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Sense of time (temporal sense) is believed to be processed by various brain regions in a complex manner, among which the basal ganglia, including the striatum and subthalamic nucleus (STN), play central roles. However, the precise mechanism for processing sense of time has not been clarified. To examine the role of the STN in temporal processing of the sense of time by directly manipulating STN function by switching a deep brain stimulation (DBS) device On/Off in 28 patients with Parkinson’s disease undergoing STN-DBS therapy. The test session was performed approximately 20 min after switching the DBS device from On to Off or from Off to On. Temporal sense processing was assessed in three different tasks (time reproduction, time production, and bisection). In the three temporal cognitive tasks, switching STN-DBS to Off caused shorter durations to be produced compared with the switching to the On condition in the time production task. In contrast, no effect of STN-DBS was observed in the time bisection or time reproduction tasks. These findings suggest that the STN is involved in the representation process of time duration and that the role of the STN in the sense of time may be limited to the exteriorization of memories formed by experience.
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 GRAPHICAL ABSTRACT



Introduction

Subjective sense of time (temporal sense) is essential for perceiving and estimating the passage of time in daily life. Although the temporal sense is influenced by many factors, including circadian rhythms, emotion, and disease (Hancock et al., 1992; Honma et al., 2016; Mella et al., 2019), we previously showed that temporal sense is robust in each individual and consolidated at a stable value under certain conditions (Honma et al., 2021). This also holds for patients with Parkinson’s disease (PD) in whom this is also robust and resistant to change; in the presence of dopamine deficiency, accurate time duration learned by feedback training quickly returns to inherent underestimated levels, and even after applying repetitive transcranial magnetic stimulation over the prefrontal cortex for inducing cortical plasticity and manipulating/consolidating time sense (Honma et al., 2022). This shortened temporal sense or memory representation may be likened to the shuffling gait in PD patients, with steps gradually asymptoting to a smaller level in the absence of an external cue.

Details of temporal processing for the sense of time or its neural correlate, however, have not been clarified. Unlike light and sound, time does not have a dedicated sensory organ. Temporal processing may be mediated not by a single or a few brain areas but by a complex network involving multiple brain regions (Buhusi and Meck, 2005; Shi et al., 2013), including the prefrontal cortex, striatum, and subthalamic nucleus (STN) (Nani et al., 2019), but the precise role of individual brain regions remains unresolved. While the brain regions involved in temporal processing largely overlap with those for motor control and sensory perceptual processing, regions serving memory, in this case, the temporal representation of time, may be also involved, consistent with the view that time and memory are closely interlinked (Teki et al., 2017).

Psychologically, the scalar expectancy theory (SET) postulates that temporal sensory processing comprises different processes, including clock (pacemaker, switch, and accumulator), memory (short-term and reference memory), and decision stages (Gibbon, 1977; Gibbon et al., 1984). It also assumes that different mechanisms may serve different temporal processes, e.g., mechanisms of representation and perception of time. The time production task reflects a function to read out time duration in reference to the representation of time duration (reference memory); the representation of time refers to the sense of time or a kind of “time scale” acquired through what one has experienced and stored in long-term memory as a scale for reference (for example, the time scale for subjective 10-s duration is established by repeated experience of the physical 10-s duration) (Baudouin et al., 2006; Jozefowiez and Machado, 2013). In contrast, the time bisection task reflects perceptual function, a process of perceiving and recognizing the current time with respect to the subjective sense of time learned shortly in advance (Atakan et al., 2012; Ogden et al., 2018). Meanwhile, time perception involves inputting physical time duration into the short-term memory to recognize its duration. In SET, temporal information processing is considered a cognitive process coordinating time perception and memory across a wide range of memory processes both utilizing the internal clock, and the abnormality in temporal production and perception has been explained by the abnormal pace of the internal clock. This may be addressed by evaluating time processing and perception functions at the same time, but few studies have studied both simultaneously in the same study.

