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A B S T R A C T   

It has been proposed that not completely overlapping brain networks support interval timing depending on 
whether or not an external, predictable temporal cue is provided during the task, aiding time estimation. Here we 
tested this hypothesis in a neuropsychological study, using both a topological approach – through voxel-based 
lesion-symptom mapping (VLSM), that assesses the relation between continuous behavioral scores and lesion 
information on a voxel-by-voxel basis – and a hodological approach, using an atlas-based tractography. A group 
of patients with unilateral focal brain lesions and their matched controls performed a duration reproduction task 
assessing time processing in two conditions, namely with regularly spaced stimuli during encoding and repro-
duction (Regular condition), and with irregularly spaced stimuli during the same task (Irregular condition). 
VLSM analyses showed that scores in the two conditions were associated with lesions involving partly separable 
clusters of voxels, with lower performance only in the Irregular condition being related to lesions involving the 
right insular cortex. Performance in both conditions correlated with the probability of disconnection of the right 
frontal superior longitudinal tract, and of the superior and middle branches of the right superior longitudinal 
fasciculus. These findings suggest that the dissociation between timing in regular and irregular contexts is not 
complete, since performance in both conditions relies on the integrity of a common suprasecond timing network. 
Furthermore, they are consistent with the hypothesis that tracking time without the aid of external cues selec-
tively relies on the integration of psychophysiological changes in the right insula.   

1. Introduction 

A temporal dimension is intrinsic to almost every type of cognitive 
operation and process. The ability to represent the duration of events in 
the seconds-to-minutes range (interval timing, Buhusi and Meck, 2005), 
specifically, is essential to most complex behaviors, and is a key pre-
requisite to high-level cognitive processes such as problem-solving, 
planning, and memory. However, despite neuroscientific research on 
time perception has grown considerably over the last twenty years, how 
the brain represents temporal features of experience is still not yet 
completely understood. 

The study of alterations of interval timing following focal brain 
damage and neurodegenerative disorders has provided important 

insights into the neural substrates of the representation of both sub-
second and suprasecond durations. Consistently with evidence from 
neuroimaging studies, pointing to the involvement of multiple brain 
regions in timing (for reviews, see Lewis and Miall, 2003a; Wiener et al., 
2010a; Teghil et al., 2019), this body of literature has shown that 
duration processing deficits may arise from lesions to different subcor-
tical and cortical structures. 

Concerning the contribution of subcortical structures to duration 
processing, a role of the basal ganglia in timing is supported by studies 
on Parkinson’s Disease patients. These patients show impaired sensori-
motor synchronization, also independently from the motor component 
of performance (Harrington et al., 1998a; Freeman et al., 1993), as well 
as deficits in discriminating rhythmical tone sequences (Grahn and 
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Brett, 2009). Focal lesions of the basal ganglia also result in abnormal 
sensorimotor synchronization (Coslett et al., 2010) and reduced elec-
trophysiological responses to regular compared to irregular tone se-
quences (Schwartze et al., 2015). Cerebellar lesions, as well, impair 
performance in motor timing tasks, such as sensorimotor synchroniza-
tion (Schlerf et al., 2007; Schwartze et al., 2016), but also in perceptual 
ones, such as the discrimination of the duration of subsecond (Mangels 
et al., 1998; Grube et al., 2010) and suprasecond stimuli (Mangels et al., 
1998), the bisection of time intervals (Nichelli et al., 1996), and the 
detection of changes in the structure (Molinari et al., 2003) and speed 
(Schwartze et al., 2016) of rhythms. 

Studies on brain damaged patients have also highlighted the 
contribution of different cortical regions to timing. Lesions to the left 
and right dorsolateral prefrontal cortex have been shown to alter 
respectively the production and estimation of long time intervals 
(60–90 seconds) (Binkofsi and Block, 1996; Koch et al., 2002). Lesions to 
the orbitofrontal cortex also result in deficits in the production and 
estimation of multi-seconds time intervals (Berlin et al., 2004). The 
discrimination of shorter intervals (4-second), however, has also been 
found impaired in patients with lesions mainly overlapping in the lateral 
prefrontal cortex (Mangels et al., 1998), and time bisection in the sub-
second range is impaired as well in patients with frontal brain lesions 
(Nichelli et al., 1995). Patients with right-sided lesions of the pars tri-
angularis of the inferior frontal gyrus also show abnormal performance 
in both the synchronization and continuation phase of sensorimotor 
synchronization, whereas patients with left-sided lesions of the superior 
medial prefrontal cortex have been reported to be only impaired in the 
continuation phase (Picton et al., 2006). 

There is also neuropsychological evidence for the involvement of 
parietal regions in timing. Reproduction accuracy for 2-second dura-
tions, as well as reproduction variability for longer durations (4-12- 
second), have been found to correlate significantly with percent damage 
in the superior and inferior parietal lobe (Coslett et al., 2009). A key role 
of right-sided prefrontal and inferior parietal areas was also highlighted 
by Harrington and colleagues(1998a, 1998b), who tested interval 
discrimination of patients with focal left or right hemispheric cortical 
lesions in the subsecond range (Harrington et al., 1998b). 

Though this body of evidence is in line with neuroimaging literature, 
consistently implicating the basal ganglia, the cerebellum, prefrontal 
and parietal regions in interval timing (Merchant et al., 2013; Koch 
et al., 2009), patient studies suggest that other cortical regions may also 
have some functional significance in duration processing. Indeed, the 
only voxel-based lesion-symptom mapping (VLSM) study investigating 
interval timing to date (Gooch et al., 2011) has shown an association 
between duration discrimination variability for visual stimuli, and le-
sions to the right inferior frontal gyrus, middle frontal gyrus, and pre-
central gyrus. Also, lesions to the left-sided basal ganglia, superior and 
middle temporal lobe, and hippocampus, were associated with perfor-
mance variability specifically in the subsecond range (Gooch et al., 
2011). 

