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Abstract 

The basis for how we represent temporal intervals in memory remains unclear.  One 
proposal, the mental time line theory (MTL), posits that our representation of temporal 
duration depends on a horizontal mental time line, thus suggesting that the representation 
of time has an underlying spatial component. Recent work suggests that the MTL is a 
learned strategy, prompting new questions of when and why MTL is used to represent 
temporal duration, and whether time is always represented spatially.  The current study 
examines the hypothesis that the MTL may be a time processing strategy specific to 
centrally-located stimuli.  In two experiments (visual eccentricity and prismatic adaptation 
procedures), we investigated the magnitude of the rightward bias, an index of the MTL, in 
central and peripheral space.  When participants performed a supra-second temporal 
interval reproduction task, we observed a rightward bias only in central vision (within 3° 
visual angle), but not in the peripheral space (approximately 6-8° visual angle).  Instead, in 
the periphery, we observed a leftward bias.  The results suggest that the MTL may be a 
learned strategy specific to central space and that strategies for temporal interval 
estimation that do not depend on MTL may exist for stimuli perceived peripherally. 
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Rightward and leftward biases in temporal reproduction 

of objects represented in central and peripheral spaces  

 

An important question in time perception regards how we represent the duration of 

temporal intervals.  One possibility is that magnitudes, including numbers and times, may 

be processed in the same way as spatial information (Walsh, 2003). Consistent with this 

idea, the relationship between time and space has been posited to be in the form of the 

mental time line (MTL) in which time information is represented along a mental horizontal 

line from left to right (e.g., Bonato, Zori, & Umilta, 2012; Di Bono, Casarotti, Priftis, Gava, 

Umilta, Zorzi, 2012; Oliveri, Salerno, Toerriero, Gerfo, Caltagirone, 2009; Ishihara, Heller, 

Rossetti & Prinz, 2008; Vallesi, Binns, & Shallice, 2008).  A common characteristic observed 

amongst experiments supporting the MTL is the tendency for those who read from left to 

right to report a shorter or earlier event when it is represented on the left hemispace, and 

longer or later when the event is represented on the right. This specific directional 

relationship is known as the rightward bias (the leftward bias is seen in those who read 

from right to left; Fuhrman & Boroditsky, 2010), and has been used as an index of the MTL 

(Note:  Explanations for the correlation between reading direction and the MTL is offered 

by the hypothesis that reading experience influences time points to be implicitly associated 

with one side of space; Casasanto & Bottini, 2014).  At the brain level, the rightward bias 

may be governed by the right parietal cortex and a possible rightward egocentric bias (Di 

Bono, Casarotti, Priftis, Gava, Umilta, & Zorzi, 2012; Frassinetti, Magnani, & Oliveri, 2009; 

Vicario, Pecoraro, Turriziani, Koch, Caltagirone, & Oliveri, 2008; Vicario, Caltagirone, & 

Oliveri, 2007; but see Ekstrom & Isham, 2017).   Evidence of the rightward bias as 



  

Time reproduction in left and right hemispace 4 

supportive evidence for the MTL has been observed in different contexts beyond vision, 

including in participants with limited sight (Bottini, Crepaldi, Casasanto, Crollen, & 

Collignon, 2015) and when performing non-visual gesturing (Casasanto & Jasmin, 2012).  

Such evidence is often taken to support a domain-independent interpretation of the MTL as 

underlying many different forms of time perception (Anelli, Ciaramelli, Arzy, & Frassinetti, 

2016; Frassinetti, Magnani, & Oliveri, 2009; Magnani, Pavani, & Frassinetti, 2012). 

Yet, while there is cumulative evidence for the rightward bias to support the MTL as 

evidence for the close relationship between time and space, there is also evidence 

suggesting that a spatial component is not always associated with time in some contexts.  

For example, there are instances in which temporal and spatial representations dissociate 

during episodic memory tasks (e.g., memory for temporal order and spatial distances 

dissociate during a navigation task; Ekstrom, Copara, Isham, Wang, & Yonelinas, 2011), as 

do their underlying neural correlates (Ekstrom et al., 2011; Gauthier & van Wassenhove, 

2016; Peer, Salomon, Goldberg, Blanke, & Arzy, 2015; Vass et al., 2016).  This is also true, 

neurophysiologically in rodents, as neural representations for spatial location versus 

temporal interval  dissociate in some instances (Kraus, Robinson, White, Eichenbaum, & 

Hasselmo, 2013). In addition, other neural models suggest that temporal interval 

estimation, particularly in the supra-second range, may not depend on an explicit spatial 

metric nor on parietal cortex (Akam & Kullmann, 2014; Buhusi & Meck, 2005; Gu, van Rijn, 

& Meck, 2015; Kononowicz & van Rijn, 2015).  These observations thus suggest that a 

spatial rubric, including the MTL, need not always underlie temporal representations.   

