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a b s t r a c t

Previous studies show that the right hemisphere is involved in time processing, and that

damage to the right hemisphere is associated with a tendency to perceive time intervals as

shorter than they are, and to reproduce time intervals as longer than they are. Whether

time processing deficits following right hemisphere damage are related and what is their

neurocognitive basis is unclear. In this study, right brain damaged (RBD) patients, left brain

damaged (LBD) patients, and healthy controls underwent a time bisection task and a time

reproduction task involving time intervals varying between each other by milliseconds

(short durations) or seconds (long durations). The results show that in the time bisection

task RBD patients underestimated time intervals compared to LBD patients and healthy

controls, while they reproduced time intervals as longer than they are. Time underesti-

mation and over-reproduction in RBD patients applied to short but not long time intervals,

and were correlated. Voxel-based lesion-symptom mapping (VLSM) showed that time

underestimation was associated with lesions to a right cortico-subcortical network

involving the insula and inferior frontal gyrus. A small portion of this network was also

associated with time over-reproduction. Our findings are consistent with a slowdown of an

‘internal clock’ timing mechanism following right brain damage, which likely underlies

both the underestimation and the over-reproduction of time intervals, and their (over-

lapping) neural bases.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Time processing is a multifaceted skill, crucial for managing

several aspects of our daily activities. For example, we

continuously estimate the length of time intervals while per-

forming actions and making decisions (e.g., running, waiting at

a traffic light) (Frassinetti, Cappelletti, & Bueti, 2016; Koch,

Oliveri, & Caltagirone, 2009; Vallesi, Shallice, & Walsh, 2007).

The ability to estimate objective (or physical) time is a robust

and stable function. Significant alterations of time processing

are described following brain damage, psychiatric disorders,

or pharmacological intake (Meck, 1996, 2003; Paule et al., 1999).

How do we process millisecond-to-second time ranges?

Timing has long been conceptualized as the output of a

dedicated system (Rammsayer & Ulrich, 2001; Treisman,

1963). According to the Scalar Expectancy Theory (SET; Gibbon,

Church, & Meck, 1984), an ‘internal clock’ emits pulses that

are subsequently stored in an accumulator, and the number of

pulses counted determines the perceived duration of an in-

terval: the greater the number of pulses, the longer the esti-

mation of the interval duration (e.g., Capizzi, Visalli, Faralli, &

Mioni, 2022). The pulses stored into the accumulator are then

transferred to working memory (i.e., memory stage), and an

additional decision stage would finally compare the pulses

accumulated in working memory to those already stored in a

reference memory system to identify an appropriate

response. Other authors (Hopson, 2003; Zakay & Block, 1994),

in addition to a central (pacemaker) mechanism processing

temporal information, have proposed the involvement of

general attentional processes gating the flux of incoming

temporal inputs.

Several approaches have been employed to investigate our

ability to process temporal intervals in the millisecond-to-

second range, for example using time bisection and time

reproduction tasks. Time bisection tasks (e.g., Grondin, 2008,

2010; Mioni et al., 2018; Mioni, Zakay,&Grondin, 2015; Vatakis,

Balcı, Di Luca,& Correa, 2018) comprise a learning phase and a

test phase. In the learning phase, “short” and “long” standard

durations are preliminary encoded. In the test phase, probe

time intervals are administered, and subjects are required to

classify them as short or long with respect to the standard

durations. According to the SET model, participants classify a

perceived duration as short or long by comparing the number

of pulses accumulated in working memory with the number

of pulses stored for the short and long standard durations in

reference memory (Capizzi et al., 2022; Gibbon et al., 1984). A

systematic tendency to (mis)classify probe time intervals as

short (i.e., more similar to the short than to the long standard

duration) is indicative of time underestimation, whereas a

systematic tendency to (mis)classify probe time intervals as

long is indicative of time overestimation. In time reproduction

tasks, participants are usually first presented with a sample

duration, and then required to reproduce the entire duration

of the previously presented interval (e.g., through button

presses; Grondin, 2008; 2010; Zakay, 1990), which is then

compared with the actual interval duration. Time reproduc-

tion tasks, in addition to time estimation, require the prepa-

ration and execution of a motor response (see for example

Mioni, Stablum, McClintock, & Grondin, 2014).
What are the neural bases of time processing? Previous

evidence points to a right-lateralized network underlying

performance in both time bisection and reproduction tasks.

Hashiguchi et al. (2022), for example, using a time bisection

task, reported that activity in the right anterior insular cortex

and right inferior frontal gyrus was positively correlated with

time perception accuracy. While the insular component could

be related to the accuracy of temporal discrimination, inte-

grating information from visceral and environmental signals

(Craig, 2009), the prefrontal component could support the

decision stage, in which standard and target durations are

compared (Cromer, Roy, & Miller, 2010; Jiang et al., 2007;

Vallesi, McIntosh, & Stuss, 2009). Bueti, Walsh, Frith, and Rees

(2008) investigated brain activity while encoding time in-

tervals to be bisected versus reproduced. Activity in the right

inferior parietal cortex was found for the time reproduction

task but not for the time bisection task. It was suggested that

this region could play a role in interfacing the sensory and

motor processes required in a time reproduction task, playing

a role in translation of temporal information into action. The

temporo-parietal cortex could also play a role in time

discrimination between pairs of visual stimuli (Morillon, Kell,

& Giraud, 2009). As the authors noted, the activation of the

temporo-parietal cortex (auditory cortical system) in a visual

task that does not tap auditory processing underlines its role

in temporal processing, possibly by mediating the represen-

tation and integration of stimulus duration, a key feature of

the auditory sense (Morillon et al., 2009).

Neuropsychological studies have consistently shown

temporal deficits in right brain damaged (RBD) patients

(Calabria et al., 2011; Danckert et al., 2007; Harrington,

Haaland, & Knight, 1998; Koch, Oliveri, Carlesimo, &

Caltagirone, 2002; Magnani, Oliveri, Mancuso, Galante, &

Frassinetti, 2011; Oliveri et al., 2009; Oliveri, Magnani,

Filipelli, Avanzi, & Frassinetti, 2013). Of most relevance to

this study are those investigating time perception and esti-

mation. Harrington et al. (1998), using a duration perception

task with intervals in the range of milliseconds, found that

right brain damaged (RBD) patients underestimated the pas-

sage of time compared to left brain damaged (LBD) patients

and controls. The same time underestimation in RBD patients

was observed by Oliveri et al. (2013) and Magnani et al. (2011)

using a time bisection task, and in a single-case study by Koch

et al. (2002) using a verbal estimation task probing longer in-

tervals (>5 sec). According to Oliveri et al. (2013), in healthy

subjects the flow of time in the perceived interval has the

same velocity as in the real interval. By contrast, in RBD pa-

tients, the brain lesion would interfere with the alignment

between real and perceived time, with the passage of time of

the perceived interval beating slower than that in the real

interval. Thus, a right brain lesion may induce a slowdown of

the encoding rate from the internal clock, resulting in time

underestimation.

If a right brain lesion causes a slowdown of the encoding

rate from the internal clock, then RBD patients, in addition to

underestimate time (e.g., in time bisection tasks), should in

principle also be impaired at reproducing the length of time

intervals, for example reproducing intervals as shorter than

they are. However, there is only one study on time reproduc-

tion in RBD patients, who were actually found to reproduce
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time intervals as longer than the real ones (Magnani et al.,

2011). One possibility is that the over-reproduction of time

intervals is due to patients underestimating the length of the

time interval while reproducing it, which would lead to

reproducing a longer time interval. The evidence of time over-

reproduction following a lesion of the right hemisphere,

however, awaits confirmation, as does the purported relation

between RBD patients' deficits in time bisection and repro-

duction tasks.

In summary, previous evidence has shown that RBD pa-

tients exhibit a tendency to underestimate the duration of

time intervals in time bisection tasks and a tendency to

reproduce time intervals as longer (Alexander, Cowey, &

Walsh, 2005; Harrington et al., 1998; Magnani et al., 2011;

Oliveri et al., 2009; Vallesi, Binns, & Shallice, 2008). Although

both deficits can be interpreted with a slowdown of the

encoding rate from the internal clock, no study thus far has

linked them explicitly. If time underestimation and over-

reproduction are attributable to a common underlying inter-

nal clock impairment, the two deficits should necessarily co-

occur in RBD patients. Otherwise, the two deficits could be

attributed to different processes and associated with different

neural bases. To test this, we had RBD patients, LBD patients,

and healthy controls perform a time bisection task and a time

reproduction task. To explore the generality of time process-

ing across different timescales, we used stimuli varying in

length between each other by milliseconds (300 msec) or

seconds (2000 msec). Based on previous evidence, we hy-

pothesized a deficit in timing mechanisms for intervals

varying in the range ofmilliseconds in RBD patients compared

to LBD patients and healthy controls, in the form of a

concomitant time underestimation (as in Oliveri et al., 2013;

Magnani et al., 2011) and over-reproduction. Whether or not

the deficit extended to intervals varying in the range of sec-

onds (i.e., 2000msec) will help specify the neural bases of time

processing across different timescales.
2. Materials and methods

2.1. Participants

Participants (N ¼ 53) involved in the study were thirty-four

patients, including eighteen patients with right focal brain

damage (RBD, 13 males, mean age ± st dev 62.1 ± 11.9 years;

mean education ± st dev 9.2 ± 3.1) and sixteen patients with

left focal brain damage (LBD, 9 males, 63.7 ± 13.4 years; mean

education ± st dev 10.1 ± 4.3), and nineteen age-matched

neurologically healthy controls (HC, 5 males, 62.3 ± 6.7

years; mean education ± st dev 13.1 ± 3.6 years). Patients were

recruited at the Istituti Clinici ScientificiMaugeri IRCCS, Castel

Goffredo, Italy (see Table 1 for demographic and clinical data).