PD patients, in whom basal ganglia dysfunction with dopamine deficiency likely causes bradykinesia (slowness of movements), have pronounced deficits in temporal processing compared with normal participants (Smith et al., 2007; Honma et al., 2017, 2018). Slowness may also involve the mind’s temporal processing. The basal ganglia have been postulated to set the pace of the “internal clock.” If we postulate that the mind uses an internal clock ticking at a regular rate to perceive the passage of time, it would tick more slowly in dopamine deficiency. Earlier studies have provided evidence consistent with the slowed clock hypothesis, which states that dopamine deficiency slows down the pace of the internal clock, which is corrected by dopaminergic medication improving the estimation of duration in the time production task in PD patients (Pastor et al., 1992; Lange et al., 1995; Smith et al., 2007; Koch et al., 2008; Wild-Wall et al., 2008). However, later studies have not necessarily supported this view. For example, in the time production task, PD patients evaluate (produce a specified time duration) the subjective time duration as shorter than normal participants (Honma et al., 2016). When PD patients estimate the duration of the period that a figure is visible on a screen as shorter or longer relative to two standard durations, PD patients are more likely to judge the duration as longer compared with healthy participants (Zhang et al., 2016). The pace of the internal clock can also be studied by the synchronized tapping task, which requires participants to press a button or tap a keyboard in synchrony with repetitive tones presented at fixed intervals (synchronization task, S) and to continue tapping at the same pace after the tones have been removed (continuation task, C), have found inconsistent results, reporting the pace of the internal clock to be faster (Ivry and Keele, 1989; O'Boyle et al., 1996; Harrington et al., 1998; Jones et al., 2011), slower (Pastor et al., 1992), or unchanged (Duchek et al., 1994; Spencer and Ivry, 2005; Wojtecki et al., 2011; Joundi et al., 2012) relative to normal participants. While temporal processing deficits in parkinsonism remain to be characterized, dopamine deficiency may not be the sole mechanism leading to the various temporal processing deficits in PD patients. Finally, in terms of the sense of time, some PD patients exhibit short production of duration compared to actual time, indicating a “faster” flow of time (Honma et al., 2018). Many findings are thus difficult to explain simply by the slowed clock hypothesis (Terao et al., 2021), and revision of the SET view should be considered. Additionally, because dopaminergic medication operates on various brain regions, it is difficult to verify the role of each region(s) alone play a critical role in temporal sensory processing and how (the cause-and-effect relationship) (Pastor et al., 1992; Nani et al., 2019).

Recently, deep brain stimulation (DBS) of the subthalamic nucleus (STN), playing a physiologically pivotal role in the pathomechanism of PD (Nambu, 2004; Wichmann and Soares, 2006), has come to be used widely for reducing PD patients’ motor symptoms (Sasaki et al., 2021; Tai, 2022). The inconsistent findings regarding dopamine deficiency and the pace of the internal clock can be addressed by manipulating the function of the STN, providing novel insights into temporal processing in terms of the internal clock and temporal sensory processing (temporal sense). STN-DBS also affects cognitive functions (Oyama et al., 2011; Tokushige et al., 2018) by altering the function of the basal ganglia-thalamo-cortical loop (Santaniello et al., 2012). A study of the effect of STN-DBS on temporal sense in PD showed that STN-DBS had no significant effect on perceptual timing in the hundreds of milliseconds range, unlike its effect on motor symptoms (Cope et al., 2014). STN-DBS also has a significant effect on the time reproduction task to measure the ability of short-term memory unrelated to internal clock (Koch et al., 2004). However, it is unclear whether STN-DBS affects temporal sense in the few seconds range, in which memory and other factors are likely to interact.

Animals and humans can process different ranges of timescales, ranging from microseconds, milliseconds, seconds to minutes, and a day (circadian rhythms), and it has been suggested that the neural structures responsible for temporal processing differs for these different time rages (Merchant and de Lafuente, 2014). Although these systems for different timescales may all contribute to the formation of the sense of time, in this study, we focused on the time scale of seconds to minutes range, which is considered to be closely associated with and processed within the motor system such as the basal ganglia and the cerebellum. We investigated the role of the STN in temporal sense processing by looking at what happens when the DBS device is switched on/off in PD patients receiving STN-DBS.

