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Introduction: Time perception comprises the subjective experience of passing of time and of the duration of an event. Although already described in some neurological and psychiatric conditions, there is a paucity of details regarding this neurocognitive change in stroke patients. We aimed to describe time perception dysfunction in stroke patient.

Methods: We performed a systematic review of the literature in Pubmed, PsycInfo and EMBASE including manuscripts from their inception until December 2020. We collected data regarding the type of time perception that was detected, type of stroke, most common location of lesions, evaluation tests that were used and time of evaluation after stroke onset.

Results: A total of 27 manuscripts were selected, concerning a total of 418 patients (n = 253 male; 60.5%). Most manuscripts (n = 21) evaluated patients with ischaemic lesions (n = 407; 97.4%). The majority referred to evaluations between 2 months and seven years after stroke. Underestimation in temporal evaluation in sub- and supra-second was the most common dysfunction (n = 165; 41.7%). Overestimation of time (n = 116; 27.8%) and impaired time interval comparison (n = 88; 22.2%) were also found. Most patients had right hemisphere lesions (n = 219 patients; 52.4%). Common reported lesion locations included the thalamus, insula, basal ganglia, dorsolateral prefrontal cortex, parietal cortex including supramarginal, angular gyrus and right inferior parietal cortex and cerebellum.

Conclusion: There are multiple stroke locations associated with time perception dysfunction, which highlights the complex system involved in time perception. There is still scarce knowledge about specific time perception deficits after stroke. Most studies rely in psychometric analysis without clear clinical and functional translation, namely regarding impact on daily activities.
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Introduction

Time perception comprises the subjective experience of the passing of time and the duration of an event (1). This cognitive ability is crucial for our life, including our interaction with others and the external world, and results from a whole integration of environmental changes and cognitive processes (1, 2).

Diverse brain structures have been associated with time perception such as the dorsolateral and inferior prefrontal cortex, supplementary motor area, anterior cingulate gyrus, inferior parietal cortex, basal ganglia, cerebellum and hippocampus (1, 3). These structures are involved in diverse types of time perception. Different ranges of time intervals (milliseconds or seconds-minutes) rely on different mechanisms. T sub-second intervals are coordinated by automatic mechanisms integrated in sensory and motor action plans (4, 5) and supra-second intervals require greater cognitive control, depending on attentional and working-memory processes (4–6). Moreover, the contribution between these interconnected structures is flexible and depends not only on the duration of the time interval to be assessed by the brain but also on the type of cognitive task and the stimulus modality used for marking time (4).

Time perception can also be divided in tasks that require explicit or implicit timing (7, 8). The former occurs when an explicit estimation of time interval duration or active time pattern recognition is perceived by sensory modalities or through a motor response (e.g., learning a rhythm and being able to replicate it afterwards); the latter occurs when a regular temporal pattern is also perceived by sensory stimuli or motor responses but is then used for a non-temporal goal (e.g., understanding if it is safe to cross the street while a car is approaching us) (7, 8).

Different theories and models have tried to explain how these diverse brain regions and networks develop a unified time perception mechanism (9, 10). These models are generally classified as dedicated and intrinsic time perception models (6). Dedicated models believe that centralized brain circuits are responsible for time perception across different modalities, tasks, and scales of time (8). Scalar Expectancy Theory and Striatal Beat-Frequency are paradigmatic examples of dedicated models (9, 11).

Intrinsic models like state-dependent networks (12), propose that time perception is an intrinsic quality of most neural circuits and timing emerges from online changes in the dynamics of neurons and neural circuits (8).

Other researchers suggests that time perception mechanisms are derived from a hybrid model with a partially distributed timing mechanism, which includes a core network - the cortico-thalamic-basal ganglia (CTBG) circuit - and areas that are selectively engaged by different behavioral contexts come into play in different contexts (10).

Time perception is also influenced by patients' age and mood (13–15). Several studies reported reduced timing abilities in older adults (14) and age-related changes in time perception can be a potential cognitive marker for neurodegenerative diseases, although there is still conflicting evidence regardingthis subject (14, 16, 17). Depressed and suicidal patients also present changes in time perception, namely the experience of time dilation or slower time flow (15). The effect of patients' literacy in time perception is less clear (13, 16).

Time perception deficits have already been characterized in various neurological and psychiatric conditions including Parkinson's disease, schizophrenia, depression, autism and attention deficit and hyperactivity disorder (1, 7). However, there is limited information about disturbed perception of time after stroke and of how this may impact patients' functional independence.

The aim of this systematic literature review was to characterize time perception dysfunction in stroke patients, namely the type of time perception dysfunction associated with stroke lesions, its anatomical locations, and the impact of this disability on patients' outcome.



Methods

For the purpose of this systematic literature review, we followed the Meta-Analysis of Observational Studies in Epidemiology (MOOSE) (18) and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (19).