We determined the sample size of our study through the

G*Power software (v. 3.1.9.7; Faul, Erdfelder, Lang, & Buchner,

2007). Based on the results of a previous study (Magnani,

Musetti, & Frassinetti, 2020), we estimated a medium effect

size np
2 ¼ .19 for the Interval*Group interaction (Critical

F ¼ 2.16), and set the significance level at a ¼ .05 and the

desired power (1 � b) at .8, leading to a minimum sample

size ¼ 51. All subjects gave their informed consent for
participation in the study, which was approved by the local

Ethics Committee, and all procedures were performed in

agreement with the World Medical Association Declaration of

Helsinki (2001).

2.2. Neuropsychological assessment

General cognitive functioning, as assessed with the Mini

Mental State Examination (MMSE; Folstein, Folstein, &

McHugh, 1975; HC ¼ mean score ± st dev ¼ 27.4 ± 2.3), was

generally preserved, and comparable across RBD patients, LBD

patients, and healthy controls [F(2,50) ¼ 1.04; p¼ .36; h2
p ¼ .04;

see Table 1]. Patients also received a more extended neuro-

psychological assessment (Table 1). The presence of neglect,

as assessed with the Behavioural Inattentional Test (BIT e

conventional subtests; Wilson, Cockburn, & Halligan, 1987),

the Apple’s Test (Mancuso et al., 2015), and the Bell’s Cancel-

lation Test (Mancuso et al., 2019), was considered an exclusion

criterion. The presence of comprehension impairment was

assessed with the Token Test (De Renzi & Vignolo, 1962). No

significant difference emerged in the scores attained at the

neuropsychological battery between RBD and LBD patients

(t < 1.78; p > .08 in all cases; see Table 1).

2.3. Procedure

All participants performed four computerized tasks designed

to investigate time processing for short and long intervals. The

tasks were programmed using Eprime 2.0 (Psychology Soft-

ware Tools, Pittsburgh, PA). All tasks were administered in a

single experimental session lasting 1.5 h overall, in a coun-

terbalanced order. Participants were instructed not to count

aloud or subvocally while doing the tasks (as in Oliveri et al.,

2009; Rattat and Droit-Volet, 2012).

2.3.1. Time bisection task
The computerized time bisection task required to verbally

classify a series of visual stimuli (red squares) displayed for

different durations at the centre of the computer screen as

‘short’ or ‘long’ with respect to a previously acquired pair of

reference durations (see Fig. 1a). We elected a verbal (as

opposed to motor) response (as in Magnani et al., 2011;

Candini, D’Angelo, & Frassinetti, 2022) to avoid the possible

interference effects between spatial (left/right) positions and

temporal (short/long) durations (Bonato, Zorzi,&Umilt�a, 2012;

Vicario et al., 2008). Firstly, participants encoded the pairs of

reference durations relative to the short condition (short:

1400 msec; long: 2600 msec) and to the long condition (short:

3500 msec; long: 11,500 msec). They were then presented with

either short time intervals, i.e., varying in length between

each other by milliseconds (short condition; 1400, 1700, 2000,

2300, 2600 msec) or long time intervals, i.e., varying between

each other by seconds (3500, 5500, 7500, 9500, 11,500 msec)

time intervals, and had to verbally classify them as “short” or

“long”, by stating the word “short”/“long” if they thought the

probe interval was more similar to the short/long reference

duration. Short time intervals were selected on the basis of

those employed by Magnani et al. (2011) in a time reproduc-

tion task and, with a different sample, in a time bisection task.

Long time intervals were selected to be in the same (i.e.,

https://doi.org/10.1016/j.cortex.2023.05.024
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Table 1 e Neuropsychological data of left-brain damaged and right brain damaged patients, according to the lesion site.

Case Sex Age
(years)

Education
(years)

Aetiology Delay post-onset
(months)

MMSE Token
Test

BIT-
C

BCT AT

barrage asymmetry

LBD 1 M 59 13 H 45 28.49 26.75 145 1 50 0

LBD 2 M 72 13 I 2 27 26.7 NA NA NA NA

LBD 3 M 54 8 I 4 23* 30.8 141 NA 49 1

LBD 4 M 78 5 I 26 30 33.5 145 0 47 �2

LBD 5 F 35 11 H 12 19* 13.25* 139 0 50 0

LBD 6 M 58 8 I 1 26 33.5 144 NA 47 �1

LBD 7 M 67 8 I 2 26 31.5 134 3 45 1

LBD 8 F 76 5 I 30 27.7 33 140 1 50 0

LBD 9 F 56 18 I 8 20.31 27.75 143 1 50 0

LBD 10 M 53 11 H 10 30 34.25 143 0 49 0

LBD 11 F 48 13 TBI 5 26.2 30 NA 0 49 �1

LBD 12 F 59 5 I 1 27 35.25 140 0 48 �1

LBD 13 F 86 18 I 1 29.3 33.25 145 1 45 2

LBD 14 M 77 13 I 1 26.3 32 144 2 50 0

LBD 15 M 77 5 I 68 28.7 32.5 143 1 49 �1

LBD 16 M 64 8 I 4 26 25.75* 143 0 49 1

RBD 1 M 47 13 H 139 26.2 32 144 0 47 �2

RBD 2 M 56 9 H 37 27 33.25 143 1 50 0

RBD 3 M 54 5 I 17 25.9 30 143 1 49 1

RBD 4 F 78 8 I 82 28 35.75 144 0 48 �1

RBD 5 F 85 5 I 84 28.4 31.5 138 0 47 1

RBD 6 M 74 7 I 5 25.3 35 138 1 46 �2

RBD 7 M 60 8 H 2 26 32.5 125* 2 45 �1

RBD 8 M 62 8 I 1 30 NA NA 0 48 1

RBD 9 M 65 13 I 145 25.2 32.5 138 0 50 0

RBD

10

M 80 15 I 1 21.1* 30.5 137 0 49 1

RBD

11

M 71 5 H 16 25.3 27.25 139 4 48 0

RBD

12

M 53 10 H 117 27 34.25 138 1 49 1

RBD

13

M 62 7 I 2 26.9 34.25 141 1 48 2

RBD

14

F 55 8 I 90 26 33 137 0 50 0

RBD

15

M 68 13 I 18 25.2 31.75 144 0 50 0

RBD

16

M 57 8 I 61 27 34.25 137 4 48 2

RBD

17

F 46 10 T 76 30 31 102* 3 32* 5*

RBD

18

F 44 13 T 1 26.2 31.5 142 5 47 0

LBD ¼ left brain damaged patients; RBD ¼ right brain damaged patients; Education and Age are indicated in years.

Aetiology: I ¼ ischemic; H ¼ hemorrhagic; TBI ¼ traumatic brain injury; T ¼ brain tumor.

MMSE ¼ Mini Mental State Examination (scores are corrected for years of education and age; cut-off > 24); Token Test ¼ cut-off > 26.5; BIT-

C ¼ Behavioral Inattention Test e Conventional subtest (cut-off > 129); BCT¼ Bells Cancellation Test, number of left omissions (cut-off < 5);

AT ¼ Apples Test: full apples barrage (cut-off ¼ 45) full apples asymmetry (cut-off ¼ 2); * ¼ pathological score; NA ¼ score not available.
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second) range of those employed in the few extant studies on

the reproduction of ‘long’ time intervals (e.g., Gooch, Stern, &

Rakitin, 2009), and to have a time distance between successive

intervals proportional to that characterizing short time in-

tervals (i.e., ¼ of the difference between the longer and the

shorter interval).

Each condition (short, long) comprised 30 trials (6 for each

time interval), presented in random order. Before administering

the experimental task, a practice session (with accuracy feed-

back) served to familiarize participants with the reference du-

rations relative to the short and long conditions (n ¼ 10 trials).
2.3.2. Time reproduction task
In the time reproduction task, the stimuli were 1 cm � 1 cm

squares presented at the centre of the computer screen (see

Fig. 1b). A blue square was presented for short (short condi-

tion; 1400, 1700, 2000, 2300, 2600msec) or long (long condition;

3500, 5500, 7500, 9500, 115,000msec) time intervals. Next, a red

square appeared on the screen and participants had to press a

button when they felt the red square had lasted as much as

the reference blue square. The red square remained on the

screen until participants pressed a button to indicate that they

felt they had reproduced the entire duration of the preceding

https://doi.org/10.1016/j.cortex.2023.05.024
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Fig. 1 e A graphic illustration of the computerized Time bisection task (on the left panel) and Time reproduction task (on the

right panel). (a) A red square was presented, and subjects verbally judged whether the duration of the red square could be

classified as “short” or “long”with respect to two reference durations encoded previously. (b) A blue square was presented at

the centre of the screen, and participants were required to reproduce its duration by pressing a button
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blue square. Before starting the experimental session, sub-

jects practiced (10 trials) for the short and long conditions. As

soon as participants were confident with the task, 30 trials (6

for each time interval) were randomly presented for each

condition (short, long). Before administering the task, a prac-

tice session (with accuracy feedback) served to familiarize

participants with the reproduction of durations (n ¼ 10 trials).

2.4. Statistical analyses

2.4.1. Time bisection task
For each participant, we first examined the proportion of “long”

responses on the total number of trials, and then traced an

overall 5-point psychometric function plotting the five com-

parison intervals on the x-axis and the frequency of “long” re-

sponses (p-long) on the y-axis. Pseudo-R2 values were high

across groups for both short (HC: mean ¼ .956, SD ¼ .084; LBD:

mean ¼ .971, SD ¼ .036; RBD: .924, SD¼ .076) and long intervals

(HC: mean ¼ .978, SD ¼ .031; LBD ¼ .981; SD ¼ .025; RBD:

mean ¼ .962; SD ¼ .069), indicating adequate goodness of fit.