Three temporal processing tasks have been widely used to address distinct aspects of time perception. In the production task, subjects produce the duration of time instructed verbally, according to time scale formed by experienced and stored in memory, but does not require the ability to discriminate different time durations; in the reproduction task subjects are asked to reproduce the presented duration, for which it is neither required that the time scale stored in reference memory or that the ability to discriminate different duration is normal. In the bisection task to ask subjects whether the immediate duration of time presented is longer/shorter compared to the immediately preceding one (discrimination between different durations), whereas it does not depend on whether or not the reference duration formed by experience and stored in memory is normal.

By comparing performance of temporal cognitive tasks, we investigated whether STN DBS affects the ability referring to time duration formed by experience and stored in memory, the ability to discriminate different durations, of the ability to reproduce different durations, or any combination thereof. We predicted that performance is improved in time production task if DBS-STN affects the ability of reference duration formed by experience. Alternatively, if DBS-STN affects the ability to discriminate differences of duration, performance should be improved in the time bisection task. Finally, if DBS-STN affects the ability to reproduce duration, performance is improved in time reproduction task.



Materials and methods


Participants

This study was approved by the ethics committee of Juntendo University School of Medicine and conducted according to the principles of the Declaration of Helsinki (identifier: 18-215). This study was registered in the University hospital Medical Information Network (UMIN)-CTR (ID: UMIN000033776, 20/08/2018). All patients provided written informed consent before the experiments. G*Power (Version 3.1.9) specified that a sample size of 27 would be needed to obtain 70% power to detect a medium effect with an alpha of 0.05. Effect size (0.50) was determined by previous researches using temporal task (Honma et al., 2016, 2017, 2018, 2021, 2022; Terao et al., 2021).

There were 28 PD patients with an implanted DBS device (4 women and 24 men; mean age: 62.7 years, range: 51–74 years). The average duration of illness was 14.5 ± 3.7 years. All patients were right-hand dominant. PD severity was measured using the Unified Parkinson’s Disease Rating Scale-part III (Martinez-Martin et al., 1994) (average: 19.1 ± 7.8). We also examined general cognitive functions using the Mini-Mental Status Examination (Folstein et al., 1975) (28.6 ± 1.3) and Montreal Cognitive Assessment (Nasreddine et al., 2005) (26.8 ± 2.7). The neurologist diagnosed that none of the participants had dementia. All patients were tested for dopamine transporter (DaT) activity using DaT imaging (Kagi et al., 2010). The radioactive agent bound to DaT was expressed using a specific binding ratio, which is the ratio of the radiation in the striatum to those in the whole brain, calculated by the Bolt method (Tossici-Bolt et al., 2006). The average value of DaT was 1.78 in total (range: 0.11–4.64), and 1.83 in the right (0–4.83, SD = 1.8), and 1.72 in the left (0.22–4.44, SD = 1.7). Parkinson’s disease-related medications were discontinued at least 12 h before the tests were performed. Some subjects also had comorbid symptoms or diseases other than PD (Supplementary Figures).

All patients underwent surgery for bilateral implantation of stimulation electrodes (Model 3,389, Medtronic, Minneapolis, MN, United States) in the STN (13 patients, Vercise Gevia, Boston Scientific, Boston, MA, United States; 3 patients, Vercise PC, Boston Scientific, Boston, MA, United States; 7 patients, Vercise Genus RC, Boston Scientific, Boston, MA, United States; 1 patient, Activa RC, Medtronic, Minneapolis, MN, United States; 2 patients, Activa SC, Medtronic, Minneapolis, MN, United States; 2 patients, Percept PC, Medtronic, Minneapolis, MN, United States) (Supplementary Table S1). The average months since implantation was 15.86 ± 16.8 months. During the study, the parameters were optimized for anti-Parkinson therapy. Stimulation amperes were [right: 1.5–3.5 (2.6 ± 0.5) mA; left: 1.4–3.2 (2.5 ± 0.5) mA] and Hertz [right: 130–200 (135.9 ± 17.8) Hz; left: 130–200 (135.6 ± 16.8) Hz]. Twenty patients showed symptoms predominantly on the right side.