The different instances in which time and space associate and dissociate from one 

another prompts a general question of when might the MTL be used to represent time.  



  

Time reproduction in left and right hemispace 5 

From our literature review, we have observed that the rightward bias, a characteristic of 

the MTL, is commonly reported in studies where the experimental stimulus is centrally 

located (e.g., a 3° deviation experienced in the aftereffect of a prismatic adaptation, 

Frassinetti et al., 2009; a time bisection task with a stimulus deviating 5° from the midline, 

Vicario et al., 2008).  In contrast, there is minimal evidence for the rightward bias in 

peripheral vision.  This observation motivated the current hypothesis that the MTL may be 

unique to central space and not in the periphery.   

Such perspective that the MTL may be unique to central space is also drawn from a 

different line of research which examines the relationship between time perception and 

retinal eccentricity. In a typical retinal eccentricity task, the position of the stimulus is 

physically varied such that the light information is projected on the different locations of 

the retina.  Some of these studies have extended the object position as far as 20° (e.g., 

temporal order judgment task; Westheimer, 1983) yet these studies have not documented 

any directional biases in time judgments.  Instead, they have generally reported the results 

of combined data drawn from both the left and right hemispaces, (Long & Beaton, 1981; 

Westheimer, 1983; Aedo-Jury & Pins, 2010; Kliegl & Huckauf, 2014), suggesting that the 

rightward bias may not be present.  These findings add to the current hypothesis that there 

is a difference in the relationship between time perception in central and peripheral 

spaces. 

In addition to the visual eccentricity research, the literature on the effect of near and 

far spaces (i.e., closer and further extended in the forward direction, respectively) 

motivates the question regarding whether time is perceived differently when the object is 

centrally and peripherally located.  For example, participants performed differently on 
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cognitive tasks in the near and far spaces (e.g., Vuilleumier, Valenza, Mayer, Reverdin, & 

Landis, 1998; Zach & Brugger, 2008).   Although the near-far phenomenon is observed 

along a different spatial plane (vertical to the head) from the mental time line plane 

(horizontal to the head), it nevertheless hints to the possibility that central (i.e., near) and 

peripheral (i.e, far) spaces on the horizontal plane may affect cognitive processes that 

include the way we represent temporal magnitudes.  

An extension to the current hypothesis that the MTL is specific to centrally-located 

stimuli is tied to the question of its purpose.  Droit-Volet and Coull (2015) has 

demonstrated that the MTL is a learned process, developed around eight years of age.  

While the purpose of such development is unclear, one possible avenue to explore is 

whether the MTL is specific to centrally-located stimuli because these stimuli are often rich 

in details, and the MTL is a mental strategy developed to aid the processing of such details.     

In the same manner as Gestalt principles, the MTL may be learned so to achieve simplicity 

in the mental representation of time.   

Current study 

In the current study, we examine the magnitude of the rightward bias during a time 

reproduction task performed on stimuli located in central and peripheral spaces on the 

horizontal plane.  Our study is an initial attempt to address whether the MTL is a strategy 

mostly applied to centrally-located stimuli, and whether this is because these stimuli 

possess greater resolution of information. If the rightward bias does not generalize across 

spatial location, and is only observed in central space, the result would support the 

perspective that the MTL is specific to centrally-located stimuli (visual eccentricity 

procedure; Experiment 1).  Subsequently, we tested whether the MTL is specific to 
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centrally-located stimuli because of their high-resolution, detailed information.  To do so, 

we dissociated the spatial location and level of details (prismatic adaptation, Experiment 

2).  The results revealed that the MTL is specific to central location but not necessary to 

details.   

Experiment 1 

We examined the magnitude of the rightward bias, a signature of the mental time 

line theory, across different positions on the horizontal meridian.  The experiment 

employed the visual eccentricity procedure and systematically varied the position of the 

stimulus across a range of 0 to 11° while holding visual fixation.  Eye movements were 

monitored by an eyetracker to ensure fixation. 

 

Methods  

Participants.  14 participants (age 18-25; 6 females; all right handed) volunteered 

for the study to satisfy partial course requirement.  Informed consent was obtained.  The 

protocol complied to and was approved by the Institutional Review Board at the University 

of California, Davis.  

Apparatus and Procedure.  Participants were seated 60 cm in front of a monitor.  