Information sources and search strategy

A systematic literature review was performed by accessing the following databases: Pubmed, EMBASE and PsycInfo. We included articles from the databases inception until December 2020. Keywords used were time perception ([MeSH Terms] AND stroke [MeSH Terms]) and “(temporal processing [MeSH Terms] AND stroke [MeSH Terms]).” The reference lists of potential eligible studies/selected studies reference lists were crosschecked for additional studies.



Eligibility criteria

We considered published observational studies reporting time perception dysfunction in stroke patients. Any observational study design was accepted, including case reports independently of the number of patients included. Articles in English, French, Spanish, Italian and Portuguese were accepted.



Study selection

The title and abstract of potential eligible studies were screened by three authors (PC, JR, and AF). Selection of the included papers was performed independently by the three authors; disagreements were solved by consensus. Full texts of potentially eligible studies were obtained. Duplicated studies were removed.



Data collection process and data items

For the selected studies we extracted the following data: demographic data (number of patients, gender, age), stroke type (ischaemic or haemorrhagic), stroke topography, time between stroke and evaluation, brain image modality used for lesion evaluation, protocol used for time perception evaluation, results from time perception evaluation, neuropsychological evaluation protocol, neuropsychological evaluation results, neurological deficits associated with stroke lesion, follow-up evaluation. Data were extracted from reports to predesigned tables, independently by two authors.



Time perception evaluation protocol

The different time perception evaluation protocols applied in the studies were classified in subtypes according to Grondin (2010) (20). This classification divides general paradigms protocols in prospective timing (participants know in advance that they will perform a task in which time duration will be asked after the task) and retrospective timing (participants receive no prior warning). In retrospective timing paradigms, time can be evaluated with verbal estimation and interval reproduction protocols. In prospective timing paradigms, time can be evaluated with verbal estimation, interval reproduction, interval production and interval comparison.

Time perception evaluation was defined as acute when patients were evaluated within 1 month after stroke.



Quality of selected studies

The selected studies were submitted to quality evaluation following recommended guidelines (Newcastle Ottawa Quality Assessment Scale for case control studies and Murad MH et al. guidelines for case series and case reports) and were independently analyzed by three authors (PC, JR, and AF). Disagreements were solved by consensus. The quality evaluation is available in the Supplementary Material.



Data presentation and statistical analysis

For each study we displayed the various variables collected with absolute numbers and corresponding percentages. A descriptive statistical analysis of the data collected was performed with collected data.




Results

A total of 3,057 articles were found (PRISMA flowchart in Figure 1); after removal of duplicates, a total of 1,943 articles were initially considered for title and abstract screening. Thirty-seven articles were selected for full-text screening. Finally, 27 studies met the final inclusion criteria and were included, concerning a total of 418 patients (Table 1). Among these studies, there were 24 case-control studies, 2 case reports and 1 case series.


[image: Figure 1]
FIGURE 1. PRSIMA 2020 flow diagram. There were 1,911 records excluded after screening, mostly because the subject addressed was not time perception (e.g., time in context of neuropsychological experiments not directly related to time perception, neurophysiology and time response of neurons, etc.). The full-text articles were excluded due to wrong patient population (patients with neurological diseases other than stroke – e.g., brain tumor), wrong study design (mainly focusing in other cognitive dysfunctions besides time perception or where time perception is due to another primarily cognitive dysfunction) or wrong outcomes (differences in motor tasks that occur due to time perception dysfunction but that do not translate into a specific time perception deficit).



Table 1. Characterization of demographic and clinical information.
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Most patients were male (n = 253; 60.5%) and patients' mean age was 59.13 ± 11.82, ranging between 35 and 88 years. There were no data regarding the patients' number of years of formal education. Most manuscripts (n = 21) evaluated patients with ischaemic lesions; the remaining 6 studies had ischaemic and haemorrhagic strokes, with haemorrhagic stroke comprising only 11 patients. Five manuscripts reported results from acute evaluations (n = 93; 22.2%), while the majority (n = 309; 73.9%) referred to evaluations between 1 month and 7 years after stroke onset. Only three studies were prospective, with follow-up time of 3 and 6 months.

Brain MRI was the most reported brain image modality for lesion evaluation. Right hemisphere lesions were more frequent (n = 219 patients; 52.4%); only 5 patients had bilateral lesions. Twenty-two studies focused on supratentorial lesions, 3 had infratentorial lesions and 2 had both supra and infratentorial lesions.

The location of lesions reported included the thalamus, insula, basal ganglia, dorsolateral prefrontal cortex, parietal cortex including supramarginal, angular gyrus and right inferior parietal cortex and cerebellum (data concerning more specific detail regarding lesion location is shown in Table 2 and in Supplementary Table 1).


Table 2. Characterization of stroke location.
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Neurological examination details were present in 19 studies (depicted in Figure 2 and in Supplementary Table 1). The most common reported concomitant neurological deficits were neglect (n = 51, 12.2%) and aphasia (n = 32, 7.7%). In 115 patients (27.5%), the neurological examination was described as normal. However, a significant number of studies did not provide any details about neurological examination (n = 119; 28.5%).