Study design

In this study, a prospective, single-blinded and within-subject repeated measures design was used to investigate and compare the effects of DBS. The participants were divided into two groups (groups A and B), in a randomized manner, to assess the effects of order and repetition on the same tasks. In group A, the test was conducted thrice in the order of On-1 (first test of On condition of STN-DBS), Off, and On-2 (second test of On condition of STN-DBS). In group B, the test was conducted two times in the order of Off and On (On and Off conditions performed once each, Figure 1). The next test session was performed approximately 20 min after switching the DBS device from On to Off or from Off to On. Each time, the neurologist confirmed whether the effects of DBS were clearly lost when DBS was switched Off or emerged when it was switched On based on the patients’ symptoms, including tremor at rest, muscle rigidity, akinesia, and postural maintenance. The same five tasks were conducted in each session. Temporal sense processing was assessed in three different tasks (time reproduction, time production, and bisection). Additionally, length production and simple reaction tasks were conducted.

[image: Figure 1]

FIGURE 1
 Experimental design. After conducting the assessment, in group A, the test was conducted thrice in the order of On-1, Off, and On-2. In group B, the test was conducted twice in the order of Off and On. After approximately 20 min of turning the DBS device On or Off, the next test was performed. The same five tasks were conducted in a test.




Procedures

In the time production task, the duration of the interval to be produced was presented on the monitor screen as a number of seconds for 3 s at the beginning of each trial. Patients were not informed the duration of the cue. After the number presentation disappeared from the screen, patients produced the instructed time duration by pressing the button twice at the start and end of the duration, such that the time interval between the first two and last two button presses corresponded to the required duration (Supplementary Figure S1A). The durations to be produced were 2, 3, 4, 5, 6, 7, and 8 s. Patients were not provided with feedback on their produced duration. Each duration was repeated thrice (total: 21 repetitions), with the trial order randomized and counterbalanced among participants. Data for the time production task were calculated by the duration produced compared to the specified number of seconds, expressed as a percentage.

The time bisection task comprised two phases: learning and test (Supplementary Figure S1B). In the learning phase, circles appeared on the screen for a long (8 s) or short duration (2 s). These were considered the “standard durations.” During the learning phase, each standard (long and short) was shown on the screen 10 times, for a total of 20 repetitions. In the test phase, the circles were shown for durations of 2, 3, 4, 5, 6, 7, or 8 s. In each trial, subjects were asked to indicate whether the duration shown was “closer to the short standard” or “closer to the long standard.” Each duration was repeated five times in the test phase (35 repetitions), and the trial order was randomized. Results for the bisection task were calculated as the proportion of “long” responses shown as a percentage.

The time reproduction task was conducted to examine the role of short-term memory in the sense of time duration. A circle was shown on screen for a specified duration at the beginning of each trial. After the sample disappeared from the screen, patients reproduced the circle presentation duration by pressing the button twice, one for start and another for end, so that the time interval between the two button presses corresponded to the patient’s estimate of the duration (Supplementary Figure S1C). The durations of 2, 3, 4, 5, 6, 7, and 8 s were presented in each trial. The patients had no way of knowing the actually presented duration of the circle. Each duration was repeated thrice (total: 21 repetitions), and the trial order was randomized. Results on the time reproduction task were calculated by the duration estimated by the patients compared to the actual duration, expressed as a percentage.

To examine basic motor function, a simple reaction task was conducted. Patients were instructed to press a response button using their dominant hand as soon as a figure (circle) appeared on the computer screen. The same trial was repeated thrice per session. To assess whether DBS affects spatial sense processing, we conducted the length production task. The patients were asked to move a circular figure on the computer screen 10 cm to the right in the absence of any distance measuring cue. The same trial was also repeated thrice per session. Results for the length production task were calculated as the patient’s estimate of 10 cm compared to an actual distance of 10 cm, expressed as a percentage.

The order of the three temporal tasks was randomized among patients. The simple reaction and length production tasks were done after the temporal tasks. No feedback was provided to patients in all tasks.