For each participant, a Point of Subjective Estimation (PSE)

was calculated as the stimulus duration to which the partici-

pants responded “short” or “long” with equal frequency. The

PSE is associated with the target duration corresponding to a

predicted 50% rate of long responses: the smaller the PSE

value, the longer the perceived duration. As ameasure of time

sensitivity, we also calculated, for each subject, the Weber

Ratio (WR) as the standard deviation of the fitted cumulative

curve (representing the proportion of “long” responses),

divided by the PSE. Higher WR values are associated with

poorer time sensitivity.

AnAnalysis of Variance (ANOVA)was conducted on the PSE,

taking Group (HC, LBD patients, RBD patients) as a between-

subject factor. The same ANOVA was computed on WR, to

compare time sensitivities across groups. A repeated measures

ANOVA was also performed on the mean proportion of “long”

responses, includingGroup (HC, LBDpatients and RBDpatients)

as a between-subject factor and Interval (1400, 1700, 2000, 2300,

2600 msec for short, and 3500, 5500, 7500, 9500, 11,500 msec for

long time intervals) as a within-subject factor. Post-hoc
analyses were conducted with the NewmaneKeuls test. Effect

size was indicated as partial eta square (h2
p).

2.4.2. Time reproduction task
Reproduction abilities were analysed in terms of the

estimated-to-target duration ratio (RATIO), the absolute error

(AE), and the coefficient of variation (CV). The RATIO was ob-

tained by dividing each participant’s reproduced duration (Rd)

by the target duration (Td) for that trial [RATIO ¼ Rd/Td]. Co-

efficients above and below 1.0 were indicative of over-

reproduction and under-reproduction, respectively (see also

Supplementary Materials for the statistical analyses on

reproduced durations). The AE was calculated as the differ-

ence between the reproduced duration and the target duration

(in absolute value) divided by the target duration [AE ¼ |

Rd � Td|/Td] (Brown, 1985; see also Glicksohn & Hadad, 2012).

Large AE levels indicate low performance. The CV was ob-

tained by dividing the standard deviation in time reproduction

performance by the mean reproduction value, separately for

each interval (Brown, 1997). This measure indicates the vari-

ability of time reproduction performance.

Our dependent variables were subjected to repeated mea-

sures ANOVAs with Group (HC, LBD patients and RBD patients)

as a between-group factor and Interval (1400, 1700, 2000, 2300,

2600msec for short, and 3500, 5500, 7500, 9500, 11,500msec for

long time intervals) as within-subject factor. Post-hoc ana-

lyses were conducted with the NewmaneKeuls test. Effect

size was indicated as partial eta squared (h2
p).

2.4.3. Correlation analyses
To explore the relation between time underestimation and

over-reproduction in RBD patients, Pearson correlation ana-

lyses were conducted between the proportion of "long" re-

sponses in the Time bisection task and themean reproduction

values in the Time reproduction task, separately for intervals

with differences, in the order of milliseconds and seconds.

2.4.4. Lesion mapping
Brain lesions were identified by means of Computed Tomog-

raphy and Magnetic Resonance digitalized images (CT/MRI) of

https://doi.org/10.1016/j.cortex.2023.05.024
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18 RBD patients and 15 LBD patients (1 out of 34 CT/MRI is

missing). For each patient, the location and extent of brain

damage was delineated and manually mapped in the MNI

stereotactic space by using MRIcro software (Rorden & Brett,

2000). First, to approximate the slice plane of the patient’s

scan, the MNI template was rotated. Second, brain lesions

weremanually drawn (GVi) onto each correspondent template

slice by using anatomically landmarks. Then, drawn lesions

were inspected by trained raters (FF and MC) and, in case of

disagreement, an intersection lesion map was used. Finally,

each lesions map was rotated back into the standard space

applying the inverse of the transformation parameters used in

the stage of adaptation to the brain scan. The lesion overlay

maps were superimposed on a ch2 template using MRICro,

separately for RBD and LBD patients.

A lesion-symptom correlation employing a standard voxel-

based approach based on lesion overlay [i.e., the voxel-based

lesion-symptom mapping (VLSM, Rorden, Karnath, &

Bonilha, 2007)] was computed to examine the lesions more

frequently associated with time underestimation (proportion

of "long" responses in the Time bisection task) and over-

reproduction (mean reproduction values in the Time repro-

duction task; see Supplementary Materials). Separate ana-

lyses were conducted for each interval timescale. VLSM was

implemented using the non-parametric mapping (NPM;

Rorden et al., 2007), which allows comparing the presence or

absence of a lesion in a given cortical area on a voxel-by-voxel

basis between the two groups by computing independent

group t-tests. Only voxels lesioned in at least 16% of the pa-

tients were included in the analysis (see also Kimberg, Coslett,

& Schwartz, 2007; Medina, Kimberg, Chatterjee, & Coslett,

2010; Sellitto, Ciaramelli, Mattioli, & di Pellegrino, 2016).

In both analyses permutation thresholding with 1000 iter-

ations was used to apply corrections for multiple compari-

sons. Quantitative estimates of grey and white matter regions

involvement were obtained by superimposing the ch2

anatomical template (Tzourio-Mazoyer et al., 2002) and the

JHU-white matter template (Hua et al., 2008).
3. Results

3.1. Time bisection task e short intervals

A repeated-measures ANOVA on the mean proportion of

“long” responses yielded a significant effect of Group

[F(2,50) ¼ 10.24, p ¼ .0002, h2
p ¼ .29], highlighting a lower fre-

quency of “long” responses in RBD patients (mean ¼ .41)

compared to both LBD patients (mean ¼ .52; p ¼ .006) and HC

(mean ¼ .58; p ¼ .0003), and indicating time underestimation

in RBD patients. No difference emerged between LBD patients

and HC (p ¼ .15). The effect of Interval was also significant

[F(4,200) ¼ 343.87, p ¼ .00001, h2
p ¼ .87], with the mean pro-

portion of "long" responses increasing with interval

(1400¼ .06, 1700¼ .20, 2000¼ .52, 2300 ¼ .83 and 2600 ¼ .92; all

ps < .002). These effects were qualified by a significant

Group £ Interval interaction [F(8,200) ¼ 6.710, p ¼ .00001,

h2
p ¼ .21] (Fig. 2a): RBD patients exhibited time underestima-

tion compared to LBD patients and healthy controls for the

2000 msec (ps < .01) and 2300 msec intervals (.67 vs .90;
p ¼ .0005). No difference across groups was observed in the

remaining time intervals (p > .08 in all cases).

The one-way ANOVA on PSE values confirmed a significant

effect of Group [F(2,50) ¼ 3.64, p ¼ .03, h2
p ¼ .13] (Fig. 2b). Post-

hoc analyses revealed that RBD patients had higher PSEs

(mean ¼ 2661 msec, SD ¼ 1674 msec) compared to both LBD

patients (1976 msec, SD ¼ 154 msec, p ¼ .044) and HC

(1838 msec, SD ¼ 118 msec, p ¼ .043), with no difference be-

tween LBD patients and HC (p ¼ .68).

On the other hand, the one-way ANOVA on WR failed to

reveal significant group differences [Group: F(2,50) ¼ .33,

p¼ .72, h2
p ¼ .01], indicating that all groups equallymodulated

their responses depending on the difference between the

standard and the comparison durations (HC ¼ .14; LBD

patients ¼ .15; RBD patients ¼ .17; Fig. 2c), which is indicative

of preserved time sensitivity across groups.

3.2. Time bisection task e long intervals

A repeated measures ANOVA on the mean proportions of

“long” responses showed a significant effect of the Interval

[F(4,200) ¼ .540, p ¼ .0001, h2
p ¼ .84], with themean proportion

of long responses increasing with interval (3500 ¼ .03,

5500 ¼ .17, 7500 ¼ .63, 9500 ¼ .90 and 11,500 ¼ .97; all ps < .03).

The effect of Group [F(2,50) ¼ .008, p ¼ .99, h2
p ¼ .0003] and the

Group£ Interval interaction [F(8,200) ¼ .540, p ¼ .83, h2
p ¼ .02]

were not significant (Fig. 2d).

The one-way ANOVA on PSE did not reveal an effect of

Group [F(2,49) ¼ .265, p ¼ .77, h2
p ¼ .01], suggesting again no

group differences in time bisection for long intervals (Fig. 2e).

The one-way ANOVA on WR values did not reveal signifi-

cant differences among groups [F(2,50) ¼ .540, p ¼ .585,

h2
p ¼ .02] indicating that all groups equally modulated their

responses depending on the differences between the standard

and the comparison durations (HC ¼ .09; LBD patients ¼ .13;

RBD patients ¼ .14; Fig. 2f).

3.2.1. Interim discussion
This first set of analyses revealed that perceived time intervals

were reflective of the effective duration of target intervals, as

the proportion of "long" responses increased with the length

of (both short and long) intervals across groups. This result is

corroborated by the lack of significant group differences in

WR, indicating comparable time discrimination abilities. RBD

patients, however, systematically classified temporal in-

tervals with differences in the order of milliseconds as shorter

compared to LBD and controls, thus showing a bias towards

time underestimation, also apparent in high PSE values.

3.3. Time reproduction task e short intervals

The repeated measures ANOVA on RATIO values revealed a

significant effect of Group [F(2,50) ¼ 4.986, p ¼ .0106, h2
p ¼ .17].