[image: Figure 2]
FIGURE 2. Detailed neurological examination findings; more than one neurological defect could be found in some patient.


Information about neuropsychological evaluation was present in 22 studies and 168 (40.2%) patients had a normal neuropsychological evaluation (further details in Figure 3 and Supplementary Table 1). The most common neuropsychological defect was dysexecutive deficits, occurring in 47 patients (11.2%).


[image: Figure 3]
FIGURE 3. Detailed neuropsychological examination; more than one neuropsychological dysfunction could be found in some patient.


Most studies (n = 17) applied temporal evaluation protocols referring to prospective timing in sub- and supra-second task (2 seconds until 90 seconds), including visual and auditory stimuli time interval comparison, visual and auditory stimuli time estimation and time reproduction. Retrospective timing protocols involved mostly time duration estimation.

The most common dysfunction of time perception that was found was underestimation in the temporal evaluation of sub- and supra-second intervals, reported in 12 studies concerning 165 patients (39.5%). The other time perception dysfunctions found are depicted in Figure 4, Table 3 and Supplementary Table 2.


[image: Figure 4]
FIGURE 4. Main time perception dysfunctions; detailed information regarding all time perception deficits is found in Supplementary Table 2. More than one time perception defect could be found in the same patient.



Table 3. Lesion topography and respective associated time perception deficits.
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No study evaluated the impact of time perception dysfunction on patients' functionality, namely its impact on daily day activities.



Discussion

This study represents the first systematic review of time perception deficits in stroke patients, to our knowledge. Time perception deficits have already been characterized in different psychiatric and neurological conditions, but not in stroke, which is one of the most common neurological diseases (48).

Overall, we found a low number of articles reporting time perception deficits in stroke patients. Time perception deficits in stroke are probably underestimated and most of the times not diagnosed or reported since these deficits are not methodically evaluated on routine clinical practice.

We found time perception deficits to be slightly more common in strokes affecting the right hemisphere (219 vs. 199 in the left hemisphere). Numerous locations were associated with time perception deficits, namely the thalamus (38–41), insula (43), basal ganglia (42), cerebellum (21–25) and cortical structures (dorsolateral prefrontal cortex (24, 25, 27, 28, 32, 36, 44, 47), parietal cortex (32, 36, 44–47), including supramarginal (26, 28, 33) and angular gyri (28), temporal cortex (26, 32, 36, 46, 47). These locations correspond to those commonly reported in time perception studies with functional brain MRI in healthy participants (5, 49). Also, the lesions' location that we found were consistent with previews reviews in time perception deficits (4, 7, 50, 51).

The most common defect found in our work was underestimation in temporal evaluation, which implies a subjective acceleration of the sense of the passage of time, involving 165 patients (41.7%). Other common defects were overestimation of time (n = 116, 27.8%) and impaired time interval comparison (n = 88, 22.2%).

The great diversity in terms of locations involved and the overlapping time perception deficits across these different locations demonstrate the complexity of time perception mechanisms and how, more than a lesional approach, time perception is the end result of diverse systems finely arranged.

Cortical and subcortical structures are implied in both sub-second and supra-second tasks, although subcortical areas are predominantly involved in sub-second intervals (more dependent on sensory and automatic processes) and supra-second intervals rely more on activation of cortical areas (4, 52).

Between the multiple cortical areas related to time perception, including supplemental motor area, inferior parietal cortex and superior temporal cortex, predominantly in the right hemisphere (5, 51), the dorsolateral prefrontal (DLPFC) is considered the region most involved in time perception (1), particularly the right prefrontal cortex (3). One of the most important functions of DLPFC is its role in sustained attention to the time interval or working memory components, acting as an “accumulator”, storing information about a passing time interval and making it the working memory component of a hypothesized internal clock (3). The right inferior parietal cortex also has a role in these attentional processes as part of a right prefrontal inferior parietal network that is engaged in duration estimation, particularly for longer durations (51). The left parietal and premotor cortex have been implied in temporal predictability (7). Furthermore, the parietal cortex seems crucial when time information has to be processed together with spatial information, for both sub- and supra-second time intervals (4). The right temporal lobe is responsible for retrieval and comparison of temporal duration representations (51).

The supplemental motor area (SMA) is another core brain region involved in timing, sharing a central and ubiquitous role together with basal ganglia in both motor and perceptual timing (7). SMA also functions as an online timing (or accumulation) of a stimulus duration that is currently unfolding in time (7). These cortical structures are also connected to the thalami and striatal structures in a thalamo-cortical-striatal network that is involved and activated in temporal tasks (9).

The impact of stroke lesions in the thalamus support the role that this structure has on time perception mechanisms by being a part of the circuitry involving the cerebellum, basal ganglia and cerebral cortex (10), namely the mediodorsal and anteromedial nuclei, that constitute the “limbic thalamic nuclei” (53). These structures are probably essential for memory formation that translates into the notion of time intervals (41). Previous studies suggest that these nuclei have important projections, namely dorsolateral prefrontal cortex and receive basal ganglia projections (54). Moreover, lesions in the mediodorsal nuclei are associated with a decrease in cerebral blood flow in cortical areas, most notably the dorsolateral prefrontal cortex (39, 54), an essential region in time perception circuits.

