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Objectives: Multiple step saccades (MSSs) are an atypical form of saccade that consists of a series of small-amplitude saccades. It has been argued that the mechanism for generating MSS is due to the automatic saccadic plan. This argument was based on the observation that trials with MSS had shorter saccadic latency than trials without MSS in the reactive saccades. However, the validity of this argument has never been verified by other saccadic tasks. Alternatively, we and other researchers have speculated that the function of MSS is the same as that of the corrective saccade (CS), i.e., to correct saccadic errors. Thus, we propose that the function of the MSS is also to rectify saccadic errors and generated by forward internal models. The objective of the present study is to examine whether the automatic theory is universally applicable for the generation of MSSs in various saccadic tasks and to seek other possible mechanisms, such as error correction by forward internal models.

Methods: Fifty young healthy subjects (YHSs) and fifty elderly healthy subjects (EHSs) were recruited in the present study. The task paradigms were prosaccade (PS), anti-saccade (AS) and memory-guided saccade (MGS) tasks.

Results: Saccadic latency in trials with MSS was shorter than without MSS in the PS task but similar in the AS and MGS tasks. The intersaccadic intervals (ISI) were similar among the three tasks in both YHSs and EHSs.

Conclusion: Our results indicate that the automatic theory is not a universal mechanism. Instead, the forward internal model for saccadic error correction might be an important mechanism.
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1. Introduction

Saccades are rapid eye movements that direct the fovea onto various interested objects. A typical saccade comprises of a primary saccade which could cover all or most distance from the fixation point to the target, which might be followed by a saccade with small-amplitude corrective saccade (CS) if required. Nevertheless, eyes do not always jump with the typical style but occasionally with a series of at least two smaller amplitude (hypometric) saccades, i.e., multiple step saccades (MSSs) (Troost et al., 1974). It has been reported that the incidence of MSS is sex independent (Ma and Zhang, 2022) but age-related with an asymmetric “U” shape (Van Donkelaar et al., 2007; Litvinova et al., 2011; Ma and Zhang, 2022). This “U” shape consists of two processes, i.e., the developmental process from young childhood to adulthood and the natural degeneration process from adulthood to elderly (Van Donkelaar et al., 2007; Litvinova et al., 2011; Ma and Zhang, 2022). Moreover, the incidence of MSS significantly increases in patients with neurodegenerative diseases, particularly in Parkinson’s disease (PD) patients (Jones and DeJong, 1971; Corin et al., 1972; Troost et al., 1974; Teräväinen and Calne, 1980; White et al., 1983; Hotson et al., 1986; Lueck et al., 1990, 1992; Van Gisbergen et al., 1992; Kimmig et al., 2002). Therefore, it has been argued that MSS could be a behavioral biomarker for the early diagnosis of PD (Blekher et al., 2009; Ma et al., 2022).

Despite the advanced knowledge of the relationship between the rate of MSS and age, sex and neurodegenerative diseases, the neural mechanisms underlying MSS generation are less studied. To the best of our knowledge, it has only been argued in one study that the occurrence of MSS was due to a automatic saccadic plan (Van Donkelaar et al., 2007). This argument was based on the observation that trials with MSS had shorter saccadic latency than trials without MSS in a visually guided reactive saccade task (Van Donkelaar et al., 2007). However, the validity of this argument has never been verified by other saccadic tasks, e.g., voluntary saccade tasks such as anti-saccades and memory guided saccades. Alternatively, since the function of MSS has been considered to be the same as CS, i.e., to rectify the spatial errors of saccades (Becker and Fuchs, 1969; Oliva, 2001), saccadic error correction by a forward internal model, i.e., predicting future sensory inputs from the combination of the current state of the saccadic system and an efference copy of the current saccadic command (Wolpert et al., 2006). Might be a possible mechanism for MSS generation (Kawato, 1999; Mehta and Schaal, 2002). The rationale of the forward internal model requires two internally generated signals, i.e., the desired (intentional) and actual (executional) eye displacement signals, to generate an error signal and trigger MSS (Robinson, 1973; Kawato, 1999; Mehta and Schaal, 2002; Wolpert et al., 2006).

To verify the validity of automatic theory and examine the internal model hypothesis, we compared the saccadic latency between trials with and without MSS in three tasks (verifying the automatic hypothesis) and compared the intersaccadic intervals (ISI) among three tasks as well as between MSSs and CSs in the prosaccade task.



2. Materials and methods


2.1. Participants

Fifty young healthy subjects (YHSs) and fifty elderly healthy subjects (EHSs) were recruited in the present study. The demographics of the participants in the present study are shown in Table 1. We recruited the subjects from the college and residential community. We ascertained the sample size by G-power software (Faul et al., 2007), with an effect size of 0.45, α of 0.05, β of 0.1 and power of 1-β of 0.9. In addition, each participant has completed the Folsteinmini-mental state examination (MMSE) with a minimum score of 27 to exclude the effect of cognitive impairments. All participants had normal or corrected-to-normal vision. All participants were informed about the requirement to perform each task and provided written consent to take part in the study. However, they did not know anything about the purpose of the experiments.


TABLE 1    Demographic and clinical characteristics of the subjects.
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2.2. Experimental design

We employed three saccade tasks, i.e., the pro-saccade task (PS), anti-saccade task (AS) and memory-guided saccade task (MGS), in the present study. Each task was run in separate blocks, and each block consisted of 40 trials. In addition, the orders of different blocks were counterbalanced from PS, AS, and MGS among participants. Each participant spent approximately 15 min to complete the experiment.