During a trial, the observers fixated on a cross on the center of the screen while being 

monitored by an eyetracker (Eyelink II, SR Research, Ontario, Canada). During the 

Encoding phase, the participants continued to hold fixation at the center while covertly 

attending to a visual stimulus (yellow circle, subtended 4°) that appeared at one of the nine 

possible spatial locations (0°,3°,5.8°,8.4°,11.2°) along the horizontal meridian. The stimulus 

duration varied between 1600, 1800, 2000, 2200, and 2400 ms.  The Time Reproduction 
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phase followed immediately after encoding.  In this second phase, the participants reported 

the perceived duration of the stimulus from the Encoding phase by pressing the spacebar 

on the computer keyboard twice using the index finger of the right hand; the first press 

indicated the beginning of the perceived duration and the second press indicated the end of 

the perceived duration.  Note:  During the time reproduction task, no visual stimulus is 

present on the screen, except for the fixation cross.  We omitted a visual stimulus due to the 

possibility that time reproduction might be influenced by the location of the placeholder (a 

concern raised by Frassinetti et al., 2009). There were 45 unique trials (9 spatial positions 

x 5 durations) presented in random order across each of the seven blocks, totaling 315 

trials.   Figure 1 depicts the Experiment 1 procedure. 

 

 

-----  insert Figure 1 here ----- 

 

 

 

Figure 1.   Experiment 1 procedure.   During ENCODING, participants viewed the standard 
stimulus appear on the screen.  The position of the stimulus varied 0 and 11.2 degrees left 
and right of central fixation.  No stimulus was present during reproduction. 
 

 

 

Results 

Perceived duration as a function of retinal eccentricity & manipulation check.  We first 

examined all trials and ensured that fixation was held within 2° visual angel of the fixation 



  

Time reproduction in left and right hemispace 9 

cross.  Of the 315 trials, the average number of trials excluded across participants ranged 

from 3-35 trials.  Of the remaining trials, the data were subjected to a 5 Duration x 9 Spatial 

Location (-11.2°, -8.4°, -5.8°, -3.0°, 0°, 3.0°, 5.8°, 8.4°, 11.2°) within-subject ANOVA to 

explore the distribution over different visual eccentricity.  This analysis also allowed us to 

examine the data and to validate the methodology by making a direct comparison to 

previous findings from the visual eccentricity literature.  

 As expected, the results showed a main effect for Duration, F(4,52)=59.88, p<.001, 

2=.82, indicating that the participants were able to differentiate between the different 

durations tested.  The reported duration means were overestimated at 2160.59, 2354.41, 

2476.56, 2589.43, and 2718.26 ms (the actual intervals were 1600, 1800, 2000, 2200, and 

2400 ms).  Posthoc pairwise comparisons between each pair of durations were significant, 

p<.005.  Moreover, there was a main effect of Spatial Location, F(8, 104)=3.33, p=.002, 

2=.20, indicating that the perceived duration varied with the stimulus’ spatial position.  

Further examination of this variation showed the function best fit a polynomial of order 5, 

F(1,13)=13.39,p=.003, 2=.51 (equation:  y = 0.0028x5 – 0.0129x4 -.4513x3 + 2.008x2 + 

12.446x + 2416.1; R2=.803).  The results are consistent with the visual eccentricity 

literature that perceived duration increases with visual eccentricity (e.g., Long & Beaton, 

1981); Figure 2.  We next examined whether there was a rightward bias. 
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--- Insert Figure 2 here --- 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Reported duration across retinal eccentricity (solid line) closely resembles a 
polynomial function of order 5 (dotted line).   

 

Rightward bias analysis:  A primary interest of this experiment was to observe 

whether the rightward bias would be observed for all spatial positions. We performed a 

pair sampled t-test comparing the reproduced durations of the stimulus seen on the left 

and the right hemispaces at each of the eccentricity tested: 3.0, 5.8, 8.4, 11.2°.   As shown on 

Table 1, the reproduced interval was longer when presented 3.0° rightward compared to 

3.0° leftward, suggesting a rightward bias, t=3.12, df=13, p<.008.  At 8.4°, however, we 
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observed the reverse of the bias such that the duration was judged as longer when the 

stimulus appeared on the left than the right side, t=-2.81, df=13, p=.015.   

The rightward bias observed in the 3.0° condition was anticipated as this is 

consistent with the MTL literature.  However, the fact that the rightward bias was only 

observed at this eccentricity, i.e., near fovea vision, appears to support our hypothesis that 

the MTL is unique to centrally-located stimuli.  Beyond central space, our data showed that 

rightward bias is minimized, and in fact, reversed. 

 

Table 1.  The difference in the perceived duration in the left and right representational 
spaces across visual eccentricity 
 

         Difference in  
Eccentricity         Perceived Duration  
(degrees)  Left Duration, SD Right Duration, SD  (Right-Left; ms)  
  
  3.0  2419.00 (134.82) 2488.77 (143.91)  69.77(24.79)*  
  5.8  2480.92 (139.41) 2465.88 (140.28)             -15.03(25.78)  
  8.4  2526.65 (149.10) 2442.55 (140.66)             -84.09(26.93)*  
11.2  2473.18 (125.03) 2462.64 (130.70)             -10.54(34.01) 

* Denotes a statistically significant difference 

 

At this juncture, it is unclear whether the MTL is specific to the centrally-located 

stimuli because the MTL has been acquired to aid in the processing of detailed information, 

which is often associated with central vision.  We explored this component further in 

Experiment 2 in which the stimuli presented were foveated and only their perceived 

location was manipulated.   