Post-hoc analyses showed higher RATIOs (mean ¼ 1.20;

SD ¼ .297) for RBD patients compared to both LBD patients

(1.03, SD¼ .193, p¼ .009) andHC (1.03, SD¼ .157, p¼ .024), with

no difference between LBD patients and HC (p ¼ .99), which is

indicative of over-reproduction of time intervals in RBD pa-

tients. The factor Interval [F(4,200) ¼ 6.227, p ¼ .00009,

h2
p ¼ .11] was also significant, with RATIOs decreasing as the
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Fig. 2 e Time bisection task. Panel aed: frequency of ‘long’ responses by stimulus length (in msec), participant group, and

condition. Panel bee: PSE (i.e., a measure of perceived duration) by participant group and condition. Panel cef: WR (i.e., a

measure of time sensitivity) by participant group and condition. HC ¼ healthy controls, LBD ¼ patients with left brain

damage; RBD ¼ patients with right brain damage. Error bars indicate standard deviations from the mean.
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interval to-be-reproduced increased (1400 ¼ 1.14, 1700 ¼ 1.13,

2000 ¼ 1.08, 2300 ¼ 1.04 and 2600 ¼ 1.03). These effects were

qualified by a significant Group £ Interval interaction

[F(8,200)¼ 3.11, p¼ .0024, h2
p¼ .11], indicating that the RATIOs

for stimuli lasting 1400 msec were higher in RBD (1.33) than

LBD patients (1.01; p ¼ .008) and HC (1.04; p ¼ .016). Similarly,

the RATIOs for stimuli lasting 1700 msec were higher in RBD
patients (1.32) compared to HC (1.03; p¼ .012) and LBD patients

(1.05; p ¼ .015). In both cases, no difference was found

comparing HC and LBD patients (all ps > .99). No significant

difference emerged for other interval durations across groups

(all ps > .48) (Fig. 3a).

The repeated measures ANOVA conducted on the AEs

showed a significant effect of Group [F(2,50) ¼ 4.69, p ¼ .0137,

https://doi.org/10.1016/j.cortex.2023.05.024
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Fig. 3 e Time reproduction task. Panel aed: RATIO (i.e., the estimated-to-target duration ratio) by stimulus length (in msec),

participant group, and condition. Panel bee: AE (i.e., a measure of accuracy) by stimulus length (in msec), participant group

and condition. Panel cef: CV (i.e., a measure of variability in performances) by stimulus length (in msec), participant group,

and condition. HC ¼ healthy controls, LBD ¼ patients with left brain damage; RBD ¼ patients with right brain damage. Error

bars indicate standard deviation from the mean.
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h2
p ¼ .16]: post hoc comparisons revealed that RBD patients

exhibited a worse performance (mean ¼ .26; SD ¼ .246)

compared to LBD patients (.15; SD ¼ .115) and HC (.12;

SD ¼ .102), with no difference between LBD and HC (p ¼ .52). A

significant effect of Interval [F(4,200) ¼ 7.42, p ¼ .00001,

h2
p ¼ .13] was also found, such that AEs were higher in

1400 msec (.24) and 1700 msec (.22) intervals compared to

2000 msec (.17), 2300 msec (.15) and 2600 msec (.12) intervals

(all ps < .044). These main effects were qualified by a

Group £ Interval interaction [F(8,200) ¼ 2.022, p ¼ .045,

h2
p¼ .07]: AEs for stimuli lasting 1400msecwere higher in RBD

(.36) than LBD patients (.18; p ¼ .045) and HC (.17; p ¼ .029).
Similarly, AEs for stimuli lasting 1700msecwere higher in RBD

patients (.35) compared to HC (.11; p ¼ .007), and, though only

numerically, LBD patients (p ¼ .06). In both cases, no differ-

ence was found between HC and LBD patients (all ps > .80). No

significant group difference emerged for other intervals (all

ps > .53) (Fig. 3b).

The repeated measures ANOVA on CVs yielded a signifi-

cant effect of Interval [F(4,200) ¼ 6.46, p ¼ .00007, h2
p ¼ .11]: in

2300 msec (.19) and 2600 msec (.19) intervals, the CVs were

significantly lower than in 1400msec (.24), 1700msec (.26) and

2000 msec (.23) intervals (all ps < .046). The factor Group

[F(2,50) ¼ .297, p ¼ .744, h2
p ¼ .01] and the interaction Group X

https://doi.org/10.1016/j.cortex.2023.05.024
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Interval [F(8,200)¼ .626, p¼ .755, h2
p¼ .02] were not significant

(Fig. 3c).

3.4. Time reproduction task e long intervals

The repeated measures ANOVA on RATIO values revealed a

significant effect of Group [F(2,50) ¼ 4.76, p ¼ .0128, h2
p ¼ .16],

whichwas due to RBD patients exhibiting higher RATIOs (1.08)

compared to HC (.94, p ¼ .014) and LBD patients (.98, p ¼ .04),

and a main effect of Interval [F(4,200) ¼ 22.04, p ¼ .0001,

h2
p ¼ .31], such that RATIOs decreased as the interval to-be-

reproduced increased (3500 ¼ 1.12, 5500 ¼ 1.03, 7500 ¼ .97,

9500 ¼ .95 and 11,500 ¼ .92). These main effects were qualified

by a significant Group £ Interval interaction [F(8,200) ¼ 6.959,

p ¼ .00001, h2
p ¼ .22], revealing that only RATIOs for stimuli

lasting 3500 were higher in RBD patients (1.35), compared to

HC (.98; p < .0001) and LBD patients (1.05; p ¼ .0001), possibly

because these were the shortest of the long intervals, whereas

no group differences emerged for the other intervals (p > .05 in

all cases) (Fig. 3d).

The repeated measures ANOVA on AEs revealed a signifi-

cant effect of Interval [F(4,200)¼ 18.02, p¼ .0001, h2
p¼ .26]: AEs

for intervals lasting 3500 msec (.24) were significantly higher

than for the other intervals (5500 msec ¼ .15; 7500 msec ¼ .11;

9500 msec ¼ .10; 11,500 msec ¼ .11). The Group £ Interval

interaction was also significant [F(8,200) ¼ 5.41, p ¼ .0003,

h2
p ¼ .18], indicating that AEs for intervals lasting 3500 msec

were significantly higher in RBD patients (.39) than in HC (.17;

p ¼ .000028) and in LBD patients (.17; p ¼ .000012), with no

difference between HC and LBD patients (p > .95), or for other

interval durations across groups (all ps > .73) (Fig. 3e). There

was no effect of Group [F(2,50) ¼ 1.44, p ¼ .247, h2
p ¼ .05].

The repeated measures ANOVA on CVs yielded a signifi-

cant effect of Interval [F(4,200) ¼ 9.53, p ¼ .00001, h2
p ¼ .16]:

CVs were significantly lower in 9500 msec (.14) and

11,500 msec (.12) intervals than in 3500 msec (.19), 5500 msec

(.18) and 7500 msec (.17) intervals (all ps < .0005). The factor

Group [F(2,50) ¼ 2.20, p ¼ .12, h2
p ¼ .08] and the interaction

Group and Interval [F(8,200) ¼ .54; p ¼ .82, h2
p ¼ .02] were not

significant (Fig. 3f).

3.5. Correlation analyses

To investigate the hypothesized relation between time un-

derestimation and over-reproduction in RBD patients, we

performed a Pearson correlation analysis between the pro-

portion of "long" responses in the Time bisection task and

mean reproduction values in the Time reproduction task,

separately for short and long intervals.

3.5.1. Short intervals
We found a significant negative correlation (r ¼ �.735;

p ¼ .001): the lower the proportion of "long" responses (time

underestimation), the higher themean values of reproduction

(over-reproduction).

3.5.2. Long intervals
The analysis failed to reveal a significant correlation (r ¼ .195;

p ¼ .438).
3.5.3. Interim discussion
This second set of analyses shows again that time interval

durations were correctly differentiated since reproduced time

increased with the actual length of target intervals across

groups and timescales, indicating compliance with task in-

structions and preserved time discrimination. Moreover, we

found time over-reproduction in RBD patients compared to

LBD patients and controls, again mostly affecting the repro-

duction of intervals varying in the timescale of milliseconds.

Time over-reproduction was related to time underestimation

in RBD patients, suggesting a common underlying

mechanism.

3.6. Lesion mapping

The area of maximal overlap of brain lesions in LBD patients

covered the insula, putamen, caudate and pallidum, and in

RBDpatients it covered the insula, putamen, caudate, superior

corona radiata, external and internal capsule (see Fig. 4). RBD

and LBD patients did not differ in total lesion volume (t31¼ .05;

p ¼ .96).

3.6.1. Time bisection task e short intervals
Voxel-based lesion-symptom mapping (VLSM) showed a sig-

nificant association (threshold z ¼ 3.389, permutation-based

cluster size corrected, p < .05) between time underestima-

tion for short intervals and lesions in the right inferior frontal

gyrus (34; 23;�5; z ¼ 3.72, p < .05), superior temporal gyrus (44;

�19; 8; z ¼ 4.06, p < .05), insula (37; �24; 11; z ¼ 3.89, p < .05),

claustrum (30; 0; 16; z ¼ 3.79, p < .05), caudate (24; �1; 20;

z ¼ 3.79, p < .05), inferior parietal lobule (47; �35; 26; z ¼ 3.89,

p < .05) anterior portion of the internal capsule (22; �4; 18;

z¼ 3.79, p < .05), external capsule (30; �11; 12; z¼ 3.58, p < .05),

and corona radiata (29; �24; 23; z ¼ 3.89, p < .05) (see Fig. 5a).

3.6.2. Time bisection task e long intervals
No lesion site was significantly associated with performance

in the Time bisection task.

3.6.3. Time reproduction task e short intervals
VLSM showed a significant association (threshold z ¼ 3.45,

permutation-based cluster size corrected, p < .05) between

time over-reproduction for short intervals and lesions in a

subset of brain regions also associated with time underesti-

mation in the Time bisection task (see section 3.6.1), including

the right superior temporal gyrus (47;�16; 9; z¼�3.54, p < .05),

insula (45;�16; 14; z¼�3.54, p < .05) and postcentral gyrus (56;

�24; 14; z ¼ �3.54, p < .05) (see Fig. 5b).