An altered perception of suprasecond durations has also been re-
ported in neglect patients with lesions mainly overlapping in the right 
supramarginal gyrus, superior temporal gyrus, insula and basal ganglia 
(Danckert et al., 2007). Supporting a possible role of the insular cortex in 
timing, at least in specific conditions, interval reproduction accuracy in 
the suprasecond range has been found to be impaired in an epileptic 
patient with a focal lesion of the right anterior insular/inferior frontal 
cortex (Monfort et al., 2014). 

Finally, there is also neuropsychological evidence of hippocampal 
involvement in timing. Patient H. M. showed impaired reproduction of 
durations ranging from 20 to 300 seconds, but normal performance for 
durations between 1 and 20 seconds (Richards, 1973). Patients with 
medial temporal lobe damage are also impaired in discriminating du-
rations longer than 4 minutes (Palombo et al., 2016), and show reduced 
accuracy in interval production and estimation in the minute range 
(Noulhiane et al., 2007), suggesting that the hippocampus may be 

involved in interval timing in the minutes – rather than seconds – range 
(Palombo et al., 2016; Palombo and Verfaellie, 2017). In other studies, 
however, patients with medial temporal lobe lesions showed timing 
deficits also in the second (Melgire et al., 2005; Perbal et al., 2001) and 
subsecond range (Melgire et al., 2005), as well as in processing rhythmic 
stimuli (Ehrlé et al., 2001). Thus, it has been recently proposed that the 
hippocampus could be specifically involved in duration processing when 
the task entails sequential demands, independently from the duration 
range (Palombo et al., 2020; Lee et al., 2020). 

Overall, the neuropsychological findings reviewed above suggest 
that duration processing relies on the integrity of multiple brain regions, 
consistently with accounts positing that different neural circuits play a 
differential role in timing depending on context and task features (Bueti 
et al., 2008a; Wiener et al., 2011a; Merchant et al., 2013; Wiener and 
Kanai, 2016). In this vein, previous literature has shown that different 
brain networks support timing depending on whether durations are 
perceived in absolute terms or relative to a regular beat (Teki et al., 
2011), depending on the temporal range investigated (subsecond vs. 
suprasecond), on the degree of involvement of motor demands (Wiener 
et al., 2010a; Bueti et al., 2008b), and of attentional resources (Lewis 
and Miall, 2003a), and on the implicit or explicit nature of duration 
processing (Coull and Nobre, 2008). 

Based on evidence from neuropsychological and neuroimaging 
studies, a further distinction has been recently proposed between an 
Externally-Cued and an Internally-Based timing systems, that may be 
respectively responsible for the processing of durations when a pre-
dictable environmental cue is provided, and when such a cue is lacking 
(Teghil et al., 2019). This distinction has been supported by 
meta-analytic evidence, suggesting that two partly overlapping brain 
networks mediate timing in the two contexts (Teghil et al., 2019). 
Behavioral evidence in healthy participants is also consistent with the 
possibility to dissociate, at least partially, these two processes, showing 
that interval reproduction accuracy in irregular, but not in regular 
contexts, is predicted by individual differences in interoceptive aware-
ness (Teghil et al., 2020a). Since interoceptive awareness critically de-
pends on the right insular cortex (Craig, 2002; Critchley et al., 2004; 
Grossi et al., 2014), these findings suggest that the right insula may be 
especially involved in timing when no structured signal is provided to 
aid time estimation. Consistently with this hypothesis, individual per-
formance in timing in irregular contexts has been found to predict the 
strength of the resting-state functional coupling between nodes of a 
sensorimotor network involving the right insula; furthermore, the 
strength of the connectivity profiles of the right posterior insula, within 
a network modulated by individual differences interoceptive awareness, 
positively correlates with timing performance in irregular but not in 
regular contexts (Teghil et al., 2020b). 

In the present study we aimed to provide neuropsychological evi-
dence for the possibility to dissociate brain correlates of Internally-Based 
and Externally-Cued timing. Though studies on Parkinson’s Disease and 
cerebellar degeneration patients are consistent with the possibility to 
distinguish between these two systems (Nichelli et al., 1996; Grube 
et al., 2010; Harrington et al., 1998a, 1998b; Freeman et al., 1993; 
Grahn and Brett, 2009), it is not entirely clear whether at least partially 
separated brain regions are recruited in timing depending on whether 
any external predictable temporal cue is provided. The interpretation of 
the neuropsychological data reviewed above is also complicated by 
relevant differences between studies in stimuli, experimental settings, 
and in the range of durations tested. To the best of our knowledge, no 
study to date has tested the effect of the presence vs. absence of external 
regular cues on duration processing in the same population of patients, 
assessing the effect of lesion to different brain regions, and using entirely 
comparable stimuli and procedures. 

Here we assessed duration reproduction in regular and irregular 
contexts in a group of patients with unilateral focal brain lesions, in 
order to investigate neural substrates of interval reproduction when an 
external regular cue is provided (regular condition), and when the 
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external cue is irregular, and thus uninformative about elapsed time 
(irregular condition). Moreover, based on previous findings (Teghil 
et al., 2020a, 2020b), we predicted that a worse performance in the 
irregular, but not in the regular condition, should be associated with 
lesions to the right insular cortex, that is pivotal for interoceptive 
awareness. In the present study, we assessed the reproduction of rela-
tively long suprasecond durations (approximately between 8 and 19 
seconds). This choice is in line with previous behavioral and psycho-
physiological studies, showing a positive association between time 
processing in this range, and individual differences in autonomic ac-
tivity and interoceptive processing (Meissner and Wittmann, 2011; 
Teghil et al., 2020a). Also, neuroimaging studies suggest that processing 
of durations in this range entails increased activation of the insular 
cortex (Wittmann et al., 2010, 2011), and is associated with individual 
variations in the intrinsic connectivity of the right insula (Teghil et al., 
2020b). 

The relation between behavioral timing performance and lesion data 
was assessed in two ways: 1) from a topological perspective, using 
Voxel-Based Lesion-Symptom Mapping (VLSM) (Bates et al., 2003), and 
2) from a hodological perspective, using atlas-based tractography 
(Thiebaut de Schotten et al., 2015; Dalla Barba et al., 2018; Pacella et al., 
2019). 