The insula is also involved in the time perception circuit (43, 55). Both the anterior portion and posterior part of the insula have been implicated in time perception tasks, with the posterior part being more involved in the encoding phase of time perception tasks and the anterior part more involved in the reproduction phase where an explicit judgment of duration is made (49, 56). It is believed that insula has an important role for self-notion of time, by integrating received signals in dorsal posterior insula that are processed in a posterior-to-anterior progression and cumulate in the anterior insula, creating the experience of duration.

The cerebellum has been widely implicated in time perception and reproduction, especially in sub-second intervals and in motor timing tasks (4, 7, 21). It has been proposed that timing in cerebellum relies on the spatiotemporal dynamics of the granule cell population, dependent of the influence of cerebellar input and the internal state of the cerebellar network (57). This changing network of cells inherently encodes time, which then is interpreted by the Purkinje cells (57).

There seems to be a functional specialization for timing in discrete zones of the cerebellum, with studies showing that the more superior (23) and lateral parts (22) are being involved in time perception. Moreover, a number of functional imaging studies in time perception tasks have reported exclusive activation of the left cerebellar hemisphere (21). Lateral cerebellum contains dentate nuclei, which project to the premotor, dorsolateral prefrontal (DLPFC) and parietal cortices (23), regions that are also involved in timing mechanisms. The disruption of the cerebellar-DLPFC network could also explain the impact of cerebellar lesions in the long-term time perception dysfunction. The cerebellum is also involved in temporal prediction by being part of left premotor-cerebellar-parietal circuits capable of prediction, as well as working memory tasks, essential for supra-second intervals (58).

Basal ganglia are fundamental structures concerning time perception in the range of milliseconds to several seconds (3, 59). One of the reasons for this key role in timing could be explained by the striatal beat frequency theory, a neurobiological time perception model that postulates that representation of time is influenced by the striatum's ability to detect similar patterns of cortical and thalamic oscillations, and then synchronize neural firing in response to different requirements of time perception (3, 9). Distortions in time perception with dopamine agonists and antagonists confirm the central role of basal ganglia in timing (1, 3, 59, 60).

The sample of patients that was evaluated was heterogeneous in terms of age range, neurological examination findings and neuropsychological evaluation. A large variation in patients' age could limit some of the findings in this study, since older people can have impaired time perception, with a subjective slowing of their internal clock (13, 17). Nevertheless, most studies relied on a case-control study design, which hampers some of the possible limitations of wide age variation in the studies.

Clear information regarding the neurological examination and neuropsychological evaluation were missing, which is another limitation that could influence the results. Neurological deficits and neurodegenerative diseases contribute to time perception dysfunctions (17).

Neglect was the most common neuropsychological deficit accompanying time perception deficits. The fact that the right parietal cortex is both involved in time perception and spatial and attentional networks could explain this finding. Although more studies are necessary regarding the interplay between neglect and time perception deficits, there seems to be some evidence that deficits of timing behavior are likely to be more severe in patients with right hemisphere damage and most severe in patients with neglect following right parietal damage (45).

Several time perception protocols were used through the different studies analyzed, which limits comparisons between different studies and broader conclusions. Most of the protocols relied on complex paradigms of time perception evaluation, which also highlights how difficult it is to evaluate time perception in a systematic manner. These protocols are laborious and time consuming, requiring very precise tools not readily available and gathering results not always easy to understand. The characteristics associated to these testing modalities hamper the possibility of widespread and systematic evaluation for most patients. Furthermore, the nature of psychometric testing does not depict the patients' complaints or the daily impact of the time perception deficits, which restricts the conclusions that these time perception deficits have on patients' life and how to further develop rehabilitation specifically tailored to address the problems that arouse as consequence of time perception dysfunction. This issue has already been raised in previous studies (14). In this regard, the QUEST-R questionnaire presented in Trojano et al. (46) study is a tool that permits the evaluation of patients in a simple and methodical way and allows the f translation of results into a more practical context.

Besides the points discussed above, other major limitation in this work is the low number of articles found in our systematic review. Most studies were retrospective, which also limits follow-up information about the maintenance of these time perception deficits and could be a possible source of bias.

Our findings give some information regarding the most common time perception deficits found in stroke patients. This information will hopefully encourage a more frequent systematic evaluation of time perception deficits in stroke patients, namely in the acute phase. The impact that these changes can have in the functional independence and rehabilitation program of patients is still unknown. Future prospective studies are needed. An increased awareness for this specific type of deficits will help to develop new standardized beside protocols.



Conclusion

We found a low number of articles reporting time perceptions changes in stroke which may be due to underreporting or underdiagnosis. The most common time perception deficit was underestimation of time, followed by overestimation of time.