3.6.4. Time reproduction task e long intervals
No lesion site was significantly associated with performance

in the Time reproduction task.
4. Discussion

The present study investigated the contribution of the right

hemisphere in time processing, by studying performance in

time bisection and time reproduction tasks in RBD patients,
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Fig. 4 e Overlay lesion plots for LBD and RBD patients.
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LBD patients, and healthy controls. Our results showed that

RBD patients perceive time intervals as shorter and reproduce

themas longer than they are. This applied consistently to time

intervals varying in the range ofmilliseconds (short intervals),

and not seconds (long intervals). Time underestimation and

over-reproduction in RBD patients were not a general
Fig. 5 e VLSM results. Brain regions significantly associated wi

High z-scores (red) indicate that lesions to these voxels are sign

intervals in the range of milliseconds (Time bisection task). Pane

are significantly associated with the over-reproduction of time

task). Only voxels that were significant at p ¼ .01 are shown. Ax

Institute z coordinates.
consequence of brain damage or cognitive impairment,

because they were not present in LBD patients. Moreover, RBD

patients performed similar to LBD patients at the standard-

ized neuropsychological evaluation. It is also worth noting

that RBD patients' performance in time reproduction was not

more variable than that of LBD patients and controls,
th time underestimation and over-reproduction. Panel a)

ificantly associated with the underestimation of time

l b) High z-scores (red) indicate that lesions to these voxels

intervals in the range of milliseconds (Time reproduction

ial slices are numbered according to Montreal Neurological
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suggesting that time over-reproduction is consistently

observed in RBD patients. Thus, our results point to a crucial

role of the right hemisphere in temporal processing.

The time underestimation observed in RBD patients in the

time bisection task aligns with previous neuropsychological

and TMS evidence (Harrington et al., 1998; Koch et al., 2002,

2003; Danckert et al., 2007, Oliveri et al., 2009; Calabria et al.,

2011; Magnani et al., 2011) of time underestimation following

right brain damage or inhibition. These findings suggest that a

right hemisphere lesion (or functional lesion) induces a

slowdown of the encoding rate from the internal clock (Gibbon

et al., 1984). As a consequence, the time flow in the perceived

interval would be slower than that in the real interval, leading

to fewer clock pulses stored in the accumulator and altered

time length representation. On this view, in RBD patients, the

tendency to underestimate time would depend on a pure

deficit of timing mechanisms while keeping the flow of time

(Wiener, Turkeltaub, & Coslett, 2010).

A novel finding of this study is that, in addition to time

underestimation, RBD patients showed a tendency to

reproduce time intervals as longer than they are, confirming

the findings reported by Magnani et al. (2011) (see also

Hosseini, Rezaei, & Saberi, 2020 for time reproduction im-

pairments in patients in the acute phase of RBD). Again, the

finding applied to short but not long time intervals. Inter-

estingly, performance in the time bisection and time repro-

duction tasks were related in our sample, such that the more

patients underestimated time intervals during time bisec-

tion the more they elongated their duration during repro-

duction, suggesting that time underestimation and time

over-reproduction are linked in RBD patients. We propose

that both deficits are reflective of a slowdown of the internal

clock (Gibbon et al., 1984). Such impairment, indeed, would

cause a deficit in timing apparent in the underestimation of

time intervals during the time bisection task, and also in the

underestimation of the passage of time while reproducing

time intervals, and a consequent tendency to prolong their

duration. An alternative possibility is that time underesti-

mation and over-reproduction in RBD patients are due to

deficits in monitoring mechanisms tracking the passage of

time (Stuss et al., 2005; Vallesi, 2021). Were this the case,

however, one would not necessarily expect the systematic

time underestimation (and corresponding over-

reproduction) we observed following right brain damage,

but a more erratic pattern of impairment. Moreover, time-

based monitoring has been mainly ascribed to the right

dorsolateral prefrontal cortex (Vallesi et al., 2009), while our

patients had lesions mainly affecting the ventral aspects of

prefrontal cortex. Clearly, this also limits our capacity to

detect timing deficits related to dorsolateral prefrontal

damage (see also Coull, Frith, Büchel, & Nobre, 2000; Stuss

et al., 2005; Vallesi, 2021; Vallesi et al., 2009; Vallesi et al.,

2007), which will need to be addressed in future studies

with a more complete lesion coverage.

VLSM showed that in our RBD sample the selective under-

estimation of short intervals observed in the timebisection task

was associated with lesions in the insula, caudate body,

claustrum, inferior frontal gyrus, and a subcortical periven-

tricular portion of the inferior parietal region, a finding closely

aligned with a recent meta-analysis of functional imaging
studies on time processing in healthy participants (Nani et al.,

2019) and with previous lesion studies on time underestima-

tion (Oliveri et al., 2013). This finding provides causal evidence

for the role of this distributed network in time processing,

highlighting the importance of an interplay between cortical

and subcortical components in performing temporal tasks

(Wittmann, Simmons, Aron, & Paulus, 2010). The brain lesions

in RBD patients associated with the over-reproduction of short

time intervals were the insula and postecentral gyrus, a subset

of those was also associated with the time perception deficits

observed in the time bisection task. The overlap in the brain

regions associated with the time processing impairments

observed in time bisection and reproduction tasks reinforces

our view that both depend on a slowdown of the internal clock

that follows right brain damage, and puts the insula and

postecentral gyrus at the core of the timing network. The fact

that the VLSM focused on time reproduction deficits only

evinced a subset of the brain regions associated with time

bisection deficits is likely to reflect the fact that time estimation

is but one component process of time reproduction, for which

other sources of variation exist (e.g., motor preparation; Mioni

et al., 2014), diluting brain-behavior associations.

The right insula has been previously associated with time

perception (Craig, 2009; Cromer et al., 2010; Hashiguchi et al.,

2022; Hayashi et al., 2013; Jiang et al., 2007; Mella et al., 2019;

Monfort et al., 2014; Mottaghy, Gangitano, Krause, & Pascual-

Leone, 2003; Wittmann, 2013). The involvement of the right

insula is consistent with the role played by this region in the

integration of information from the external world with sub-

jective experience of time that is related to interoceptive in-

formation (e.g., sequential bodily states; Craig, 2009). This

activity has been associated with encoding, but also with

reproduction of time representations (Wittmann, 2013). Pre-

vious lesion studies have indeed indicated the functional

relevance of the right insula in time reproduction (Mella et al.,

2019; Monfort et al., 2014). Monfort et al. (2014), for example,

reported the case of a patient with a focal lesion in the right

anterior insula, showing global over-reproduction of time

intervals.

The right inferior frontal gyrus is related instead to cate-

gorical decisions (Cromer et al., 2010; Jiang et al., 2007) and has

been found to be particularly involved in the decision stage of

tasks requiring comparison between two intervals (Hayashi

et al., 2013; Mottaghy et al., 2003; Gibbon, et al., 1984;

Hayashi et al., 2013). In the present study, the time bisection

task - but not time reproduction task - required a categorical

decision, which may explain why we detected a selective

involvement of the right inferior frontal gyrus in the former.

The insula and inferior frontal gyrus, therefore, may support

distinct levels of temporal processing: the accumulation of

pulses and the decision stage, respectively (see also

Hashiguchi et al., 2022).

The basal ganglia and the right part of the caudate nucleus

seem to be involved in the early stages of timinge that is, in the

encoding of time intervals (Jueptner et al., 1995; Pouthas et al.,

2005; Rao, Mayer, & Harrington, 2001). By virtue of its many

connections with cortical regions, the caudate nucleus would

play the role of an “internal clock” capable of integrating the

oscillatory cortical activity (Nani et al., 2019). The claustrum is a

structure hidden beneath the inner surface of the insula,
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strongly connected with prefrontal regions. A meta-analysis

(Schulz, 2016) emphasized the role of the claustrum in

orchestrating top-down attention deployment and processing

of interoceptive information. Damage to these subcortical re-

gions may therefore affect the encoding stage of durations, by

altering the time code for temporal representations.

Finally, a subcortical periventricular area within the right

inferior temporo-parietal region was significantly associated

with time underestimation in the time bisection task,

consistent with previous lesion (Harrington et al., 1998) and

fMRI evidence (Lewis & Miall, 2003; Coull, Vidal, Nazarian, &

Macar, 2004; Livesey, Wall, & Smith, 2007; Morillon et al.,

2009; Wiener et al., 2010) of an involvement of this region in

time perception. The auditory system may be implicated in

representing the temporal duration of stimuli presented

acrossmodalities (Morillon et al., 2009). In addition, the lateral

parietal cortex (postecentral gyrus) was associated with time

reproduction. Several evidence support a role of the posterior

parietal cortex, in particular the right inferior parietal lobe, in

time processing (see Nani et al., 2019 for a review). For

example, cathodal tDCS to the right posterior parietal cortex

causes time over-reproduction (Vicario, Martino, & Koch,

2013). The right inferior parietal cortex is deemed involved

in interfacing the sensory and motor processes required in

time reproduction, by connecting the central clock and pe-

ripheral motor effectors (Bueti et al., 2008; Morillon et al.,

2009). A lesion to the parietal cortex might therefore impair

the translation of perceived durations into the appropriate

action (output stage).