In addition to the minimization of the rightward bias, the results from Experiment 1 

also suggested a leftward bias at 8.4° eccentricity.  This result was not predicted by our 
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hypothesis, and although other studies have investigated peripheral space (e.g., Vicario, 

Pecoraro, Turriziani, Koch, Caltagirone, & Oliveri, 2008), there is only one past report, to 

our knowledge, showing a leftward bias in temporal interval perception (e.g., Vicario, 

Martino, Pavone, & Fuggetta, 2011).  In their study, participants tended to overestimate 

temporal intervals to a greater extent when their head was turned to the right, and 

therefore using left peripheral vision to view the stimuli, compared to when the head is 

straight or turned in the leftward direction, prompting the use of right peripheral vision. 

Given the limited number of reports of a leftward bias, and the different experimental 

design of Vicario et al. 2011, an important next step is to address whether the leftward 

results are replicable or whether it might have resulted from a sort of anomaly related to 

our paradigm.  A replication and discussion followed in Experiment 2.    

Experiment 2  

In Experiment 1, we observed the rightward bias for stimuli located near central 

vision (3.0°).  In Experiment 2, we examined whether this reflected the MTL as a strategy 

for processing centrally-located information in general, or whether the MTL is applied only 

during the processing of detailed information.  To decouple central vision and detailed 

information, we employed a prismatic adaptation procedure similar to Frassinetti et al. 

(2009).  The prismatic adaptation procedure allows the stimuli to be presented centrally 

according to the retinotopic map, and the amount of details were equated, but the 

perceived location varied according to the spatiotopic topography.  Accordingly, we tested 

whether the MTL varied with the perceived spatial position while now holding the amount 

of details constant.   If the rightward bias continued to be observed for stimuli perceived to 

be centrally-located and not for those perceived to be peripherally positioned, then it 
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would imply that the MTL is specific to perceived spatial location but not to details (since in 

this experiment, the level of details is equated in all experimental conditions).    

In addition, Experiment 2 was also an opportunity to test for reproducibility of the 

leftward bias observed in Experiment 1.    

   

Methods  

Participants.  14 participants (age 18-38; 10 females; all right handed) volunteered 

for the study and received partial course credit.  Informed consent was obtained. The 

protocol complied with and was approved by the Institutional Review Board at the 

University of California, Davis.   

 Sample size.  We chose the number of participants based on Frassinetti et al.’s effect 

size (2009). The anticipated sample size at the alpha level of .05 and power of .90 was 6 

participants and at power value of .95 was 8 participants.  We chose the average of 7 

participants assigned to each level of the between-subjects variable (i.e., degree shift). 

Given that we had two between-subjects conditions, the sample size was 14. 

 Apparatus and Procedure. 

 Experiment 2 consists of two time-reproduction tasks that flanker a prismatic 

adaptation procedure.  Figure 3 summarizes the experimental structure.   

A.  Time Reproduction Task.  The experiment followed the apparatus and procedure 

used by Frassinetti et al. (2009).  Briefly, the participants performed a temporal duration 

report of a visual stimulus pre and post prismatic adaptation.  During both pre and post 

adaptation phases, the participants encoded the temporal information and reproduced the 

duration in the following manner:  A visual stimulus (i.e., a yellow circle) appeared at the 
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center of the computer screen and subtended 3° from a 60-cm viewing distance.  The circle 

was presented for a variable time interval:  1600, 1800, 2000, 2200, or 2400 ms.  After the 

stimulus offset, the participants immediately performed a time reproduction task by 

pressing the spacebar on the computer keyboard twice using their right index finger.  

However, unlike Experiment 1, the first press initiated the onset of a placeholder stimulus 

(a yellow circle with a smiley face) and the second press offset the placeholder.  The 

placeholder was incorporated because participants had a difficult time reproducing an 

empty interval during the pilot.  There were 50 encoding-reproduction trials in each of the 

pre and post adaptation phases (10 trials per duration).   The stimuli of different durations 

were randomly presented. 

B. Prismatic Adaptation.  As in the Frassinetti et al. (2009) procedure, the 

participants were seated at a table in front of a hollow box (height = 30 cm, depth=34 cm at 

the center and 18 cm at the periphery, width = 72 cm).  In each trial, the experimenter 

placed an object (a figurine) at the distal edge of the top surface of the box in one of the 

three positions in random order:  central position (0°) and 21° to the left or right of the 

central position.  Participants performed a pointing task directly to the center of the 

figurine object using only the index finger of the right hand.  They were asked to maintain 

their right hand at the level of the sternum when not pointing.  The end position of the 

participant’s pointing direction was recorded.  The pointing task was performed in three 

phases (pre-adaptation, adaptation and post-adaptation) totaling 180 pointing trials.  

