might be contorted by an automatic parallel processing of spa-
tial distance, which ultimately would result in a distorted input signal.
Second, at the representational level. Assuming a veridical processing of
all parameters (i.e., time, distance and speed), the neuronal representa-
tion of these interdependent magnitudes might overlap to some extent
(Pinel et al., 2004). For example, parietal brain regions are sensitive to
information from various magnitudes including time, space, numeros-
ity and movement speed (Britten, 2008; Cona et al., 2021; Gijssels et al.,
2013; Parkinson et al., 2014; Walsh, 2003), and Pinel et al. (2004) re-
ported that the interference between two magnitudes scaled with the
size of the respective overlapping neuronal representations. Third, at
the level of response selection. Being exposed to a low value of a
task-irrelevant magnitude might prime a congruent response, even if
the task requires judgments with respect to a different magnitude. In
this case, cross-dimensional interference would reflect mere response
biases.

This third possibility is disproved by the fact that an interference
effect did neither appear between travel time and numerosity nor be-
tween traveled distance and numerosity, although the decision between
the responses ‘less’ and ‘more’ was equal for time, distance and numeros-
ity trials. Instead, the results of the present study are in favor of the first
and the second possibility. Evidence for the interpretation that the in-
terference between travel time and traveled distance emerges during
the accumulation process or at the representational level is provided
by the finding that individual representational similarity during the ac-
cumulation of time and distance information in speed-sensitive brain
regions (hMT+ and IPS) is correlated with the strength of the interfer-
ence effect: More similar activation patterns lead to a stronger influ-
ence of traveled distance on perceived travel time (or a stronger in-
fluence of travel time on perceived traveled distance, respectively; cf.
Fig. 4). Moreover, the absence of interference between numerosity and
either time or distance in the present study matches the observation
that, for all regions showing higher activity during magnitude accumu-
lation, both time-numerosity and distance-numerosity representational
similarity was considerably smaller than the representational similarity
between time and distance (Fig. 5 and Table 2).

A limitation of the present study is that area hMT+ was not defined
on the basis of a functional localizer, as is typically done in studies on
motion perception (e.g., Kamitani and Tong, 2006; van Kemenade et al.,
2014). Instead, we used an atlas-based approach (Amunts et al., 2007;
Eickhoff et al., 2005), in which hMT+ was defined based on cytoarchi-
tectonic properties (Malikovic et al., 2006) to anatomically characterize
the observed clusters. Although Wilms et al. (2005) observed a reason-
able correspondence of this cytoarchitectonic map with functionally de-
fined hMT+, implementing a functional localizer would have reduced
the influence of individual variability in hMT+ location.
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The absence of numerosity-related interference effects suggests that
numerosity either was not automatically processed (in time and dis-
tance trials) or that this process did not interfere with time and dis-
tance accumulation. It should be noted that the absence of numerosity-
related interference effects in the present study contrasts with many
previous reports (e.g., Cicchini et al., 2016; Dormal and Pesenti, 2013;
Hayashi et al., 2013; Schlichting et al., 2018). A possible explanation
for this inconsistency lies in the design of our study. The relation be-
tween travel time and traveled distance is very obvious. Although time
and distance can be decoupled by varying the speed of motion (e.g.,
Robinson and Wiener, 2021), it usually does take more time to walk a
longer distance. Such a naturalistic relationship towards either time or
distance is less evident for the abstract concept of numerosity, and this
might have reduced the numerosity-related interference effects in our
study. A potential way to test this assumption consists in a more natu-
ralistic implementation of the numerosity dimension in future studies.
For example, participants could be asked to estimate the number of cars
parked at the sidewalks, because the idea of cars has a more obvious
relation both to spatial distance (i.e., car length) and to travel time (i.e.,
it takes time to walk past a car) than the more abstract idea of dots
flashing on the ground.

5. Conclusion

In the present study, we show that the strength of cross-dimensional
interference effects between travel time and traveled distance correlates
with representational similarity in speed-sensitive brain regions. The ef-
fect of distance on time was associated with higher representational sim-
ilarity in left area hMT+ and fusiform gyrus, and the effect of time on
distance was associated with higher representational similarity in the
right IPS. Together with the finding of an opposite direction for the
interference from distance on time and the interference from time on
distance (which would be expected under the assumption that the per-
ception of speed is the modulating factor), these results support the view
that the asymmetric interference between travel time and traveled dis-
tance is mediated by neuronal computations in speed-sensitive parietal
and extrastriate areas.

6. Significance statement

Many studies show that the perception of travel time and of trav-
eled distance interfere with each other. Representations of movement
speed provide a possible mechanism for this interference, but to date the
role of speed representations for time-distance interference has not been
investigated. The present study employs a combined fMRI-behavioral
paradigm to investigate the relation between behavioral interference
between travel time and distance and neuronal representations of move-
ment speed.

Using representational similarity analysis (RSA), we show that be-
havioral measures for time-distance interference correlate with greater
representational similarity in speed-sensitive brain regions such as the
intraparietal sulcus and area hMT+. To the best of our knowledge, this
is the first evidence connecting time-distance interference effects at the
behavioral level with the amount of representational similarity at the
neuronal level.
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