A final note pertains to the association of white matter

tracts (e.g., internal and external capsules, corona radiata)

connecting basal ganglia to frontal motor areas of the brain

with the underestimation of intervals in the range of milli-

seconds in the time bisection task revealed by our VSLM

analysis. Previous research had provided evidence for a role of

brain connectivity in time processing. Kotz, Brown, and

Schwartze (2016), for example, pointed out that reciprocal

(afferent and efferent) pathways between cortical and striatal

regions of the brain are engaged during temporal discrimi-

nation tasks (see also Akkal, Dum, & Strick, 2007; Buhusi &

Meck, 2005; Kotz, Anwander, Axer, & Kn€osche, 2013;

Merchant, Harrington, &Meck, 2013). Together, these findings

hint at a possible role of damaged connectivity within motor

related areas in timing deficits that deserves future inquiry.
5. Conclusion

In summary, we confirmed a systematic tendency in RBD

patients to perceive time intervals in the range ofmilliseconds

as shorter than they are. Additionally, we showed that in RBD

patients time underestimation was associated (perhaps

causally) with a concomitant tendency to reproduce time in-

tervals as longer than they are, and with lesions in the insula,

basal ganglia, parieto-temporal cortices, and the inferior

frontal gyrus. Both deficits in temporal processing are

compatible with a slowdown of time encoding in an ‘internal

clock’ following right brain damage. Additional investigation

on the ecological impact of temporal deficits in RBD patients

would be necessary to quantify the effects of the timing
impairment on daily activities and inform novel, tailored

rehabilitation protocols and compensatory strategies.
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Coull, J. T., Frith, C. D., Büchel, C., & Nobre, A. C. (2000). Orienting
attention in time: Behavioural and neuroanatomical
distinction between exogenous and endogenous shifts.
Neuropsychologia, 38(6), 808e819. https://doi.org/10.1016/s0028-
3932(99)00132-3

Coull, J. T., Vidal, F., Nazarian, B., & Macar, F. (2004). Functional
anatomy of the attentional modulation of time estimation.
Science (New York, N.Y.), 303(5663), 1506e1508. https://doi.org/
10.1126/science.1091573.

Craig, A. D. (2009). Emotional moments across time: A possible
neural basis for time perception in the anterior insula.
Philosophical Transactions of the Royal Society B, 364, 1933e1942.
https://doi.org/10.1098/rstb.2009.0008
Cromer, J. A., Roy, J. E., & Miller, E. K. (2010). Representation of
multiple, independent categories in the primate prefrontal
cortex. Neuron, 66(5), 796e807. https://doi.org/10.1016/
j.neuron.2010.05.005

Danckert, J., Ferber, S., Pun, C., Broderick, C., Striemer, C., Rock, S.,
et al. (2007). Neglected time: Impaired temporal perception of
multiseconds intervals in unilateral neglect. Journal of Cognitive
Neuroscience, 19(10), 1706e1720. https://doi.org/10.1162/
jocn.2007.19.10.1706

De Renzi, E., & Vignolo, L. A. (1962). The token test: A sensitive test
to detect receptive disturbances in aphasics. Brain: A Journal of
Neurology, 85, 665e678. https://doi.org/10.1093/brain/85.4.665

Faul, F., Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G*Power 3:
A flexible statistical power analysis program for the social,
behavioral, and biomedical sciences. Behavior Research
Methods, 39(2), 175e191. https://doi.org/10.3758/bf03193146

Folstein, M. F., Folstein, S. E., & McHugh, P. R. (1975). "Mini-mental
state". A practical method for grading the cognitive state of
patients for the clinician. Journal of Psychiatric Research, 12(3),
189e198. https://doi.org/10.1016/0022-3956(75)90026-6

Frassinetti, F., Cappelletti, M., & Bueti, D. (2016). The neurobiology
of time processing. Neural Plasticity. , Article 1706373. https://
doi.org/10.1155/2016/1706373

Gibbon, J., Church, R. M., & Meck, W. H. (1984). Scalar timing in
memory. Annals of the New York Academy of Sciences, 423,
52e77. https://doi.org/10.1111/j.1749-6632.1984.tb23417.x

Glicksohn, J., & Hadad, Y. (2012). Sex differences in time
production revisited. Journal of Individual Differences, 33, 35e42.
https://doi.org/10.1027/1614-0001/a000059

Gooch, C. M., Stern, Y., & Rakitin, B. C. (2009). Evidence for age-
related changes to temporal attention and memory from the
choice time production task. Aging, Neuropsychology, and
Cognition, 16(3), 285e310. https://doi.org/10.1080/
13825580802592771

Grondin, S. (Ed.). (2008). Psychology of time. Emerald Group
Publishing.

Grondin, S. (2010). Timing and time perception: A review of recent
behavioral and neuroscience findings and theoretical
directions. Attention, Perception, & Psychophysics, 72(3), 561e582.
https://doi.org/10.3758/APP.72.3.561

Harrington, D. L., Haaland, K. Y., & Knight, R. T. (1998). Cortical
networks underlying mechanisms of time perception. The
Journal of Neuroscience: the Official Journal of the Society for
Neuroscience, 18, 1085e1095. https://doi.org/10.1523/
JNEUROSCI.18-03-01085.1998

Hashiguchi, M., Koike, T., Morita, T., Harada, T., Le Bihan, D., &
Sadato, N. (2022). Neural substrates of accurate perception of
time duration: A functional magnetic resonance imaging
study. Neuropsychologia, 166, 108145. https://doi.org/10.1016/
j.neuropsychologia.2022.108145

Hayashi, M. J., Kanai, R., Tanabe, H. C., Yoshida, Y., Carlson, S.,
Walsh, V., et al. (2013). Interaction of numerosity and time in
prefrontal and parietal cortex. Journal of Neuroscience, 33(3),
883e893. https://doi.org/10.1523/JNEUROSCI.6257-11.2013

Hopson, J. W. (2003). General learning models: Timing without a
clock. In Functional and neural mechanisms of interval timing (pp.
23e60).

Hosseini, A., Rezaei, S., & Saberi, A. (2020). Direct and indirect
timing functions in unilateral hemispheric lesions. Basic and
Clinical Neuroscience, 11(3), 301e312. https://doi.org/10.32598/
bcn.11.2.1324.2

Hua, K., Zhang, J., Wakana, S., Jiang, H., Li, X., Reich, D., et al.
(2008). Tract probability maps in stereotaxic spaces: Analyses
of white matter anatomy and tract-specific quantification.
Neuroimage, 39(1), 336e347. https://doi.org/10.1016/
j.neuroimage.2007.07.053

Jiang, X., Bradley, E., Rini, R. A., Zeffiro, T., VanMeter, J., &
Riesenhuber, M. (2007). Categorization training results in

https://doi.org/10.1016/j.cortex.2023.05.024
https://doi.org/10.1523/JNEUROSCI.3134-07.2007
https://doi.org/10.1080/02643290442000356
https://apps.who.int/iris/handle/10665/268312
https://apps.who.int/iris/handle/10665/268312
https://doi.org/10.1016/j.neubiorev.2012.08.007
https://doi.org/10.1016/j.neubiorev.2012.08.007
https://doi.org/10.3758/bf03198848
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref5
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref5
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref5
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref5
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref5
https://doi.org/10.1162/jocn.2008.20017
https://doi.org/10.1038/nrn1764
https://doi.org/10.1038/nrn1764
https://doi.org/10.1037/a0021304
https://doi.org/10.3389/fnhum.2021.796799
https://doi.org/10.3389/fnhum.2021.796799
https://doi.org/10.1371/journal.pone.0264999
https://doi.org/10.1371/journal.pone.0264999
https://doi.org/10.1016/s0028-3932(99)00132-3
https://doi.org/10.1016/s0028-3932(99)00132-3
https://doi.org/10.1126/science.1091573
https://doi.org/10.1126/science.1091573
https://doi.org/10.1098/rstb.2009.0008
https://doi.org/10.1016/j.neuron.2010.05.005
https://doi.org/10.1016/j.neuron.2010.05.005
https://doi.org/10.1162/jocn.2007.19.10.1706
https://doi.org/10.1162/jocn.2007.19.10.1706
https://doi.org/10.1093/brain/85.4.665
https://doi.org/10.3758/bf03193146
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1155/2016/1706373
https://doi.org/10.1155/2016/1706373
https://doi.org/10.1111/j.1749-6632.1984.tb23417.x
https://doi.org/10.1027/1614-0001/a000059
https://doi.org/10.1080/13825580802592771
https://doi.org/10.1080/13825580802592771
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref21
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref21
https://doi.org/10.3758/APP.72.3.561
https://doi.org/10.1523/JNEUROSCI.18-03-01085.1998
https://doi.org/10.1523/JNEUROSCI.18-03-01085.1998
https://doi.org/10.1016/j.neuropsychologia.2022.108145
https://doi.org/10.1016/j.neuropsychologia.2022.108145
https://doi.org/10.1523/JNEUROSCI.6257-11.2013
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref26
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref26
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref26
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref26
https://doi.org/10.32598/bcn.11.2.1324.2
https://doi.org/10.32598/bcn.11.2.1324.2
https://doi.org/10.1016/j.neuroimage.2007.07.053
https://doi.org/10.1016/j.neuroimage.2007.07.053
https://doi.org/10.1016/j.cortex.2023.05.024
https://doi.org/10.1016/j.cortex.2023.05.024


c o r t e x 1 6 7 ( 2 0 2 3 ) 3 0 3e3 1 7316
shape- and category-selective human neural plasticity.
Neuron, 53(6), 891e903. https://doi.org/10.1016/
j.neuron.2007.02.015

Jueptner, M., Rijntjes, M., Weiller, C., Faiss, J. H., Timmann, D.,
Mueller, S. P., et al. (1995). Localization of a cerebellar timing
process using PET. Neurology, 45, 1540e1545. https://doi.org/
10.1212/WNL.45.8.1540

Kimberg, D. Y., Coslett, H. B., & Schwartz, M. F. (2007). Power in
Voxel-based lesion-symptom mapping. Journal of Cognitive
Neuroscience, 19(7), 1067e1080. https://doi.org/10.1162/
jocn.2007.19.7.1067

Koch, G., Oliveri, M., & Caltagirone, C. (2009). Neural networks
engaged in milliseconds and seconds time processing:
Evidence from transcranial magnetic stimulation and patients
with cortical or subcortical dysfunction. Philosophical
Transactions: Biological Sciences, 364(1525), 1907e1918. https://
doi.org/10.1098/rstb.2009.0018

Koch, G., Oliveri, M., Carlesimo, G. A., & Caltagirone, C. (2002).
Selective deficit of time perception in a patient with right
prefrontal cortex lesion. Neurology, 59(10), 1658. https://
doi.org/10.1212/01.wnl.0000032504.45792.8f, 1658.