2. Materials and methods 

2.1. Participants 

19 patients with unilateral focal brain lesions (BD group), admitted 
to the Neuropsychology Unit of the IRCCS Fondazione Santa Lucia, took 
part in the study. 5 patients had a left-sided brain lesion, whereas 14 
patients had a right-sided brain lesion. Demographical data of the pa-
tients are reported in Table 1. All patients performed within the normal 
range in standard tests assessing abstract (Raven’s Coloured Progressive 
Matrices, Basso et al., 1987) or verbal reasoning (Verbal Judgment Test, 
Spinnler and Tognoni, 1987) (two patients showing evidence of reduced 
visual field were assessed for general reasoning abilities using the Verbal 
Judgment Test, Spinnler and Tognoni, 1987). All left-hemisphere brain 
damaged patients showed no evidence of verbal comprehension deficits, 
as evaluated with the Token Test (Spinnler and Tognoni, 1987) or the 

Sentence Comprehension subtest of the ENPA (Capasso and Miceli, 
2001). 4 right-hemisphere brain damaged patients showed evidence of 
unilateral neglect, as assessed with the Letter Cancellation Test, the Line 
Cancellation Test, the Wundt–Jastrow Area Illusion Test, and the Sen-
tence Reading Test. According to normative data (Pizzamiglio et al., 
1989), patients were diagnosed as having extrapersonal neglect if they 
performed below the cut-off in at least two tests out of four. The 
screening for verbal comprehension and for neglect symptoms was 
performed by an expert neuropsychologist, upon admission to the 
Neuropsychology Unit. Patients’ scores on tests assessing verbal 
comprehension and unilateral neglect are reported in Supplementary 
materials. 

27 healthy controls (CT group), matched with the BD group for age 
(BD group: M = 56.842 years, SD = 13.696, CT group: M = 55.851 years, 
SD = 8.583, t(27.851) = 0.279, p = 0.782, two-tailed) and education 
(BD group: M = 13.684 years, SD = 3.367, CT group: M = 12.963 years, 
SD = 3.557, t(44) = 0.692, p = 0.493, two-tailed), were also enrolled in 
the study. The proportion of females and males was not significantly 
different between the BD and CT groups (χ2 = 2.477, p = 0.116). None 
of the control participants had a previous or current history of neuro-
logical or psychiatric disorders, as assessed by an informal interview 
before the testing session. All control participants were right-handed, 
and had normal audition and normal or corrected-to-normal vision. 
All control participants enrolled in the study scored within the normal 
range in the Raven’s Coloured Progressive Matrices (Basso et al., 1987). 
The study was designed in accordance with the principles of the 
Declaration of Helsinki and was approved by the ethical committee of 
the IRCSS Fondazione Santa Lucia, Rome. Informed consent was ob-
tained from all individual participants included in the study. 

2.2. Interval reproduction task 

All patients and controls performed an adapted version of an interval 
reproduction task extensively described in previous reports from our 
group (Teghil et al., 2020a, 2020b) (Fig. 1). Participants were asked to 
reproduce the time interval elapsed between two auditory signals; each 
trial involved an encoding and a reproduction phase. During the 
encoding phase, two auditorily presented Start and End signals marked a 
target duration. Right after the encoding phase, the reproduction phase 

Table 1 
Demographic data of participants of the brain damaged patients’ group.  

Participant Group Gender Age (years) Education (years) Handed-ness Etiology Time from onset (days)c Abstract/Verbal reasoning 

Pt 1 LBD M 68 8 R H 213 15/36 a 

Pt 2 LBD M 75 18 R H 33 30/36 a 

Pt 3 LBD M 62 13 R I 47 29/36 a 

Pt 4 LBD M 65 18 R I 53 33/36 a 

Pt 5 LBD M 52 13 R I 80 24/36 a 

Pt 6 RBD (N-) F 24 15 R H 43 36/36 a 

Pt 7 RBD (N-) F 60 15 R I 36 19/36 a 

Pt 8 RBD (N-) M 72 8 R I 38 24/36 a 

Pt 9 RBD (N-) F 30 18 R I 45 26/36 a 

Pt 10 RBD (N-) M 54 11 R I 29 29/36 a 

Pt 11 RBD (N-) F 54 18 R H 38 35/36 a 

Pt 12 RBD (N-) F 51 13 R I 40 34/36 a 

Pt 13 RBD (N-) F 44 13 R H 60 19/36 a 

Pt 14 RBD (N-) M 46 18 R I 32 36/36 a 

Pt 15 RBD (N-) F 65 13 R I 32 23/36 a 

Pt 16 RBD (N+) F 74 13 R I 104 56/60 b 

Pt 17 RBD (N+) M 59 8 R T 50 20/36 a 

Pt 18 RBD (N+) M 61 14 R I 44 45/60 b 

Pt 19 RBD (N+) F 64 13 R I 85 17/36 a 

Pt = patient; LBD = left-hemisphere brain damage; RBD = right-hemisphere brain damage; N+ = unilateral neglect; R = right-handed; H = Hemorrhagic stroke; I =
Ischemic stroke; T = Tumor excision. 