Statistical analyses

To examine an effect of repetition and trial order of the same tasks, a paired t-test was performed to analyze differences between the On-1 and On-2 conditions in each index in group A. Using an unpaired t-test, we analyzed the difference between the On-2 condition in group A and that in group B, and the difference between the Off conditions of the two groups. Next, after the On condition (On-2 condition in group A and On condition in group B) and Off condition (Off condition in group A and group B) data were averaged separately, we analyzed differences between the On and Off conditions using the paired t-test. All tests were two-tailed. Results are shown as mean ± standard error of the mean (SEM). Statistical significance was set at adjusted p < 0.05. SPSS version 26 for Windows (IBM, Inc., Chicago, IL, United States) was used for the analyses.




Results


Time production task

In both groups, the produced time durations in the Off condition were shorter than those in the On condition (Supplementary Figure S2). In group A (n = 14), there was no difference between the On-1 and On-2 conditions. Furthermore, there was no difference between the On-2 condition in group A and the On condition in group B, nor was there a difference in the Off condition between the two groups. When the On condition (On-2 condition in group A and On condition in group B) and Off condition (Off condition in the groups A and B) data were averaged separately, there were significant differences between the On and Off conditions. The durations in the Off condition were significantly shorter than those in the On condition for all task durations (2, 3, 4, 5, 6, 7, and 8 s) (2 s: t27 = 3.997, p < 0.0001; 3 s: t27 = 7.092, p < 0.0001; 4 s: t27 = 7.649, p < 0.0001; 5 s: t27 = 8.902, p < 0.0001; 6 s: t27 = 8.756, p < 0.0001; 7 s: t27 = 8.729, p < 0.0001; 8 s: t27 = 9.955, p < 0.0001) (Figure 2).
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FIGURE 2
 Results of the time production task. Paired t-tests were performed across the two groups. The duration in the Off condition was shorter than that in the On condition for all task durations. Error bars show standard error mean (SEM). Asterisks indicate significant differences (p < 0.0001).




Time bisection task

In both groups, the proportion of “long” response for the 2 s duration was 0%, and the proportion for 6, 7, and 8 s were 100%, in both the Off and On conditions (Supplementary Figure S3). In group A, there were no significant differences between the On-1 and On-2 conditions, between the On-2 condition in group A and the On condition in group B, or between the Off condition in the two groups. After the On condition and Off condition data were averaged separately, the paired t-test revealed no significant difference between the On and Off conditions for all task durations (2–8 s) (Figure 3).
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FIGURE 3
 Results of the time bisection task. Across the two groups, repeated measures analysis of variance (RM-ANOVA) showed that there were no main effects of STN-DBS for all durations (2, 3, 4, 5, 6, 7, and 8 s). Error bars show SEM.




Time reproduction task

In both groups, there was no difference in reproduced durations between Off and On conditions (Supplementary Figure S4) on all tasks. There was no significant difference between On-1 and On-2 conditions in group A, between the On-2 condition in group A and the On condition in group B, or between the Off conditions in the two groups. Finally, there was no difference between the On and Off conditions for all task durations (2–8 s) (Figure 4).
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FIGURE 4
 Results of the time reproduction task. Across the two groups, repeated measures analysis of variance (RM-ANOVA) showed that there were no main effects of STN-DBS for all task durations (2, 3, 4, 5, 6, 7, and 8 s). Error bars show SEM.




Length production task

In both groups, there was no difference in the estimated lengths between Off and On conditions (Supplementary Figure S5). In group A, there was no significant difference between On-1 and On-2 conditions, between the On-2 condition in group A and the On condition in group B, or between the Off condition in the two groups. Overall, there was no difference between the On and Off conditions (Figure 5A).
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FIGURE 5
 Results of (A) length production and (B) simple reaction tasks. Across the two groups, paired t-tests showed that there was no difference in the duration between Off and On conditions in both the length production and simple reaction tasks. Error bars show SEM.




Simple reaction task

There was no difference in reaction time for the simple reaction task between the Off and On conditions (Supplementary Figure S6). In group A, there was no significant difference between On-1 and On-2 conditions, between the On-2 condition in the group A and the On condition in group B, or between the Off condition in the two groups. There was no significant difference in reaction time between the On and Off conditions (Figure 5B).