During the pre-adaptation trials, the participants pointed toward the direction of the 

figurine either above the top of the box (30 trials; pointing visible to the participants) or 

through the hollow space of the box (30 trials; pointing was not visible to the participants).  
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The adaptation phase followed.  The participants performed the pointing task (90 trials) 

while wearing prismatic lenses that induced a spatial shift to the left or the right (within-

subjects, left and right order was counterbalanced and were tested at least one day apart).  

One group of the participants experienced a 10° shift and the other group experienced a 

30° shift.  Subsequently, in the post-adaptation phase, the participants removed the goggles 

and performed a pointing task inside the box.   

C.  Hemispace adaptation.   Each participant was adapted to either the left or right 

adaptation in her first experimental session.  The participant returned two days later to 

perform the same tasks but under a different directional adaptation.  The order of left and 

right adaptation was counterbalanced.   

--- Insert Figure 3 here --- 

 

 

 

 

 

 

 

Figure 3.  Experiment 2 procedure consisting of two blocks of time reproduction task (Pre-
adaptation and post-adaptation).  The prismatic adaptation occurs in between the two 
blocks.   Each participant was enrolled in two sessions (left and right adaptation); the 
sessions were two days apart.  
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Results 

Prismatic adaptation at 10° and 30° resulted in 3° and 6° aftereffects.  We followed 

the same analysis procedure as in Frassinetti et al. (2009).  As illustrated in Figure 4, after 

the adaptation procedure, the observers experienced an aftereffect in spatial orientation.  A 

10° adaptation shifted the orientation by approximately 3° whereas a 30° adaptation 

shifted visual orientation by approximately 6°.  The degree of disorientation was 

subsequently used as an independent variable in the following analysis.   

--- Insert Figure 4A here --- 

 

 

 

 

 

Figure 4A.  Mean displacement measured during the post-adaptation pointing task.  An 
adaptation of 10° resulted in a displacement of 3.5-3.8°. 
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---- Insert Figure 4B here ---- 

 

 

 

 

 

 

 

 

 

Figure 4B. An adaptation of 30° resulted in a displacement of approximately 6°. 

 

Manipulation check.  We first examined whether the participants were able to 

differentiate between the different durations tested.  The perceived duration data drawn 

from the post condition of both left and right adaptation condition indicated that the 

perceived duration systematically increased with the actual duration tested, F(4,48)=74.87, 

p<.001, 2=.86.  Post-hoc pairwise comparisons for all duration pairs were statistically 

reliable, p<.04.   These findings indicated that participants could in fact perceive and 

accurately represent the different temporal intervals. 

Perceived Duration (Rightward and leftward biases). With the verification that the 

participants were able to differentiate between the different durations, we next analyzed 

the data in the same manner as Frassinetti et al. (2009). The normalized perceived 
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duration was calculated as the difference between post-adaptation and baseline (i.e. 

perceived duration reported prior to the adaptation procedure).  The more positive the net 

difference, the longer the perceived duration observed after adaptation.  Subsequently, the 

perceived duration was subjected to a 5 Duration (1600,1800,2000,2200,2400 ms) x 2 

Hemispace (aftereffect left or aftereffect right) x 2 Spatial Location (3° or 6° from central 

location) mixed ANOVA.   

Critically, we found an interaction effect between Hemispace and Spatial Location, 

F(1,12)=9,30, p=.010, 2=.44, suggesting that interval estimations varied differently when 

under different combinations of hemispace (left or right) and spatial location (central 

location or extended into the periphery). Specifically, when the stimulus is perceived to be 

near the center of the visual scene (3°), a rightward bias was observed; that is, the 

reproduced duration of the object perceived to be on the right (M=187.04 ms, SE=46.27) 

was longer than the reproduced duration of the stimulus that was perceived to be on the 

left (M=74.47ms, SE=58.57), t=2.72, df=6, p=.017.  This particular result is consistent with 

the data reported by Frassinetti et al. (2010) and Experiment 1.  In addition, when the 

stimulus’ spatial position was perceived to be in the periphery, (6°), participants did not 

experience a rightward bias, and instead experienced a leftward bias, consistent with 

Experiment 1.  Specifically, the reproduced duration in the right hemispace (M= 25.23ms, 

SE=95.86) was shorter than the stimulus in the left hemispace (M=195.75ms, SE=38.13), 

t=2.05, df=6, p=.043; Figure 5.  Consistent with the results from Experiment 1, the leftward 

bias prompts further questions about the generalizability of the MTL as well as suggests 

alternative approaches in time perception. 