Koch, G., Oliveri, M., Torriero, S., & Caltagirone, C. (2003).
Underestimation of time perception after repetitive
transcranial magnetic stimulation. Neurology, 60(11),
1844e1846. https://doi.org/10.1212/wnl.60.11.1844

Kotz, S. A.,, Anwander, A., Axer, H., & Kn€osche, T. R. (2013).
Beyond cytoarchitectonics: The internal and external
connectivity structure of the caudate nucleus.
Plos One, 8(7), Article e70141. https://doi.org/10.1371/
journal.pone.0070141

Kotz, S. A., Brown, R. M., & Schwartze, M. (2016). Cortico-striatal
circuits and the timing of action and perception. Current
Opinion in Behavioral Sciences, 8, 42e45. https://doi.org/10.1016/
j.cobeha.2016.01.010

Lewis, P. A., & Miall, R. C. (2003). Distinct systems for automatic
and cognitively controlled time measurement: Evidence from
neuroimaging. Current Opinion in Neurobiology, 13(2), 250e255.
https://doi.org/10.1016/s0959-4388(03)00036-9

Livesey, A. C., Wall, M. B., & Smith, A. T. (2007). Time perception:
Manipulation of task difficulty dissociates clock functions
from other cognitive demands. Neuropsychologia, 45(2),
321e331. https://doi.org/10.1016/
j.neuropsychologia.2006.06.033

Magnani, B., Musetti, A., & Frassinetti, F. (2020). Spatial attention
and representation of time intervals in childhood. Scientific
Reports, 10(1), 14960. https://doi.org/10.1038/s41598-020-71541-
6

Magnani, B., Oliveri, M., Mancuso, G., Galante, E., & Frassinetti, F.
(2011). Time and spatial attention: Effects of prism adaptation
on temporal deficits in brain damaged patients.
Neuropsychologia, 49(5), 1016e1023. https://doi.org/10.1016/
j.neuropsychologia.2010.12.014

Mancuso, M., Damora, A., Abbruzzese, L., Navarrete, E.,
Basagni, B., Galardi, G., et al. (2019). A new standardization of
the Bells test: An Italian multi-center normative study.
Frontiers in Psychology, 9, 2745. https://doi.org/10.3389/
fpsyg.2018.02745

Mancuso, M., Rosadoni, S., Capitani, D., Bickerton, W.-L.,
Humphreys, G., De Tanti, A., et al. (2015). Italian
standardization of the apples cancellation test. Neurological
Sciences, 36. https://doi.org/10.1007/s10072-015-2088-2

Meck, W. H. (1996). Neuropharmacology of timing and time
perception. Cognitive Brain Research, 3, 227e242. https://doi.org/
10.1016/0926-6410(96)00009-2

Meck, W. H. (2003). Functional and neural mechanisms of interval
timing. Boca Raton, FL: CRC Press. https://doi.org/10.1201/
9780203009574
Medina, J., Kimberg, D. Y., Chatterjee, A., & Coslett, H. B. (2010).
Inappropriate usage of the Brunner-Munzel test in recent
voxel-based lesion-symptom mapping studies.
Neuropsychologia, 48(1), 341e343. https://doi.org/10.1016/
j.neuropsychologia.2009.09

Mella, N., Bourgeois,A., Perren, F., Viaccoz, A., Kliegel,M., & Picard, F.
(2019).Does the insula contribute toemotion-relateddistortionof
time? A neuropsychological approach. Human Brain Mapping, 40,
1470e1479. https://doi.org/10.1002/hbm.24460

Merchant, H., Harrington, D. L., & Meck, W. H. (2013). Neural basis
of the perception and estimation of time. Annual Review of
Neuroscience, 36, 313e336. https://doi.org/10.1146/annurev-
neuro-062012-170349

Mioni, G., Capizzi, M., Vallesi, A., Correa, �A., Di Giacopo, R., &
Stablum, F. (2018). Dissociating explicit and implicit timing in
Parkinson’s disease patients: Evidence from bisection and
foreperiod tasks. Frontiers in Human Neuroscience, 12, 17.
https://doi.org/10.3389/fnhum.2018.00017

Mioni, G., Stablum, F., McClintock, S. M., & Grondin, S. (2014).
Different methods for reproducing time, different results.
Attention, Perception, & Psychophysics, 76(3), 675e681. https://
doi.org/10.3758/s13414-014-0625-3

Mioni, G., Zakay, D., & Grondin, S. (2015). Faster is briefer: The
symbolic meaning of speed influences time perception.
Psychonomic Bulletin & Review, 22(5), 1285e1291. https://doi.org/
10.3758/s13423-015-0815-6

Monfort, V., Pfeuty, M., Klein, M., Coll’e, S., Brissart, H., Jonas, J.,
et al. (2014). Distortion of time interval reproduction in an
epileptic patient with a focal lesion in the right anterior
insular/inferior frontal cortices. Neuropsychologia, 64, 184e194.
https://doi.org/10.1016/j.neuropsychologia.2014.09.004

Morillon, B., Kell, C. A., & Giraud, A. L. (2009). Three stages and
four neural systems in time estimation. Journal of Neuroscience,
29(47), 14803e14811. https://doi.org/10.1523/JNEUROSCI.3222-
09.2009

Mottaghy, F. M., Gangitano, M., Krause, B. J., & Pascual-Leone, A.
(2003). Chronometry of parietal and prefrontal activations in
verbal working memory revealed by transcranial magnetic
stimulation. Neuroimage, 18(3), 565e575. https://doi.org/
10.1016/s1053-8119(03)00010-7

Nani, A., Manuello, J., Liloia, D., Duca, S., Costa, T., & Cauda, F.
(2019). The neural correlates of time: A meta-analysis of
neuroimaging studies. Journal of Cognitive Neuroscience, 31(12),
1796e1826. https://doi.org/10.1162/jocn_a_01459

Oliveri, M., Koch, G., Salerno, S., Torriero, S., Lo Gerfo, E., &
Caltagirone, C. (2009). Representation of time intervals in right
posterior parietal cortex: Implication for a mental timeline.
Neuroimage, 46(4), 1173e1179. https://doi.org/10.1016/
j.neuroimage.2009.03.042

Oliveri, M., Magnani, B., Filipelli, A., Avanzi, S., & Frassinetti, F.
(2013). Prismatic adaptation effects spatial representation of
time in neglect patients. Cortex: A Journal Devoted to the Study of
the Nervous System and Behavior, 49(1), 120e130. https://doi.org/
10.1016/j.cortex.2011.11.010

Paule, M. G., Meck, W. H., McMillan, D. E., McClure, G. Y.,
Bateson, M., Popke, E. J., et al. (1999). The use of timing
behaviors in animals and humans to detect drug and/or
toxicant effects. Neurotoxicology and Teratology, 21(5), 491e502.
https://doi.org/10.1016/s0892-0362(99)00015-x

Pouthas, V., George, N., Poline, J. B., Pfeuty, M.,
VandeMoorteele, P. F., Hugueville, L., et al. (2005). Neural
network involved in time perception: An fMRI study
comparing long and short interval estimation. Human Brain
Mapping, 25(4), 433e441. https://doi.org/10.1002/hbm.20126

Rammsayer, T., & Ulrich, R. (2001). Counting models of temporal
discrimination. Psychonomic Bulletin & Review, 8(2), 270e277.
https://doi.org/10.3758/BF03196161

https://doi.org/10.1016/j.neuron.2007.02.015
https://doi.org/10.1016/j.neuron.2007.02.015
https://doi.org/10.1212/WNL.45.8.1540
https://doi.org/10.1212/WNL.45.8.1540
https://doi.org/10.1162/jocn.2007.19.7.1067
https://doi.org/10.1162/jocn.2007.19.7.1067
https://doi.org/10.1098/rstb.2009.0018
https://doi.org/10.1098/rstb.2009.0018
https://doi.org/10.1212/01.wnl.0000032504.45792.8f
https://doi.org/10.1212/01.wnl.0000032504.45792.8f
https://doi.org/10.1212/wnl.60.11.1844
https://doi.org/10.1371/journal.pone.0070141
https://doi.org/10.1371/journal.pone.0070141
https://doi.org/10.1016/j.cobeha.2016.01.010
https://doi.org/10.1016/j.cobeha.2016.01.010
https://doi.org/10.1016/s0959-4388(03)00036-9
https://doi.org/10.1016/j.neuropsychologia.2006.06.033
https://doi.org/10.1016/j.neuropsychologia.2006.06.033
https://doi.org/10.1038/s41598-020-71541-6
https://doi.org/10.1038/s41598-020-71541-6
https://doi.org/10.1016/j.neuropsychologia.2010.12.014
https://doi.org/10.1016/j.neuropsychologia.2010.12.014
https://doi.org/10.3389/fpsyg.2018.02745
https://doi.org/10.3389/fpsyg.2018.02745
https://doi.org/10.1007/s10072-015-2088-2
https://doi.org/10.1016/0926-6410(96)00009-2
https://doi.org/10.1016/0926-6410(96)00009-2
https://doi.org/10.1201/9780203009574
https://doi.org/10.1201/9780203009574
https://doi.org/10.1016/j.neuropsychologia.2009.09
https://doi.org/10.1016/j.neuropsychologia.2009.09
https://doi.org/10.1002/hbm.24460
https://doi.org/10.1146/annurev-neuro-062012-170349
https://doi.org/10.1146/annurev-neuro-062012-170349
https://doi.org/10.3389/fnhum.2018.00017
https://doi.org/10.3758/s13414-014-0625-3
https://doi.org/10.3758/s13414-014-0625-3
https://doi.org/10.3758/s13423-015-0815-6
https://doi.org/10.3758/s13423-015-0815-6
https://doi.org/10.1016/j.neuropsychologia.2014.09.004
https://doi.org/10.1523/JNEUROSCI.3222-09.2009
https://doi.org/10.1523/JNEUROSCI.3222-09.2009
https://doi.org/10.1016/s1053-8119(03)00010-7
https://doi.org/10.1016/s1053-8119(03)00010-7
https://doi.org/10.1162/jocn_a_01459
https://doi.org/10.1016/j.neuroimage.2009.03.042
https://doi.org/10.1016/j.neuroimage.2009.03.042
https://doi.org/10.1016/j.cortex.2011.11.010
https://doi.org/10.1016/j.cortex.2011.11.010
https://doi.org/10.1016/s0892-0362(99)00015-x
https://doi.org/10.1002/hbm.20126
https://doi.org/10.3758/BF03196161
https://doi.org/10.1016/j.cortex.2023.05.024
https://doi.org/10.1016/j.cortex.2023.05.024