a Abstract reasoning (Raven’s Coloured Progressive Matrices, Basso et al., 1987). 
b Verbal reasoning (Verbal Judgment Test, Spinnler and Tognoni, 1987). Raw scores are reported for the neuropsychological tests. All scores were within the normal 

range after correction for age and education. 
c Time elapsed between the brain lesion and the experimental testing session. 
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started: the Start signal was presented again, marking the beginning of 
the reproduction interval, and participants were instructed to press a key 
(the spacebar on a laptop) when they thought the same time interval was 
elapsed as that between the two signals in the encoding phase. The 
spacebar press caused the delivery of the End signal. Participants were 
asked not to count, nor to use any other vocal or subvocal rehearsal 
strategy to estimate time; a secondary memory task was added to further 
prevent counting. Both during the encoding and the reproduction phase, 
a series of numbers was delivered acoustically within the Start and End 
signals. In both phases, after the End signal a question appeared on 
screen asking whether the last presented number was odd or even, and 
participants answered pressing one of two keys. In order to reduce the 
cognitive load due to the dual-task demands of the paradigm, the sec-
ondary memory task was modified with respect to our previous studies 
(Teghil et al., 2020a, 2020b), in which a number appeared on screen and 
participants were asked to decide whether or not it was present in the 
series. Two conditions were arranged by varying inter-stimulus interval 
parameters between acoustically presented numbers: in the Regular 
condition (Reg), the inter-stimulus intervals determined a regular 
pattern of numbers presentation. The pattern did not vary from the 
encoding to the reproduction phase of a single trial, thus providing a cue 
that participants could exploit to reproduce the target interval. A 

different regular pattern was used in each trial of the Reg condition. In 
the Irregular condition (Irr), the inter-stimulus intervals were arranged 
randomly during both the encoding and the reproduction phase, 
defining an irregular pattern of presentation of the numbers. A different 
number of numeric stimuli was presented during the same time-window 
in the encoding and in the reproduction phase of the Irr condition, thus 
avoiding that participants may exploit information about the “quantity” 
of numbers presented in the encoding phase to solve the reproduction 
task. Target durations for the interval reproduction task were 8020, 
13000, 18800 ms. Each number was presented for 400 ms; 
inter-stimulus intervals between numbers varied from 250 to 1700 ms. 

The start of each trial was paced by the experimenter through a 
spacebar press. 4 trials for each duration were presented within each 
condition (12 trials for each condition). Reg and Irr trials were arranged 
in two blocks; trials were randomized within the block. Prior to the 
reproduction task, participants went into a short familiarization session 
(2 trials for condition), with the same structure of the main task. The 
presentation order of the regular (Reg) and irregular (Irr) condition was 
counterbalanced across participants of each group. Stimuli were pre-
sented on a laptop using the E-Prime 3.0 software (Psychology Software 
Tools, Pittsburgh, PA). 

Fig. 1. A trial of the interval reproduction task. The 
encoding and the reproduction phase were respec-
tively marked by a red and a green frame (adapted 
from Teghil et al., 2020a). Please note that here the 
secondary memory task required to report whether 
the last presented number of the series was odd or 
even, at difference with previous studies using the 
same paradigm (Teghil et al., 2020a, 2020b), in which 
the secondary memory task required to judge whether 
or not a number was present in the series. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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2.3. Single-case analysis 

As a first step of the lesion-symptom analysis, we assessed whether 
any participant of the BD group showed evidence of a dissociation be-
tween performance in the Reg and Irr condition. This analysis was 
performed using the DissocsBayes.exe program (Crawford and 
Garthwaite, 2007). In short, the program tests whether scores of a pa-
tient on two tasks are significantly different (lower) from those of a 
control sample; then, it applies the Bayesian Standardized Difference 
Test (BSDT) to test the probability that the standardized difference be-
tween the patient’s scores on the two tasks is an observation from the 
control population (Crawford and Garthwaite, 2007). According to 
Crawford and Garthwaite’s (2007) Bayesian criteria for classical and 
strong dissociations, the criteria for a dissociation, putatively classical, are 
fulfilled when a patient’s score on one of the two tasks is low enough 
that the probability that it is an observation from the control population 
is < 0.05 (Crawford and Howell, 1998), and the probability that the 
standardized difference between the patient’s scores on the two tasks is 
an observation from the control population is < 0.05 on the BSDT 
(Crawford and Garthwaite, 2007). The criteria for a strong dissociation 
are fulfilled when the patient’s scores on both tasks are low enough that 
the probability that they are observations from the control population is 
< 0.05 (Crawford and Howell, 1998), and there is also a significant 
difference on the BSDT between standardized scores on the two tasks 
(Crawford and Garthwaite, 2007). Analyses were performed on mean 
accuracy scores in the Reg and Irr conditions (see Section 3.1). 

2.4. Lesion mapping 

Computed Tomography/Magnetic Resonance (CT/MRI) digitalized 
images were acquired for each patient. Lesions were manually drawn on 
representative axial slices of a standard MNI152 Colin27 template using 
MRIcron (available at https://www.nitrc.org/projects/mricron) (Ror-
den and Brett, 2000), rotating the MNI template from the MNI space to 
the subject space. The reoriented templates were then taken back to the 
MNI space using the inverse rotation (Doricchi, 2003). Brain structures 
highlighted by the VLSM analyses were identified referring to the Roj-
kova and colleagues’ 2016 atlas for white matter structures (Rojkova 
et al., 2016), and to the automated anatomical atlas (AAL) (Tzour-
io-Mazoyer et al., 2002) for gray matter structures. 

2.5. Hodological atlas-based lesion-behavior analysis 

We used the Tractotron software (part of the BCBtoolkit, Foulon 
et al., 2018, http://www.toolkit.bcblab.com) to investigate which tracts 
were affected by individual lesions. Each lesion was mapped onto 
tractography reconstructions of white matter pathways obtained from a 
group of healthy participants (Rojkova et al., 2016). The probability of 
the tract to be disconnected was analyzed as a measure of disconnection 
severity (Thiebaut de Schotten et al., 2014). For each patient, a tract was 
considered to be disconnected when a voxel belonging to that tract fell 
within the individual lesion with above-chance probability (p > 0.5). 
Only tracts that were disconnected in at least 20% of patients were 
considered in further analyses. 