No other main effects or interactions were observed, p>.05. 
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--- Insert Figure 5 here --- 

 

 

 

 

Figure 5.  Perceived duration as a function of left and right aftereffect for the 3° and 6° 
shifts in Experiment 2.  When the object’s position was perceived to be within central 
space, at 3° from central fixation, a rightward bias was observed.  When the object’s 
position was perceived to be further into the periphery, at approximately 6°, a leftward 
bias was observed. 
 

Discussion 

The results from Experiment 2 have two important implications.  First, we 

replicated the rightward bias effect for temporal interval reproduction when the stimulus 

was perceived to be near central space.  According to our results, the rightward bias was 

observed prominently in the centrally-located spatial position (at 3° aftereffect); this is 

consistent with data reported by Frassinetti et al. (2009) and in our Experiment 1.  The 

results therefore support the working hypothesis that the MTL is specific to centrally-

located stimuli.   However, the data do not support the secondary hypothesis that the MTL 

is selective for detailed information.   Stimuli in both the 3° and 6° aftereffect conditions 

were equated in details since they were both held constant at the fovea at the retinal level.  
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Yet, the rightward bias was only observed for the 3° stimuli, suggesting that the MTL is not 

sensitive to details.  Alternative hypotheses are discussed in the General Discussion below. 

In addition to the rightward bias, the goal of Experiment 2 was also to further 

explore the leftward bias from Experiment 1.  In Experiment 2, when the spatial position 

was further extended into the periphery, we observed a similar leftward bias such that 

longer time was perceived when the stimulus was in the left periphery compared to the 

right periphery.  Such replication adds to the accumulating evidence for leftward bias in the 

periphery and suggests that the rightward bias is not generalizable beyond central vision; 

and that other strategies are employed when judging temporal duration of objects 

peripherally located. 

 

General Discussion 

The current study examined whether the mental timeline (MTL) is a strategy 

applied under specific spatial parameters, namely when the event or object of interest is 

perceived to be centrally-located.   Additionally, the current study also examined whether 

this may be attributed to centrally-located stimuli being enriched in details compared to 

those perceived in the periphery.   To address the primary hypothesis regarding the MTL 

being specific to centrally-located stimuli, we employed two techniques (visual eccentricity 

and prismatic adaptation) to manipulate the perceived stimulus location.  In both 

experiments, we assessed for the presence of the rightward bias, which is a common 

behavioral output showing that the magnitude of time is represented along a left-to-right 

horizontal time line.   In both experiments, the participants performed a time reproduction 

task, and the results commonly suggest there was a rightward bias when the stimuli were 
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perceived to be centrally-located (i.e., within 3 degrees of fixation).  However, the 

rightward bias was not observed when the stimuli were perceived to be peripherally-

located (approximately 6-8 degrees).  Instead, we observed an opposite effect, which we 

have called the leftward bias.  In this case, our participants reported the stimuli perceived 

to be on the left to be longer than those perceived to be on the right.    

One possible interpretation from these results suggests that the rightward bias is 

not a stable phenomenon.  While many studies have used it to support the MTL, our data 

suggest that the rightward bias is specific to when the visual event is perceived to be 

centrally-located.  Therefore, future studies should consider this when designing and 

interpreting their results. In addition, the observation of the leftward bias in the periphery 

also prompts further discussion on the MTL.  If the mental timeline is defined such that the 

magnitude of time increases from left to right, the presence of leftward bias would 

challenge this definition of the MTL.   This furthermore questions an important aspect of 

the MTL regarding whether such a relationship between time and space is constant across 

all situations and testing scenarios.  The mechanisms of the leftward bias observed in the 

periphery may help answer some of these questions.  It is beyond the scope of the current 

study, but we speculate that the leftward bias is the result of a different heuristic to process 

time information.  For instance, studies on visual scanning report a left visual field bias 

such that the left side of the visual field is often the first to be inspected and for a longer 

viewing period (Butler, Gilchrist, Burt, Perrett, Jones, & Harvey, 2005; Guo, Meints, Hall, 

Hall, & Mills, 2009; Mertens, Siegmund, & Grusser, 1993; Phillips & David, 1997).   Based on 

these findings, it might be possible that a mental left gaze was deployed to our stimuli 

presented at approximately 6-8°. The deployment subsequently could have resulted in a 



  

Time reproduction in left and right hemispace 22 

time dilation in two ways:  a) the deployment recruits greater attentional resources and 

that leads to the interpretation of time dilation (Zakay & Block, 1995); or, b) the mental left 

gaze captures one’s attention to the left visual field and therefore delays a shift toward the 

right visual field.  This can result in the observer missing the onset of a stimulus presented 

in the right hemispace, resulting in an underestimation of time compared to a stimulus 

presented in the left hemispace.   