Discussion

The current study investigated the role of STN in temporal sensory processing especially in the sense of time, by manipulating STN function in PD patients off medication. Only the time production task showed a change with STN-DBS, with the estimate of time duration becoming shorter when STN-DBS was turned Off. In contrast, in the time bisection and time reproduction tasks, there was no difference between the Off and On conditions. These indicate that the functional manipulation of STN mainly affected the time production task, or the exteriorization (read out) of reference memory formed by experience, but not the temporal processing for time bisection and reproduction.

The bisection task requires subjects to remember long/short durations during the learning session and then judge the present time duration in reference to the learned duration during the test session, after the clock stage processing has been completed, and only engages reference memory to a small extent. Lack of effect of STN-DBS on the bisection task implies that the internal clock speed, or the “scale” used to perceive and estimate the present time duration, is not affected by STN-DBS. Rather, the difference in results among different temporal tasks can be ascribed to STN-DBS affecting the time representation in the memory stage, which may be classified into two types: reference and short-term memory. The production task would mainly require referral to and retrieval from reference memory but does not engage short-term memory (read out). In contrast, in the reproduction task, the time reproduced will be close to the veridical time duration as long as it is encoded and reproduced using the same clock; short-term memory but not reference memory in long-term memory is mainly used to perform the task. The effect of STN-DBS on the production task suggests that STN-DBS affects the reference memory processing in the memory stage (long-term memory). In contrast, lack of STN-DBS effect in the bisection task suggests that STN does not affect short-term memory processing. The effect of STN-DBS was even less evident in the reproduction task, suggesting that STN-DBS does not affect short-term memory processing. Our results thus suggest that reference and short-term memory may be affected differently during temporal processing in PD.

Meanwhile, the lack of STN-DBS effect on the length production and simple reaction tasks suggest that STN-DBS does not affect spatial representation and basic motor function. Since all the temporal tasks in this study involved button presses and were dependent on motor function, we have to differentiate whether the effect of DBS was specific to temporal processing or was rather due to its effect on basic motor function. We assumed that if PD affected basic motor function and that the main reason for the altered task performance in PD patients was the result of this or the effect of DBS on motor function, it would affect motor function to a similar degree in all temporal tasks (production, reproduction, and bisection), with similar results in all three tasks, but this was not the case. On the other hand, the fact that there was no effect of DBS On/Off in the simple reaction task suggests that, at least, the influence of DBS on basic motor function as assessed by the speed of button responses was minimal.

The basal ganglia-thalamocortical circuit comprises the direct, indirect, and hyper-direct pathways. In the direct and indirect pathways, the striatum is the input stage, whereas internal segments of the globus pallidus (GPi) and the substantia nigra pars reticulata (SNr) constitute the output stages of the basal ganglia. The indirect pathway leads from the striatum to the external segment of the globus pallidus (GPe) and STN, which in turn project to the GPi and SNr. Here the STN is positioned as an important relay nucleus (Albin et al., 1989; DeLong, 1990), receiving excitatory input from the cerebral cortex and inhibitory input from the GPe, and sends excitatory projections to the GPe, GPi, and SNr. Furthermore, via the hyper-direct pathway, STN receives inputs directly from the frontal areas involved in inhibition and executive control (Jahanshahi, 2013).

In PD, dopamine depletion in the striatum leads to decreased activity of neurons in the direct pathway and increased activity of neurons in the indirect pathway, resulting in increased activity of the GPi, decreased activity of the GPe, and increased activity of the STN (Miller and DeLong, 1988; Bergman et al., 1990). STN-DBS inhibits the overactivity of the STN (Breit et al., 2004). This inhibition may affect the pathways that project to the GPi and SNr and affect higher order functions, mainly the prefrontal cortex in the basal ganglia-thalamo-cortical circuit (Alexander and Crutcher, 1990; Oswal et al., 2013; Terao et al., 2021). Our findings suggest that the role of the STN in temporal sense processing may be reference to the time representation in long-term memory. Conversely, STN-DBS may have little effect on the function of perceiving the present time duration and may also have little effect on maintaining temporal short-term memory for performing the time reproduction task. Consistent with these views, a study showed in primates that L-DOPA treatment ameliorated PD signs, particularly akinesia/bradykinesia, and normalized cortically evoked responses in both the GPi and GPe, whereas STN blockade by muscimol injection ameliorated motor deficits and unmasked cortically evoked inhibition in the GPi (Chiken et al., 2021).