3. Results 

3.1. Interval reproduction task 

Statistical analyses were performed using SPSS (IBM SPSS Statistics 
20). A mean accuracy score in the Reg and Irr condition was computed 
for each participant of the BD and CT groups, using the formula 1-| 
(Target duration - Reproduced duration)/Target duration|. Trials in 
which accuracy was below 2 SDs from the participant’s mean accuracy 
in the specific condition were excluded from further analyses; this led to 
the exclusion of 2.6% of trials for the BD group and of 4.16% of trials in 

the CT group. 
First, in order to assess whether the different target durations in the 

interval reproduction task were discriminated effectively by partici-
pants, a 2 × 3 × 2 mixed-factorial ANOVA was performed on mean 
reproduced duration in the task, with Condition (Reg, Irr) and Target 
duration (8020, 13000, 18800 ms) as repeated measures, and Group 
(BD, CT) as between-subjects factor. When a departure from sphericity 
was detected, a Greenhouse–Geisser’s correction was adopted. There 
was no significant effect of Condition (F(1, 44) = 0.001, p = 0.978, η2

p <

0.001), whereas the effect of Target duration was significant (F(1.279, 
56.268) = 253.48, p < 0.001, η2

p = 0.852), all comparisons between 
mean reproduced duration for each target duration being also signifi-
cant (p < 0.001, Bonferroni corrected). The main effect of Group was not 
significant (F(1, 44) = 0.477, p = 0.493, η2

p = 0.011), neither was any 
interaction effect (Condition x Group: F(1, 44) = 0.201, p = 0.656, η2

p =
0.005; Target duration x Group: F(1.279, 56.268) = 0.155, p = 0.757, 
η2

p = 0.004; Condition x Target duration: F(1.537, 67.61) = 0.79, p =
0.428, η2

p = 0.018; Condition x Target duration x Group: F(1.537, 
67.61) = 0.168, p = 0.789, η2

p = 0.004) (Fig. 2a). For exploratory 
purposes, 2 × 3 × 3 mixed-factorial ANOVAs were also performed to 
compare 1) the mean reproduced durations, and 2) the ratio of the 
reproduced-to-target duration, in the two conditions of the task, be-
tween patients with lesion to the right hemisphere, patients with lesion 
to the left hemisphere, and controls. Results of these analyses are pro-
vided in Supplementary materials. 

A 2 × 2 mixed-factorial ANOVA was performed to compare accuracy 
scores in the two Conditions (Reg, Irr) between the two groups (BD, CT). 
Since the results of the ANOVA on mean reproduced durations showed 
that the three target durations were correctly discriminated in both 
groups, only mean accuracy in the Reg and Irr conditions was considered 
in this and in further analyses. There was no main effect of Condition (F 
(1, 44) = 3.357, p = 0.074, η2

p = 0.071), whereas the effect of Group was 
significant (F(1, 44) = 4.55, p = 0.039, η2

p = 0.094) (Fig. 2b). The 
Condition × Group interaction was not significant (F(1, 44) = 0.179, p 
= 0.674, η2

p = 0.004). An additional exploratory ANOVA comparing 
accuracy scores in the two Conditions between controls, and patients 
with lesion to the left and right hemisphere, also highlighted only a 
significant effect of Group (results of this analysis are provided in Sup-
plementary materials). 

3.2. Single-case analysis 

One patient (Pt 8) fulfilled the criteria for a dissociation, putatively 
classical (Crawford and Garthwaite, 2007). Pt 8’s mean accuracy was 
similar to that of controls in the Reg condition (t(26) = −0.223, p =
0.413, one-tailed), but not in the Irr condition (t(26) = −3.101, p =

Fig. 2. Interval reproduction task a) Mean reproduced duration in the Regular 
(Reg) and Irregular (Irr) condition for each target duration (8020, 13000, 
18800 ms), in the brain damaged (BD) and control (CT) groups. b) Mean ac-
curacy in the Regular (Reg) and Irregular (Irr) condition in the brain damaged 
(BD) and control (CT) groups. Bars represent standard errors. Significant dif-
ferences are marked with asterisks. *p < 0.05 ***p < 0.001. 
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0.002, one-tailed), and the difference between the patient’s standard-
ized scores in the two conditions was statistically significant on the 
BSDT [percentage of control population with a more extreme discrep-
ancy in the same direction as patient: Bayesian point estimate (+95% 
CI) = 0.750% (95% CI = 0.0096%–3.8845%)]. Lesion of Pt 8 involved 
the white matter of fronto-temporal and parietal regions in the right 
hemisphere, extending to the caudate nucleus and to the posterior 
insular cortex, at the boundary with the parietal and temporal lobe. CT 
scan of Pt 8 is shown in Fig. 3. 

3.3. Voxel-based lesion-symptom mapping (VLSM) analysis 

Lesions overlap of participants of the BD group is shown in Fig. 4. A 
Voxel-Based Lesion-Symptom Mapping (VLSM) analysis (Bates et al., 
2003) was performed using the NiiStat package (http://www.nitrc.or 
g/projects/niistat/). In VLSM, the relation between behavioral scores 
and lesion information is assessed voxel-wise, comparing for each voxel 
behavioral scores of patients with and without lesions involving that 
voxel (Bates et al., 2003). Mean accuracy of patients in the Reg and the 
Irr condition were entered in the analysis. T-tests were performed to test 
for significant difference at each voxel, testing only voxels damaged in at 
least 5 patients. Lesion volume was entered as a covariate of no interest, 
regressing out its effect on the behavioral scores. Permutation thresh-
olding was used to correct for multiple comparisons, using 5000 per-
mutations, with alpha level set at p < 0.05, one tailed. 

VLSM results showed that scores in the Reg condition were associ-
ated with lesions to clusters of voxels in the white matter of the right 
hemisphere, involving the anterior thalamic projection, the corpus cal-
losum, the cortico-spinal and fronto-striatal tracts, and the superior 
longitudinal fasciculus II and III, partially extending to the frontal 
commissural tract and to the arcuate long segment (Fig. 5). 

Lower scores in the Irr condition were also associated with lesions in 
clusters of voxels in the right hemisphere, involving the anterior 
thalamic projection, the arcuate anterior and long segments, the corpus 
callosum, the frontal commissural tract, the cortico-spinal tract, the 
fronto-striatal tract, the fronto-insular tract 5, the superior longitudinal 
fasciculus II and III, and extending to the frontal aslant tract, the hand 
inferior U tract, the superior longitudinal fasciculus I, and to the insular- 
opercular cortex (Fig. 6). 