If it is true that leftward bias in the periphery relies on a different strategy, albeit 

with spatial basis, it would suggest then that time is not always represented on the mental 

timeline as posited by the MTL.  Alternatively, we propose that we develop a set of 

heuristics, not just a single strategy, we ultimately defer to the method that is best suited 

under the specific circumstances, and this method doesn’t necessarily have to be the MTL.  

Moreover, it is possible that some of these procedures may even be spatial in nature, but it 

may not be specific to a mental number line. If it so happens that we do represent time 

according to the mental timeline, it would not necessarily suggest that time and space are 

innately bound.   In this manner, it seems that it is not that time is naturally represented 

spatially, but it so happens that spatial component is one of the learned strategy associated 

with the well-practiced reading directionality. This interpretation is supported by the 

correlation between reading directionality and the MTL (Casasanto & Bottini, 2014) and by 

the results from Droit-Volet and Coull (2015) which offer that MTL is a developed process, 

rather than innate, as well as by dissociations observed in studies on episodic memory (e.g. 

Ekstrom et al., 2011).   

Another working hypothesis in the current study is whether the MTL is applied 

toward centrally-located stimuli because these stimuli often are enriched with details 
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compared to those in the periphery, and that the MTL could potentially serve as a strategy 

to simplify this.  In Experiment 2, we employed a procedure where visual stimuli were 

physically located in the center, but were perceived to be diverged away from the central 

location.  In this fashion, the level of details was held constant, but in one case the stimuli 

were perceived to be centered and in the other case they were perceived to be in the 

periphery.  The rationale here is that if the MTL was specific to details, rather than location, 

then the rightward bias should have been observed in both spatial conditions.  This is not 

what happened.  It seemed that the MTL was specific to central location (by way of the 

presence of the rightward bias) despite the stimuli being equated in details, suggesting that 

the MTL may be elected as a strategy for this specific location.  Future investigation could 

further explore the question regarding cognitive demand by manipulating the levels of 

details of the stimuli directly (e.g., enriched vs impoverished stimuli).  

  

MTL and egocentric representation.  

The observation that the rightward bias is strongest in central space and declines as 

we move into the peripheral space may also serve as support that the MTL depends 

primarily on an egocentric mechanism for spatial representation.  An egocentric 

representation relies on referencing the spatial information with respect to one’s own 

head, body, and eye positions such that the starting point is the self.   An egocentric 

representation is observed in various navigational contexts (Ekstrom & Isham, 2017) and 

involves a representation biased toward a specific experienced or remembered 

directionality (Waller & Hodgson, 2006). Similarly, when reading, our eyes move from left 

to right, creating an egocentric bias in the left-to-right direction.  Such bias in reading, along 
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with the correlation between reading directionality and the MTL, collectively suggests the 

possibility that the MTL is also tied to an egocentric representation and is most prominent 

in the central space.  

As we move further from the central space and into the periphery though, the 

egocentric bias may decline.  It is possible that in this peripheral space, an alternative form 

of spatial representation is in use.  It is unclear what this alternative method is, but one 

possibility is the allocentric representation.  Differing from egocentric representation, an  

allocentric approach has two distinct attributes:  the allocentric representation does not 

depend on updating one’s current position relative to a start point, and it is associated with 

coarser configural knowledge rather than direction-dependent higher resolution visual 

snapshots (Ekstrom & Isham 2017; Waller & Hodgson, 2006).  For stimuli perceived in the 

periphery, the brain may interpret the information as coarse, and it may be harder 

therefore to employ an egocentric based mechanism.  While we cannot be sure of the exact 

alternative mechanism they do employ, an allocentric strategy would be inherently more 

flexible in terms of lacking a left to right bias.  Future work will be needed to determine 

alternative strategies subjects might use to encode temporal intervals in the periphery. 

Cortical and neural involvement.   

A series of studies have suggested that central and peripheral representations may 

be mediated differently beyond the visual cortex (Culham & Valyear, 2006; Malach, Levy, & 

Hasson, 2002; Rosenholtz, 2016).   The difference in central versus peripheral processes 

may speak to the neural mechanisms of time perception, and the right and leftward biases 

observed in our study.  As noted in the introduction, there are alternative theories 

pertaining to the neural mechanisms for temporal interval estimation and some do not 
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depend on the MTL and a parietal representation for temporal intervals (Akam & 

Kullmann, 2014; Buhusi & Meck, 2005; Gu et al., 2015; Kononowicz & van Rijn, 2015). As 

such, another intriguing possibility is that peripherally represented temporal intervals 

depend on mechanisms outside of the parietal cortex and the well-studied dorsal “where” 

pathway in vision (Mishkin, Ungerleider, & Macko, 1983).  Further investigations on what 

neural mechanisms might underlie temporal interval representation in central versus 

peripheral space would better our understanding of the current results. 