c o r t e x 1 6 7 ( 2 0 2 3 ) 3 0 3e3 1 7 317
Rao, S. M., Mayer, A. R., & Harrington, D. L. (2001). The evolution
of brain activation during temporal processing. Nature
Neuroscience, 4(3), 317e323. https://doi.org/10.1038/85191

Rattat, A.-C., & Droit-Volet, S. (2012). What is the best and easiest
method of preventing counting in different temporal tasks?
Behavior Research Methods, 44(1), 67e80. https://doi.org/10.3758/
s13428-011-0135-3

Rorden, C., & Brett, M. (2000). Stereotaxic display of brain lesions.
Behavioural Neurology, 12(4), 191e200. https://doi.org/10.1155/
2000/421719

Rorden, C., Karnath, H. O., & Bonilha, L. (2007). Improving lesion-
symptom mapping. Journal of Cognitive Neuroscience, 19(7),
1081e1088. https://doi.org/10.1162/jocn.2007.19.7.1081

Schulz, S. M. (2016). Neural correlates of heart-focused
interoception: A functional magnetic resonance imaging
meta-analysis. Philosophical Transactions of the Royal Society B:
Biological Sciences, 371(1708). https://doi.org/10.1098/
rstb.2016.0018

Sellitto, M., Ciaramelli, E., Mattioli, F., & di Pellegrino, G. (2016).
Reduced sensitivity to sooner reward during intertemporal
decision-making following insula damage in humans. Frontiers
in Behavioral Neuroscience, 9, Article 367. https://doi.org/
10.3389/fnbeh.2015.00367

Stuss, D. T., Alexander, M. P., Shallice, T., Picton, T. W.,
Binns, M. A., Macdonald, R., et al. (2005). Multiple frontal
systems controlling response speed. Neuropsychologia, 43(3),
396e417. https://doi.org/10.1016/
j.neuropsychologia.2004.06.010

Treisman, M. (1963). Temporal discrimination and the
indifference interval: Implications for a model of the" internal
clock". Psychological Monographs: General and Applied, 77(13), 1.
https://doi.org/10.1037/h0093864

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F.,
Etard, O., Delcroix, N., et al. (2002). Automated anatomical
labeling of activations in SPM using a macroscopic anatomical
parcellation of the MNI MRI single-subject brain. Neuroimage,
15(1), 273e289. https://doi.org/10.1006/nimg.2001.0978

Vallesi, A. (2021). The quest for hemispheric asymmetries
supporting and predicting executive functioning. Journal of
Cognitive Neuroscience, 33(9), 1679e1697. https://doi.org/
10.1162/jocn_a_01646

Vallesi, A., Binns, M. A., & Shallice, T. (2008). An effect of spatial
temporal association of response codes: Understanding the
cognitive representations of time. Cognition, 107(2), 501e527.
https://doi.org/10.1016/j.cognition.2007.10.011

Vallesi, A., McIntosh, A. R., & Stuss, D. T. (2009). Temporal
preparation in aging: A functional MRI study. Neuropsychologia,
47(13), 2876e2881. https://doi.org/10.1016/
j.neuropsychologia.2009.06.013

Vallesi, A., Shallice, T., & Walsh, V. (2007). Role of the prefrontal
cortex in the foreperiod effect: TMS evidence for dual
mechanisms in temporal preparation. Cerebral cortex (New
York, N.Y.: 1991), 17(2), 466e474. https://doi.org/10.1093/cercor/
bhj163

Vatakis, A., Balcı, F., Di Luca, M., & Correa, �A. (2018). Timing and
time perception: Procedures, measures, & applications. Brill.

Vicario, C. M., Martino, D., & Koch, G. (2013). Temporal accuracy
and variability in the left and right posterior parietal cortex.
Neuroscience, 245, 121e128. https://doi.org/10.1016/
j.neuroscience.2013.04.041

Vicario, C. M., Pecoraro, P., Turriziani, P., Koch, G., Caltagirone, C.,
& Oliveri, M. (2008). Relativistic compression and
expansion of experiential time in the left and
right space. Plos One, 3(3), e1716. https://doi.org/10.1371/
journal.pone.0001716

Wiener, M., Turkeltaub, P., & Coslett, H. B. (2010). The image of
time: A voxel-wise meta-analysis. Neuroimage, 49(2),
1728e1740. https://doi.org/10.1016/j.neuroimage.2009.09.064

Wilson, B., Cockburn, J., & Halligan, P. (1987). Behavioural
inattention test. Titchfield, Hants: Thames Valley Test
Company.

Wittmann, M. (2013). The inner sense of time: How the brain
creates a representation of duration. Nature Reviews.
Neuroscience, 14, 217e223. https://doi.org/10.1038/nrn3452

Wittmann, M., Simmons, A. N., Aron, J. L., & Paulus, M. P. (2010).
Accumulation of neural activity in the posterior
insula encodes the passage of time. Neuropsychologia, 48,
3110e3120. https://doi.org/10.1016/
j.neuropsychologia.2010.06.023

Zakay, D. (1990). In R. A. Block (Ed.), Cognitive models of
psychological timeThe evasive art of subjective time measurement:
Some methodological dilemmas (pp. 59e83). Hillsdale, NJ:
Erlbaum.

Zakay, D., & Block, R. A. (1994). An attentional-gate model of
prospective time estimation. Time and the Dynamic Control of
Behavior, 167e178.

https://doi.org/10.1038/85191
https://doi.org/10.3758/s13428-011-0135-3
https://doi.org/10.3758/s13428-011-0135-3
https://doi.org/10.1155/2000/421719
https://doi.org/10.1155/2000/421719
https://doi.org/10.1162/jocn.2007.19.7.1081
https://doi.org/10.1098/rstb.2016.0018
https://doi.org/10.1098/rstb.2016.0018
https://doi.org/10.3389/fnbeh.2015.00367
https://doi.org/10.3389/fnbeh.2015.00367
https://doi.org/10.1016/j.neuropsychologia.2004.06.010
https://doi.org/10.1016/j.neuropsychologia.2004.06.010
https://doi.org/10.1037/h0093864
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1162/jocn_a_01646
https://doi.org/10.1162/jocn_a_01646
https://doi.org/10.1016/j.cognition.2007.10.011
https://doi.org/10.1016/j.neuropsychologia.2009.06.013
https://doi.org/10.1016/j.neuropsychologia.2009.06.013
https://doi.org/10.1093/cercor/bhj163
https://doi.org/10.1093/cercor/bhj163
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref74
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref74
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref74
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref74
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref74
https://doi.org/10.1016/j.neuroscience.2013.04.041
https://doi.org/10.1016/j.neuroscience.2013.04.041
https://doi.org/10.1371/journal.pone.0001716
https://doi.org/10.1371/journal.pone.0001716
https://doi.org/10.1016/j.neuroimage.2009.09.064
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref78
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref78
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref78
https://doi.org/10.1038/nrn3452
https://doi.org/10.1016/j.neuropsychologia.2010.06.023
https://doi.org/10.1016/j.neuropsychologia.2010.06.023
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref81
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref81
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref81
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref81
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref81
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref82
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref82
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref82
http://refhub.elsevier.com/S0010-9452(23)00182-X/sref82
https://doi.org/10.1016/j.cortex.2023.05.024
https://doi.org/10.1016/j.cortex.2023.05.024

	Time bisection and reproduction: Evidence for a slowdown of the internal clock in right brain damaged patients
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Neuropsychological assessment
	2.3. Procedure
	2.3.1. Time bisection task
	2.3.2. Time reproduction task

	2.4. Statistical analyses
	2.4.1. Time bisection task
	2.4.2. Time reproduction task
	2.4.3. Correlation analyses
	2.4.4. Lesion mapping


	3. Results
	3.1. Time bisection task – short intervals
	3.2. Time bisection task – long intervals
	3.2.1. Interim discussion

	3.3. Time reproduction task – short intervals
	3.4. Time reproduction task – long intervals
	3.5. Correlation analyses
	3.5.1. Short intervals
	3.5.2. Long intervals
	3.5.3. Interim discussion

	3.6. Lesion mapping
	3.6.1. Time bisection task – short intervals
	3.6.2. Time bisection task – long intervals
	3.6.3. Time reproduction task – short intervals
	3.6.4. Time reproduction task – long intervals


	4. Discussion
	5. Conclusion
	Open practices section
	Data availability statement
	Ethics statement
	Funding
	Credit author statement
	aclink3
	Appendix A. Supplementary data
	References