3.4. Relation between probability of disconnection and behavioral 
measures 

Pearson’s one-tailed partial correlations were performed between 

the probability of disconnection of the white matter tracts, and patients’ 
scores in the Reg and Irr conditions, entering the volume of individual 
lesions as a covariate of no interest. Accuracy scores in both the Reg and 
the Irr conditions were significantly inversely correlated with the 
probability of disconnection of the right superior longitudinal fasciculus 
I (Reg: r = 0.337, p = 0.026, Irr: r = −0.455, p = 0.029) (Fig. 7a), the 
right superior longitudinal fasciculus II (Reg: r = −0.574, p = 0.006, Irr: 
r = −0.516, p = 0.014) (Fig. 7b) and the right frontal superior longi-
tudinal tract (Reg: r = −0.587, p = 0.005, Irr: r = −0.506, p = 0.016) 
(Fig. 7c). 

4. Discussion 

In the present study we aimed to investigate neural substrates of 
duration processing in different sensory contexts. In more detail, we 
assessed whether at least partially different brain regions support in-
terval reproduction in contexts that allow to estimate time relying on a 
predictable cue, compared to when the perception of elapsed time is less 
likely to be informed by external referents. Results of previous behav-
ioral (Teghil et al., 2020a) and neuroimaging (Teghil et al., 2020b) 
studies provided early support to the hypothesis that interval timing 
more likely relies on the integration of endogenous inputs when the 
external environment does not allow to predict the duration of events. 
Thus, based on evidence on the role of insula in interoception (Critchley 
et al., 2004; Craig, 2002; Grossi et al., 2014) and time perception 
(Wittmann et al., 2010, 2011; Meissner and Wittmann, 2011; Monfort 
et al., 2014; Teghil et al., 2020b), as a further and more specific aim we 
tested the hypothesis that duration processing in irregular, unpredict-
able contexts specifically relies on the right insular cortex. 

To these aims we used VLSM, a data-driven analytic technique that 
allows to assess the relation between continuous behavioral scores and 
lesion information on a voxel-by-voxel basis (Bates et al., 2003). In other 
words, rather than relying on a priori group divisions – such as the 
presence/absence of a deficit – VLSM treats behavioral scores in a 
continuous manner. This technique thus overcomes the intrinsic limi-
tations of grouping patients according to lesion site or to their perfor-
mance in behavioral tasks, such as the impossibility to draw conclusions 
about the contribution of other regions to the investigated process, and 
the loss of information related to more fine-grained performance dif-
ferences (Bates et al., 2003; Coslett et al., 2009). Furthermore, we 
investigated brain correlates of duration processing in regular vs. 
irregular contexts from a hodological perspective, assessing the relation 
between timing accuracy in the two contexts and the probability of 
disconnection of specific white matter tracts. 

Fig. 3. CT scan of Pt 8 (right on the right side).  
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VLSM analyses showed that lower accuracy in both the Regular and 
in the Irregular conditions was mainly associated with right-hemisphere 
white matter lesions. However, scores in the two conditions were asso-
ciated with lesions to partly separable clusters of voxels. Indeed, though 

lower performances in both measures were associated with lesions 
involving the anterior thalamic projection, the cortico-spinal tract, the 
fronto-striatal tract, the corpus callosum and the superior longitudinal 
fasciculi II and III, clusters of voxels related to low performance in the 
Regular condition extended more medially, whereas lower performance 
in the Irregular condition was also related to lesions involving the 
arcuate anterior and long segments, the frontal commissural tract, the 
fronto-insular tract 5 and the insular cortex (Figs. 5 and 6). This latter 
result is thus consistent with previous evidence that the right insular 
cortex may specifically play a role in processing duration information 
independently from the surrounding context (Teghil et al., 2019, 2020a, 
2020b). 

Results of single-case analyses also suggest a classical dissociation 
between duration reproduction in regular and irregular contexts. One 
patient, indeed, performed significantly worse than controls in the 
irregular, but not in the regular condition, and fulfilled the criteria for a 
dissociation, putatively classical (Crawford and Garthwaite, 2007). 
Thus, the patient’s performance was comparable to that of controls 
when an external regular cue was available, but not when the external 
cue was provided at non-predictable timepoints, not being informative 
about elapsed time. This suggests that the patient was indeed able to 
exploit information provided by the regular cue to improve duration 
reproduction, whereas hisperformance dropped substantially when du-
rations were to be reproduced entirely based on a subjective estimate of 
elapsed time. Interestingly, this pattern of performance was associated 
with a lesion involving the white matter of the frontal and temporal 
lobe, extending to the posterior portion of the insula and of the parietal 
lobe. This finding is thus consistent with the hypothesis of an 

Fig. 4. Lesion overlap of participants of the BD group (n = 19), displayed for visualization purposes. The color bar represents the number of patients with lesion 
involving each brain voxel. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Z statistic, corresponding to the t-test, comparing scores in the Regular 
condition between patients with or without lesions involving each voxel. Only 
voxels surviving a permutation thresholding of p < 0.05 one-tailed are shown. 

Fig. 6. Z statistic, corresponding to t-test, comparing voxel-wise scores in the Irregular condition between patients with or without lesions involving a given voxel. 
Only voxels surviving a permutation thresholding of p < 0.05 one-tailed are shown. 
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involvement of right insular regions and surrounding white matter in the 
perception of durations when no external temporal cue is provided. It is 
important to point out that the single-case approach has some intrinsic 
limitations: indeed, it allows drawing only limited anatomical inference, 
mainly due to the difficulties in generalizing the results (Robertson et al., 
1993; Rorden et al., 2007). Nonetheless, present single-case results 
converge with those of the VLSM analysis in suggesting the involvement 
of the right insula in timing in irregular contexts. 