A methodical search of this dysfunction in stroke patients and development of standardized bedside protocols is needed for further developments in this area of research.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



Author contributions

Material preparation, data collection, and analysis were performed by PC, JR, and AF. The first draft of the manuscript was written by PC. All authors commented on previous versions of the manuscript, contributed to the study conception and design, read, and approved the final manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2022.938367/full#supplementary-material



References

 1. Fontes R, Ribeiro J, Gupta DS, Machado D, Lopes-Júnior F, Magalhães F, et al. Time perception mechanisms at central nervous system. Neurol Int. (2016) 8:5939. doi: 10.4081/ni.2016.5939

 2. Teixeira S, Machado S, Paes F, Velasques B, Silva JG, Sanfim AL, et al. Time perception distortion in neuropsychiatric and neurological disorders. CNS Neurol Disord Drug Targets. (2013) 12:567–82. doi: 10.2174/18715273113129990080

 3. Rubia K, Smith A. The neural correlates of cognitive time management: a review. Acta Neurobiol Exp. (2004) 64:329–40.

 4. Mioni G, Grondin S, Bardi L, Stablum F. Understanding time perception through non-invasive brain stimulation techniques: A review of studies. Behav Brain Res. (2020) 377:112232. doi: 10.1016/j.bbr.2019.112232

 5. Wiener M, Turkeltaub P, Coslett HB. The image of time: a voxel-wise meta-analysis. NeuroImage. (2010) 49:1728–40. doi: 10.1016/j.neuroimage.2009.09.064

 6. Ivry RB, Schlerf JE. Dedicated and intrinsic models of time perception. Trends Cogn Sci. (2008) 12:273–80. doi: 10.1016/j.tics.2008.04.002

 7. Coull JT, Cheng RK, Meck WH. Neuroanatomical and Neurochemical Substrates of Timing. Neuropsychopharmacol. (2011) 36:3–25. doi: 10.1038/npp.2010.113

 8. Paton JJ, Buonomano DV. The Neural Basis of Timing: Distributed Mechanisms for Diverse Functions. Neuron. (2018) 98:687–705. doi: 10.1016/j.neuron.2018.03.045

 9. Buhusi CV, Meck WH. What makes us tick? Functional and neural mechanisms of interval timing. Nat Rev Neurosci. (2005) 6:755–65. doi: 10.1038/nrn1764

 10. Merchant H, Harrington DL, Meck WH. Neural Basis of the Perception and Estimation of Time. Annu Rev Neurosci. (2013) 36:313–36. doi: 10.1146/annurev-neuro-062012-170349

 11. Gibbon J. Scalar expectancy theory and Weber's law in animal timing. Psychol Rev. (1977) 84:279–325. doi: 10.1037/0033-295X.84.3.279

 12. Karmarkar UR, Buonomano DV. Timing in the absence of clocks: encoding time in neural network states. Neuron. (2007) 53:427–38. doi: 10.1016/j.neuron.2007.01.006

 13. Coelho M, Ferreira JJ, Dias B, Sampaio C, Martins IP, Castro-Caldas A. Assessment of time perception: the effect of aging. J Inter Neuropsych Soc. (2004) 10:332–41. doi: 10.1017/S1355617704103019

 14. Riemer M, Wolbers T, van Rijn H. Age-related changes in time perception: The impact of naturalistic environments and retrospective judgements on timing performance. Quart J Exper Psychol. (2021) 74:2002–12. doi: 10.1177/17470218211023362

 15. Cáceda R, Carbajal JM, Salomon RM, Moore JE, Perlman G, Padala PR, et al. Slower perception of time in depressed and suicidal patients. Eur Neuropsychopharmacol. (2020) 40:4–16. doi: 10.1016/j.euroneuro.2020.09.004

 16. Coelho S, Guerreiro M, Chester C, Silva D, Maroco J, Coelho M, et al. Time perception in mild cognitive impairment: interval length and subjective passage of time. J Int Neuropsychol Soc. (2016) 22:755–64. doi: 10.1017/S1355617716000606

 17. Mioni G, Meligrana L, Perini F, Marcon M, Stablum F. Lack of temporal impairment in patients with mild cognitive impairment. Front Integr Neurosci. (2019) 13:42. doi: 10.3389/fnint.2019.00042

 18. Stroup DF. Meta-analysis of observational studies in epidemiologya proposal for reporting. JAMA. (2000) 283:2008. doi: 10.1001/jama.283.15.2008

 19. Page MJ, Moher D, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. PRISMA 2020 explanation and elaboration: updated guidance and exemplars for reporting systematic reviews. BMJ. (2021) 372:n160. doi: 10.1136/bmj.n160

 20. Grondin S. Timing and time perception: A review of recent behavioral and neuroscience findings and theoretical directions. Attention, Percept Psychophys. (2010) 72:561–82. doi: 10.3758/APP.72.3.561