Based on this neural network, we may speculate how the coding of time representation in the short-and long-term is differently implemented by the basal ganglia thalamo-cortical circuit, leading to the differential effect of STN-DBS on different temporal tasks. Two memory-related brain structures are involved in temporal processing: the prefrontal cortex and the hippocampus. Honma et al. previously showed that the time scale representation for time sense, possibly in the long-term temporal memory, is abnormally shortened in PD patients (Honma et al., 2021), and this false learning of time scale learning may be consolidated by quadripulse transcranial magnetic stimulation over the prefrontal cortex (Honma et al., 2022). This may be stored in the prefrontal cortex as a form of temporal long-term memory, and may be directly affected by the functional manipulation induced by STN-DBS. Another pathway projecting from the striatum through the hippocampus to SNr bypasses STN, but projects to the thalamus and is relayed through the cortex. The time representation in short-term memory using this pathway may be less affected by PD or by the functional manipulation of STN-DBS.

This study has several limitations. The primary effect of STN DBS is on motor symptoms of PD patients (Hariz and Blomstedt, 2022). In the present study, we assessed basic motor function by using the simple reaction task and found no effect of DBS-STN on it. However, this task represents only one aspect of the overall motor symptoms. In the future, it may be necessary to use a more extensive experimental measure to assess motor symptoms, such as the UPDRS part-III for On/Off conditions in each subject. Second, it is possible that DBS-STN influenced patients’ emotional/psychological state. For example, the temporal processing may have been highly affected by the presence of unpleasant symptoms (Mella et al., 2019). Experiments with designs controlling for the DBS-STN effects on emotional/psychological state would need to be conducted. Third, all of the temporal tasks in this study were related to the visual domain. Temporal processing has been shown to have a more strong effect in the auditory domain (Wehrman and Sowman, 2021). Using a task that estimates the duration of sounds instead of visual signal might produce more robust results. Fourth, the sex of the patients in this experiment was biased for males. Since gender differences are known in time perception (Geer et al., 1964; Hancock et al., 1992), it would be important for future studies to conduct an experiment with subjects of both genders of equal sample size. Fifth, only medications related to Parkinson’s disease were discontinued in the current study. Half-lives of some medicines may be so long as to be confounding variables, and non-Parkinson’s disease-related medications could easily impact time perception. Some subjects also had comorbid symptoms or diseases other than PD, which may have also affected their time perception. Finally, the present study was necessarily performed in PD patients treated with DBS because the DBS-STN is not performed in healthy subjects. PD thus becomes the only human model, but since time can be distorted by a degenerative neurologic conditions, any conclusions are very tentative. Studies using primate models of Parkinsonism have provided insights into the mechanism of action of DBS in PD, in which STN DBS has been suggested to functionally interfere the function of the overactive STN-GPi/SNr pathway, which works to normalize the function of basal-ganglia thalamocortical pathway (Albin et al., 1989; Bergman et al., 1990; Calabresi et al., 2014; Pappas et al., 2014). However, DBS has not been studied in the context of time perception, partly since temporal sense in humans and primates may not be equated, and the size differences between rodent and primate anatomy makes it difficult to translate the findings from rodents to humans (Hardman et al., 2002). In the future, temporal sense experiments using DBS-STN in animals will be necessary.



Conclusion

This study examined the role of STN in the temporal sense processing in the few seconds range in PD patients using three temporal processing tasks. Unlike the hundreds of milliseconds range addressed in previous study (Cope et al., 2014), STN-DBS affects temporal sense in the seconds range but only for the performance of the temporal production task (Rao et al., 2001; Meck et al., 2008). STN-DBS may enhance the function of the prefrontal cortex through the basal ganglia-thalamo-cortical circuit, and improve access to memory representation (time scale) for reading out time duration using reference memory.
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