As noted above, VLSM analyses linked lower performances in both 
the regular and irregular condition to lesions to clusters of voxels largely 
involving the white matter. Results of the hodological symptom-lesion 
analyses are thus of particular interest. Lower accuracy scores in both 
the regular and the irregular condition were found to correlate nega-
tively with the probability of disconnection of the superior (SLF I) and 
middle (SLF II) branches of the right superior longitudinal fasciculus, 
along with the probability of disconnection of the right frontal superior 
longitudinal tract. The superior longitudinal fasciculus connects 
different frontal and parietal regions; specifically, the SLF I connects the 
superior parietal lobule and the precuneus to the superior frontal gyrus, 
including the supplementary motor area (SMA), the frontal eye fields, 
and dorsolateral and orbitofrontal regions, whereas the SLF II connects 
the angular gyrus to the middle frontal gyrus and the dorsolateral pre-
frontal cortex (Kamali et al., 2014; Rojkova et al., 2016). The frontal 
superior longitudinal tract, instead, includes long fibers connecting the 

superior frontal gyrus with the precentral gyrus, as well as short fibers 
mediating local connections between the superior and middle frontal 
gyri (Catani et al., 2012; Rojkova et al., 2016). It is worth noting that, 
despite the long-established role of the SMA in motor functions, a 
consistent body of literature points to a pivotal role of this region in 
timing processes across different contexts and conditions, independently 
from the motor or perceptual nature of the task (see Wiener et al., 2010a; 
Schwartze et al., 2012; Teghil et al., 2019; Nani et al., 2019, for re-
views). Present findings expand upon previous results, suggesting that 
the SMA may be a key node of a network supporting the representation 
of duration information both relative to a regular sensory signal, and 
independently from the external context. Interestingly, this hypothesis is 
consistent with recent findings from single-cell recording in monkeys. 
SMA neurons, indeed, exhibit burst onsets that reflect the duration of 
intervals defining an extinguished isochronous visual rhythm; burst 
amplitude, however, increases as a function of total elapsed time 
(Cadena-Valencia et al., 2018), suggesting that neural activity in the 
SMA may encode both regular patterns, and duration information per se. 

The contribution of prefrontal regions to timing has also been 
highlighted by a number of studies. As reviewed in the Introduction, 
investigations on brain damaged patients consistently report timing 
deficits following prefrontal (Harrington et al., 1998b; Koch et al., 2002; 
Mangels et al., 1998) but also orbitofrontal cortex lesions (Berlin et al., 
2004). A role of the right dorsolateral prefrontal cortex in timing has 

Fig. 7. Scatterplots showing the relation between the probability of disconnection (x axis) and the behavioral measures (y axis), after regressing out the effect of 
individual lesion volume (LV). Relation between residuals of the regressions of LV on the probability of disconnection of a) the right superior longitudinal fasciculus I 
(SLFI), b) the right superior longitudinal fasciculus II (SLFII), c) the right frontal superior longitudinal tract, and residuals of the regressions of LV on accuracy in the 
Regular (Reg) (left side) and Irregular (Irr) condition (right side). 
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also been suggested by neuroimaging studies using different paradigms 
(Lewis and Miall, 2002; Macar et al., 2002; Jahanshahi et al., 2006; 
Pouthas et al., 2005; Apaydın et al., 2018; Kale et al., 2019), and rTMS 
on the right dorsolateral prefrontal cortex has been found to alter 
duration reproduction of supresecond stimuli (Koch et al., 2003; Jones 
et al., 2004). The right middle frontal gyrus has also been implied in 
timing, particularly for suprasecond durations (Wiener et al., 2010a; 
Gooch et al., 2011). The involvement of prefrontal regions in timing 
tasks has often been interpreted in terms of working memory demands, 
especially for timing of suprasecond durations (Harrington et al., 1998b; 
Mangels et al., 1998; Jones et al., 2004; Lewis and Miall, 2006; Coull 
et al., 2011). Others, however, have proposed a more “core” role for 
prefrontal regions in timing processes (Koch et al., 2002; Wiener et al., 
2010a). It is worth noting that, though most timing tasks involve 
different executive resources at least to some degree (Odgen et al., 
2014), duration reproduction is particularly dependent on working 
memory (Perbal et al., 2002; Baudoin et al., 2006; Droit-Volet et al., 
2015; Mioni et al., 2013). Our findings of a correlation between reduced 
interval reproduction accuracy and disconnection of prefrontal regions 
are thus compatible both with general and specific accounts of the 
contribution of these areas to timing. However, assuming that a working 
memory impairment would generally affect duration reproduction of 
long durations, present findings could likely reflect the strong working 
memory demands imposed by both the regular and irregular condition. 

The relation between disconnection of fibers targeting parietal re-
gions and lower timing performance is also consistent with evidence 
from neuropsychological studies. The superior parietal lobule, specif-
ically, has been previously implicated in interval reproduction in 
humans (Coslett et al., 2009), and lesions to the right supramarginal and 
angular gyrus have also been linked to impaired interval discrimination 
in brain damaged patients (Harrington et al., 1998b; Danckert et al., 
2007). In line with these findings, disruption of activity in the right 
inferior parietal cortex alters duration discrimination in healthy par-
ticipants (Alexander et al., 2005; Bueti et al., 2008a Wiener et al., 2010b, 
2012). Activation of right parietal regions during timing tasks has also 
been reported by different fMRI studies, involving duration estimation 
and reproduction tasks (Lewis and Miall, 2003b; Bueti et al., 2008a, 
2008b; Dormal et al., 2012; Oliveri et al., 2009; Aso et al., 2010) but also 
the extraction of duration information from the structure of the external 
environment (Li et al., 2015; Apaydın et al., 2018). Our results suggest 
that the connections of parietal to premotor and prefrontal regions may 
be involved in duration reproduction in both Internally-Based and 
Externally-Cued contexts, consistently with evidence that neurons in the 
lateral intraparietal area encode the probability that an external event 
will occur (Janssen and Shadlen, 2005), as well as elapsing time during 
the encoding and reproduction phase of a duration reproduction task 
(Jazayeri and Shadlen, 2015). These results are thus consistent with 
accounts suggesting that the right parietal cortex may be a pivotal 
integration and/or representational hub for temporal processing (Walsh, 
2003; Battelli et al., 2007, 2008; Bueti et al., 2008b; Oliveri et al., 2009). 