 21. Gooch CM, Wiener M, Wencil EB, Coslett HB. Interval timing disruptions in subjects with cerebellar lesions. Neuropsychologia. (2010) 48:1022–31. doi: 10.1016/j.neuropsychologia.2009.11.028

 22. Malapani C, Dubois B, Rancurel G, Gibbon J. Cerebellar dysfunctions of temporal processing in the seconds range in humans. Neuroreport. (1998) 9:3907–12. doi: 10.1097/00001756-199812010-00026

 23. Harrington DL. Does the representation of time depend on the cerebellum? Effect of cerebellar stroke. Brain. (2003) 127:561–74. doi: 10.1093/brain/awh065

 24. Mangels JA, Ivry RB, Shimizu N. Dissociable contributions of the prefrontal and neocerebellar cortex to time perception. Cogn Brain Res. (1998) 7:15–39. doi: 10.1016/S0926-6410(98)00005-6

 25. Casini L, Ivry RB. Effects of divided attention on temporal processing in patients with lesions of the cerebellum or frontal lobe. Neuropsychology. (1999) 13:10–21. doi: 10.1037/0894-4105.13.1.10

 26. Danckert J, Ferber S, Pun C, Broderick C, Striemer C, Rock S, et al. Neglected time: impaired temporal perception of multisecond intervals in unilateral neglect. J Cogn Neurosci. (2007) 19:1706–20. doi: 10.1162/jocn.2007.19.10.1706

 27. Koch G, Oliveri M, Carlesimo GA, Caltagirone C. Selective deficit of time perception in a patient with right prefrontal cortex lesion. Neurology. (2002) 59:1658–9. doi: 10.1212/01.WNL.0000032504.45792.8F

 28. Harrington DL, Haaland KY, Knight RT. Cortical networks underlying mechanisms of time perception. J Neurosci. (1998) 18:1085–95. doi: 10.1523/JNEUROSCI.18-03-01085.1998

 29. Basso G, Nichelli P, Frassinetti F, di Pellegrino G. Time perception in a neglected space. NeuroReport. (1996) 7:2111–4. doi: 10.1097/00001756-199609020-00009

 30. Bonato M, Saj A, Vuilleumier P. Hemispatial neglect shows that (before) is (left). Neural Plasticity. (2016) 2016:1–11. doi: 10.1155/2016/2716036

 31. Morin C, Guigot J, Manai R, Vu P, Guérin N, Samson Y, et al. Impairment in clock-time estimation following right hemisphere ischemic damage. Cogn Brain Res. (2005) 22:305–7. doi: 10.1016/j.cogbrainres.2004.09.001

 32. Coslett HB, Shenton J, Dyer T, Wiener M. Cognitive timing: neuropsychology and anatomic basis. Brain Res. (2009) 1254:38–48. doi: 10.1016/j.brainres.2008.11.015

 33. Rubia K, Schuri U, von Cramon DY, Poeppel E. Time estimation as a neuronal network property: a lesion study. Neuroreport. (1997) 8:1273–6. doi: 10.1097/00001756-199703240-00043

 34. Calabria M, Jacquin-Courtois S, Miozzo A, Rossetti Y, Padovani A, Cotelli M, et al. Time perception in spatial neglect: a distorted representation? Neuropsychology. (2011) 25:193–200. doi: 10.1037/a0021304

 35. de Montalembert M, Mamassian P. Processing temporal events simultaneously in healthy human adults and in hemi-neglect patients. Neuropsychologia. (2012) 50:791–9. doi: 10.1016/j.neuropsychologia.2012.01.013

 36. Cappelletti M, Freeman ED, Cipolotti L. Numbers and time doubly dissociate. Neuropsychologia. (2011) 49:3078–92. doi: 10.1016/j.neuropsychologia.2011.07.014

 37. Low E, Crewther SG, Perre DL, Ben O, Laycock R, Tu H, et al. Beyond neglect: preliminary evidence of retrospective time estimation abnormalities in non-neglect stroke and transient ischemic attack patients. Sci Rep. (2016) 6:22598. doi: 10.1038/srep22598

 38. Kumral E, Gulluoglu H, Dramali B. Thalamic chronotaraxis: isolated time disorientation. J Neurol Neurosurg Psychiat. (2007) 78:880–2. doi: 10.1136/jnnp.2006.113654

 39. Hayashi R, Yamaguchi S, Katsumata Y, Mimura M. Interval timing errors in a patient with thalamic chronotaraxis. eNeurologicalSci. (2018) 10:19–21. doi: 10.1016/j.ensci.2018.01.004

 40. Lee ST, Chu K, Kim M, Roh JK. Isolated and prolonged loss of time orientation. Neurology. (2010) 75:1120. doi: 10.1212/WNL.0b013e3181f39d21

 41. Mole J, Winegardner J, Malley D, Fish J. Time perception impairment following thalamic stroke: a case study. Neuropsychol Rehab. (2018) 28:208–22. doi: 10.1080/09602011.2017.1383273