 

Contributions to the retinal eccentricity literature.   

While our primary goal of the current study was to examine the MTL, the current 

results also add to the retinal eccentricity literature and how retinal location is related to 

time perception.   Within the visual eccentricity literature, there is a discrepancy on 

whether the duration is perceived to increase or decrease as the stimulus location is shifted 

further in the periphery (e.g., see Kliegl, & Huckauf, 2014; and Long and Beaton, 1981).  

Consistent with previous observations by Long and Beaton (1981), the results from 

Experiment 1 show an overall increase in the perceived duration as retinal eccentricity 

increased.  As mentioned earlier, the observed parabolic function could be due to the 

difference in the detection rate and accuracy in central and peripheral vision.  The shorter 

perceived duration in central vision could reflect accuracy whereas the longer perceived 

duration in the periphery reflected the lower acuity, which in turn could be attributed to 

the lower resolution.  In support of this speculation, Pease and Stitch (1965) observed 

different response times to visual stimuli presented in fovea and peripheral vision.  In 

central vision, the response time to the onset and offset of the stimulus did not differ.  In 
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contrast, the response time was longer for the offset than the onset for peripheral stimuli.  

Thus, it is possible that the delayed response to the peripheral offset adds to the increasing 

perceived duration.  Future investigation may wish to consider these possibilities, along 

with a more inclusive experimental design that include other sensory modalities beyond 

vision.  Moreover, different timescales beyond the supraseconds should also be 

investigated.  

 

Final remarks.   

The MTL is a prominent theory relating time with spatial information (e.g., 

Frassinetti et al., 2009).  However, our results suggest that this spatio-temporal 

representation is specific to central visual space.  The observation of the leftward bias in 

the periphery further suggests the possibility that a different set of mechanisms is 

responsible for the processing of peripheral stimuli, making the MTL not generalizable 

across spatial locations.  Our findings advocate for the perspective that the MTL is strategy, 

amongst other spatially-based heuristics, developed to process temporal information, but 

the MTL is quite limited and applied only to stimuli perceived to be centrally-located.  

 

Supplementary material 

The following analysis provides a more direct comparison between Experiment 1 and 

Experiment 2.   

 

The two experiments in the current study were modeled from experimental 

paradigms used in different literatures, and therefore they differ in terms of 
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methodological and analysis procedures.  For example, in Experiment 2, the perceived 

duration data were normalized by taking the difference between the reported time during 

baseline, pre-adaptation phase and the post-adaptation phase.  However, there was not a 

pre-adaptation phase to serve as baseline in Experiment 1.  In effort to make a more direct 

comparison between the two experiments, we performed this additional analysis on 

Experiment 1 data by assigning the reported time at central fixation (0°) as baseline, and 

subsequently computed the normalized data by taking the difference between the 

perceived duration at this baseline position and the perceived duration at critical stimulus 

positions (i.e., 3° and 8.4°).  The data were subjected to a 5 Duration (1600, 1800, 2000, 

2200, 2400 ms) x 2 Hemispace (left and right) x 2 Spatial Location (3° and 8.4°) within-

subjects ANOVA.   

The results of the ANOVA revealed an interaction effect between Hemispace (left 

and right) and Spatial location (3° and 8.4°), F(1,13)=19.68, p=.001, 2=.109; Figure 6.  The 

reproduced duration was longer in the right hemispace (M=109.60ms) than in the left 

hemispace (M=39.91ms) when the stimulus was perceived to be centrally located.  The 

results thus suggest a rightward bias.  On the other hand, when the stimulus was perceived 

to be peripherally located, the reproduced duration was longer in the left hemispace 

(M=147.54ms) than in the right hemispace (M=63.48ms).  These results concurred with 

those reported in Experiment 1, emphasizing the presence of a rightward bias in central 

space and a leftward bias in the periphery.  No other main effects or interactions were 

observed, p>.05.  
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---- Insert Figure 6 here ---- 
 
 
 
Figure 6.  Perceived duration as a function of left and right aftereffect for the 3° and 8° 
shifts in Experiment 1.  Similar to Experiment 2, when the object’s position was perceived 
to be within central space, at 3° from central fixation, a rightward bias was observed.  
When the object’s position was perceived to be further into the periphery, at approximately 
8°, a leftward bias was observed. 
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Highlights 
 

 Mental time line (MTL) is a strategy used to represent temporal intervals in 
memory, but the operation of the MTL is unclear.  

 Evidence of MTL helps support the perspective that representation of time has a 
spatial component. 

 Results from our study suggests that MTL is a strategy specific to certain location, 
namely when the event or object is centrally located in the visual field. 

 Further examination suggests that preference to the central location is not due to 
the fact that centrally-located stimuli are visually detailed. 
 

 