The right precentral gyrus has also been implied in time perception 
processes; the contribution of this region, however, is presently unclear. 
Interestingly, lesion to the tight precentral gyrus was associated with the 
disruption of duration discrimination of both sub- and suprasecond 
stimuli in the only other previous VLSM study on interval timing (Gooch 
et al., 2011). A recent Activation Likelihood Estimation and modeled 
alteration meta-analysis has also reported activation likelihood for the 
right precentral gyrus in suprasecond non-motor tasks (Nani et al., 
2019). Activation of the precentral gyrus in fMRI studies on timing has 
sometimes been interpreted as reflecting subvocal counting strategies 
(Hinton et al., 2004; Wiener et al., 2010a; Nani et al., 2019); it is worth 
noting, however, that this interpretation is usually related to activation 
of the left rather than right precentral gyrus. Also, the right precentral 
gyrus has been reported to show increased functional connectivity with 
the right intraparietal sulcus during an interval discrimination task 
(Dormal et al., 2012) and to be activated during the reproduction of 

suprasecond durations (Wittmann et al., 2010a). Both these studies 
controlled for the use of counting strategies (Dormal et al., 2012; Witt-
mann et al., 2010a), as in the case of the present study. Our findings thus 
point to a contribution of intra-frontal connections between the pre-
central gyrus and the prefrontal cortex in timing that goes beyond verbal 
rehearsal; however, further studies will be needed to uncover the precise 
contribution of precentral regions to duration processing. 

Present results are overall consistent with previously discussed 
neuropsychological studies, as well as with neuroimaging literature (see 
Wiener et al., 2010a; Nani et al., 2019 for meta-analytic reviews), in 
supporting a pivotal role of premotor, prefrontal and parietal cortex in 
timing, particularly for suprasecond tasks in which durations are not 
defined by movements (Lewis and Miall, 2003a). 

Here we did not highlight the involvement of a number of structures 
consistently implicated in time perception by previous studies. Con-
cerning the basal ganglia, the reason of the lack of a consistent relation 
between lower performance in our task and lesion to, or disconnection 
of, these regions, is unclear. A possible explanation is related to the 
nature of the task, that involved suprasecond – and relatively long – 
durations (Lewis and Miall, 2003a; Wiener et al., 2010a, 2011b). The 
role of basal ganglia in timing of multisecond durations in different 
contexts, however, deserves further investigation. 

We also did not find evidence for cerebellar or hippocampal 
involvement in our study. These latter results, however, deserve caution, 
since lesions involved the right peri-sylvian region in the large majority 
of patients, thus preventing us from having enough statistical power to 
detect effects in the cerebellum or hippocampus. Furthermore, here we 
did not highlight any relation between timing in regular and irregular 
contexts and damage to the left hemisphere. Interestingly, this finding is 
in line with the results of explorative analyses (see Supplementary ma-
terials) comparing accuracy scores in the two conditions of the task 
between controls, RBD and LBD patients, and showing that the LBD 
group performed similarly to controls in both conditions. It is worth 
noting, however, that an important limitation of the present study is that 
only five LBD patients were included; thus, a lack of statistical power 
may have prevented us from detecting effects in the in the left hemi-
sphere. Since we aimed to relate structural damage and behavioral 
measures of timing across the whole brain, and time perception relies on 
network interactions between multiple brain regions in both hemi-
spheres (Nani et al., 2019; Teghil et al., 2019; Binetti et al., 2020), we 
choose to include both right and left brain damaged patients, although 
the two groups were not completely balanced. Present results, however, 
do not allow to draw definite conclusions on the role of left-sided brain 
regions in duration reproduction in regular and irregular contexts. 
Future studies are needed, involving a larger number of patients with 
lesions to the left hemisphere, to properly highlight the possible differ-
ential contribution of the left and right hemispheres to timing in regular 
and irregular contexts, within large-scale brain networks supporting 
time processing. Finally, a main limitation of the present study is that 
sample size was relatively small for the VLSM and tractography ana-
lyses; a replication of results in larger samples of brain damaged patients 
is thus needed to draw conclusive inferences. 

Overall, present findings are consistent with previous meta-analytic 
evidence (Teghil et al., 2019), in showing that the dissociation between 
internally-based and externally-cued timing processes is not complete. 
Indeed, worse performance in both conditions of our task was found to 
be associated with damage to a common suprasecond timing network. 
Nonetheless, in accordance with findings in healthy individuals (Teghil 
et al., 2020a, 2020b), we showed that a worse performance in repro-
ducing durations in the irregular condition was selectively related to 
lesions to the right insular cortex, consistently with the hypothesis that 
the integration of psychophysiological changes may be particularly 
relevant when tracking time without the aid of external cues. Results of 
the present study further expand previous evidence, suggesting that 
internally-based and externally-cued timing processes recruit partially 
dissociable brain regions, but also that the disruption of interregional 
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brain connections pivotal to the specific task and range of durations 
probed affects performance in both domains. 

More broadly, our findings also support a key role of network con-
nections in timing, consistently with the proposals that timing crucially 
relies on distributed networks of interconnected brain regions, rather 
than on a single structure with central time-keeping functions (Koch 
et al., 2009; Bueti, 2011; Wiener et al., 2011a; Üstü;n et al., 2017; Paton 
and Buonomano, 2018). Interestingly, although present results suggest 
that damage to white matter tracts connecting these regions may be 
related to less accurate timing performance, a contribution of individual 
differences in patterns of intrinsic functional connectivity to timing has 
also been recently highlighted (Teghil et al., 2020b). Thus, future 
lesion-behavior mapping studies of interval timing would benefit from 
using multimodal imaging protocols, allowing to assess concurrently 
both structural and functional alterations, including the possible distal 
disfunctions due to diaschisis phenomena (Carrera and Tononi, 2014; 
Grefkes and Fink, 2014). 
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