 42. Coslett HB, Wiener M, Chatterjee A. Dissociable neural systems for timing: evidence from subjects with basal ganglia lesions. PLoS ONE. (2010) 5:9. doi: 10.1371/journal.pone.0010324

 43. Mella N, Bourgeois A, Perren F, Viaccoz A, Kliegel M, Picard F. Does the insula contribute to emotion-related distortion of time? A neuropsychological approach. Hum Brain Mapp. (2019) 40:1470–9. doi: 10.1002/hbm.24460

 44. Kaski D, Quadir S, Nigmatullina Y, Malhotra PA, Bronstein AM, Seemungal BM. Temporoparietal encoding of space and time during vestibular-guided orientation. Brain. (2016) 139:392–403. doi: 10.1093/brain/awv370

 45. Merrifield C, Hurwitz M, Danckert J. Multimodal temporal perception deficits in a patient with left spatial neglect. Cogn Neurosci. (2010) 1:244–53. doi: 10.1080/17588921003759934

 46. Trojano L, Caccavale M, De Bellis F, Crisci C. The brain and the subjective experience of time. A voxel based symptom-lesion mapping study. Behav Brain Res. (2017) 329:26–34. doi: 10.1016/j.bbr.2017.04.031

 47. Gooch CM, Wiener M, Hamilton AC, Coslett HB. Temporal discrimination of sub- and suprasecond time intervals: a voxel-based lesion mapping analysis. Front Integr Neurosci. (2011) 5:59. doi: 10.3389/fnint.2011.00059

 48. GBD 2017 US Neurological Disorders Collaborators, Feigin VL, Vos T, Alahdab F, Amit AML, Bärnighausen TW, et al. Burden of Neurological Disorders Across the US From 1990-2017: a global burden of disease study. JAMA Neurol. (2021) 78:165. doi: 10.1001/jamaneurol.2020.4152

 49. Lewis PA, Miall RC. Brain activation patterns during measurement of sub- and supra-second intervals. Neuropsychologia. (2003) 41:1583–92. doi: 10.1016/S0028-3932(03)00118-0

 50. Allman MJ, Meck WH. Pathophysiological distortions in time perception and timed performance. Brain. (2012) 135:656–77. doi: 10.1093/brain/awr210

 51. Piras F, Piras F, Ciullo V, Danese E, Caltagirone C, Spalletta G. Time dysperception perspective for acquired brain injury. Front Neurol. (2014) 4:217. doi: 10.3389/fneur.2013.00217

 52. Nani A, Manuello J, Liloia D, Duca S, Costa T, Cauda F. The neural correlates of time: a meta-analysis of neuroimaging studies. J Cogn Neurosci. (2019) 31:1796–826. doi: 10.1162/jocn_a_01459

 53. Schmahmann JD. Vascular syndromes of the thalamus. Stroke. (2003) 34:2264–78. doi: 10.1161/01.STR.0000087786.38997.9E

 54. Van der Werf YD, Witter MP, Uylings HBM, Jolles J. Neuropsychology of infarctions in the thalamus: a review. Neuropsychologia. (2000) 38:613–27. doi: 10.1016/S0028-3932(99)00104-9

 55. Livesey AC, Wall MB, Smith AT. Time perception: manipulation of task difficulty dissociates clock functions from other cognitive demands. Neuropsychologia. (2007) 45:321–31. doi: 10.1016/j.neuropsychologia.2006.06.033

 56. Wittmann M, Simmons AN, Aron JL, Paulus MP. Accumulation of neural activity in the posterior insula encodes the passage of time. Neuropsychologia. (2010) 48:3110–20. doi: 10.1016/j.neuropsychologia.2010.06.023

 57. Buonomano DV, Maass W. State-dependent computations: spatiotemporal processing in cortical networks. Nat Rev Neurosci. (2009) 10:113–25. doi: 10.1038/nrn2558

 58. Üstün S, Kale EH, Çiçek M. Neural networks for time perception and working memory. Front Hum Neurosci. (2017) 11:83. doi: 10.3389/fnhum.2017.00083

 59. Harrington DL, Jahanshahi M. Reconfiguration of striatal connectivity for timing and action. Curr Opin Behav Sci. (2016) 8:78–84. doi: 10.1016/j.cobeha.2016.02.007

 60. Ivry RB, Spencer RM. The neural representation of time. Curr Opin Neurobiol. (2004) 14:225–32. doi: 10.1016/j.conb.2004.03.013



OPS/images/fneur-13-938367-t001.jpg
Number of patients

Age, mean  standard deviation
Age range, min-max

Male, (%)

Stroke type (%)

Ischaemic

Haemorrhagic

Brain image modality

CTn (%)

MRI, 7 (%)

Not specified (CT or MRI), (%)
Stroke laterality

Right hemisphere, 1 (%)

Left hemisphere, 1 (%)

418

59.25+ 11.87
35-88
253 (60.5%)

407 (97.4%)
11 (2.6%)

85 (21.5%)
188 (45%)
145 (34.7%)

219 (52.4%)
199 (47.6%)





OPS/images/fneur-13-938367-t002.jpg
Supratentorial lesions, n (%)

Cortical and subcortical lesions involving thalamus and basal
ganglia, n (%)

Cortical and subcortical lesions excluding thalamus and basal
ganglia, n (%)

Thalamic lesions, 1 (%)

Basal ganglia lesions, n (%)

Insular lesions, n (%)

Infratentorial lesions, 1 (%)

Cerebellar lesions, n (%)

293 (70.1%)

41(9.8%)

8(1.9%)

1(0.2%)
21(5%)

54 (12.9%)





OPS/images/fneur-13-938367-g003.gif





OPS/images/fneur-13-938367-g004.gif
- Undorsimionof i eals
[ ———

[ ——
durion

T ———
repodscton

..





OPS/images/fneur-13-938367-t003.jpg
Lesion location

Cerebellar hemisphere

Right supramarginal gyrus (including involvement
of right basal ganglia, insula and superior
temporal gyrus)

Prefrontal cortex

Right temporal-occipital region (including
thalamus and posterior arm of internal capsule)

Diffuse right hemispheric lesion

Diffuse left hemispheric lesion

Thalamus

Basal ganglia

Right insula

Parietal lobe (left medial, lateral and superior
parictal lobe, intraparietal sulcus with extension to
temporal region)

Right temporoparietal junction

Right parietal lobe (including fronto-parietal

subcortical white matter)

Right inferior parietal cortex (including rolandic
operculum and posterior middle temporal gyrus)
Right superior temporal gyrus, white matter
posterior to the insula and posterior insula
Posterior supramarginal white matter

Frontal lobe

Posterior parietal lobe

Right precentral, middle frontal and inferior
frontal gyrus

Left basal ganglia, superior and middle temporal

lobe and hippocampus

‘imes deficits regarding production relate to the ability of patients being able to produce a time interval without any kind of referential or previ

Time perception deficit associated

Underestimation, overproduction of time intervals between 2-12 sec; worse in left cerebellar hemisphere
lesions (21) Impaired interval reproduction in the seconds range (22, 23) Impairment in perceptual timing
(24,25)

Underestimation of time duration for intervals of 15-60s (worse on neglect patients) (26)

Increased difference thresholds in time perception tasks (24, 25); worse performance with dual tasking (divided

attention) (25) Underestimation of time interval comparison (24) Underestimation of time duration for long

time durations (>90s) (27) Impairment in time interval comparison (right prefrontal cortex) (25)

Overestimation of time duration of stimuli on left hemifield (29)

Slower timing responses in temporal order judgment (neglect patients) (30) Impairment in clock-time
estimation and interview duration estimation (31) Overestimation of time intervals (32-35) Underproduction
of time intervals (32) Undereproduction of time intervals (33) Underestimation of duration of time intervals
(36, 37) Impairment in time interval comparison (28, 34, 35)

Overestimation, underproduction of time intervals (32) Overestimation of time intervals (33) Underestimation
of time intervals (33, 37)

‘Temporal disorientation, impaired estimation of day time and impaired estimation of the examination

duration (38-40) Impairment of time interval reproduction (39, 41) Impaired esti

ation of time interval

duration (40, 41)

Overestimation in time interval comparison in 300 ms range (42) Impairment on

me reproduction in 50 ms
range (42)
Underestimation of time duration for short time intervals (43) Impairment in perceptual timing (43)

Underestimation of time int

rvals with task-irrelevant numerical stimuli; near chance performance of interval

comparison of visual stimuli with numeral stimuli (36)

Underestimated lefiward motion duration in comparison with rightward motion duration when patients had

impaired spatial orientation (44)

Underestimation of time duration on different protocols in 15-60 s interval (45)

Impairment in prospective timing (46)

Impairment in retrospective timing (46)
Impaired time estimation (33)
Impairment in perceptual timing (47)
Impairment in perceptual timing (47)

Impairment in perceptual timing under and above I second (47)

Impairment in perceptual timing under 1 second (47)

us cue, only using an internal representation

of time; time deficits regarding reproduction relate to the ability of patients being able to reproduce faithfully a previously shown/heard time interval. Impairments in perceptual timing
concern abnormal capability in time accuracy in different modalities, when compared to controls (.., more prone to under and overestimation or under and overproduction than

healthy controls).





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Time perception changes in stroke patients: A systematic literature review



		Introduction



		Methods



		Information sources and search strategy



		Eligibility criteria



		Study selection



		Data collection process and data items



		Time perception evaluation protocol



		Quality of selected studies



		Data presentation and statistical analysis







		Results



		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

Time perception changes in
stroke patients: A systematic
literature review





OPS/images/fneur-13-938367-g001.gif
esords deotified hrcugh dtabsse

s P
-
H
4 1 T
§ P ——
T
i | [
Tl Fulkat s it
F Tl ] R
§ i
gl
e
§ e sady
i






OPS/images/fneur-13-938367-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