2.2.1. Pro-saccade task

Figure 1A Each trial began with a white cross appearing at the center of screen for 800 ms. The participant needed to stare at the white cross within 800 ms (check window 4° in radius) and remained fixation for 300 ms, and then the white cross disappeared. Simultaneously, a white dot (saccadic target) randomly appeared at one of four peripheral locations with 10° eccentricity. The participants were required to make a saccade toward the target as quickly and precisely as possible. The target disappeared only after the eye got into and held in the check window (radius: 4°) for 300 ms. The size of the fixation points and target were 1° in length or diameter, respectively. The inter-trial interval was 800 ms with an interposed blank screen.
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FIGURE 1
Schematic illustration of saccadic tasks. White crosses and circles represent fixation points and targets, respectively. The white arrow represents the required saccade. (A–C) Represents pro-saccade task (PS), anti-saccade task (AS) and memory-guided saccade task (MGS), respectively. (D,E) Represents exemplified eye position of one YHS and EHS in PS, respectively. X-axis indicates the time (ms) aligned with the stimulus onset. Y-axis denotes the eye position. Black, red, green, and blue traces indicate single saccades, one primary saccade followed by a CS and saccades with 2 or 3 MSSs, respectively.




2.2.2. Anti-saccade task

Figure 1B The AS task consisted of the same sequence of events as in the PS task, except that the participants were asked to make a saccade toward the opposite direction (mirror location) of the target.



2.2.3. Memory-guided saccade task

Figure 1C Each trial began with a white cross (fixation point) appearing at the center of the screen. Participants needed to look at the fixation point as soon as possible (within 800 ms) after its appearance and remained fixated (check window 4° in radius) as long as it was on. After 600 ms, a white dot (target) randomly appeared at one of four peripheral locations (right, left, up and down; eccentricity of 10°) for 500 ms. Participants were required to keep the central fixation for an additional 600 ms (memory period) and remember the target location. Participants were required to make a saccade toward the remembered target location only until the fixation point disappeared. The size of the fixation points and target in MGS were the same as those in PS. The inter-trial interval was 800 ms with an interposed blank screen.




2.3. Data acquisition

We employed a head-restrained infrared video-based eye tracker (EM-2000R, Jasmine Science and Technology Ltd., Beijing, China; Eye Link 1000 desktop mount, SR Research, Ltd., Ontario, Canada). The sample rate of the eye tracker was 1 kHz. Participants were seated in a dark room 57 cm away from the monitor (XL2720-B; 27-inch; refresh rate: 100 Hz resolution: 1920 × 1080). We calibrated the eye tracking system before each experiment for each participant by having the participants fixating at nine locations (composed of a 3 × 3 rectangle). The luminance of background and visual stimuli were 0.08 and 23.9 cd/m2, respectively. In the present study, we employed MATLAB (R2009b; MathWorks, Natick, MA, USA) with Psychtoolbox (PTB-3) running on a Windows system PC (HP) to control stimuli presentation and behavioral data collection.



2.4. Quantitative measures of MSS

We employed the similar criteria as being reported by our laboratory for the quantitative measurements of MSS and CS in the PS task (Ma et al., 2022). In PS, MSS was defined as if a saccadic event met any one of the following criteria: 1. The saccadic number within the saccadic event is ≥ 3; 2. The saccadic number within the saccadic event is two, and the amplitude of the first responsive saccade is < 7°; 3. The saccadic number within a saccadic event is two, the amplitude of the first responsive saccade is ≥ 7°, and the amplitude of the secondary saccade is ≥ the threshold, i.e., mean + 1.5*std of the secondary saccadic amplitudes. The directions of all mentioned saccades are the same. As for the definition of MSS in AS and MGS, we considered all small amplitude saccades (> 1°) as MSS. The percentage of the distance to the target was covered by the single saccade and MSS was 97.6 and 63.5% in PS, 86.9 and 73.8% in AS, 88.4 and 66.8% in MGS for YHS; 85.5 and 68.8% in PS, 84 and 62.4% in AS, 75.3 and 65.9% in MGS for EHS. The exemplified eye positions were shown in Figures 1D, E for a YHS and EHS in PS, respectively. Black, red, green, and blue traces indicate single saccades, one primary saccade followed by a CS and saccades with 2 or 3 MSSs, respectively. Meanwhile, to compare the saccadic latencies of trials with and without MSS, we defined trials without MSS in PS, AS and MGS separately. The trials without MSS in PS were single saccades or one primary saccade followed by one small CS, whereas the trials without MSS in AS and MGS tasks were single saccades. The latencies of saccades in the same direction were compared between trials with and without MSS. To ensure a sufficient number of trials during this analysis, we set 4 as the minimum trial number for trials with or without MSS. The aim of this analysis is to compare the saccadic latency between trials with and without MSS. Therefore, we set the minimum number of trials with MSS not less than 4, to ensure there are enough trials in each group, particularly in group with MSS, for making comparison. We also made the same analysis with the minimum number of trials with MSS being 5, 6, and the results were similar. We could not set the minimum number of trials with MSS any bigger, because the incidence of MSS was lower as we show in below. The average number of trials with/without MSS was 4/34, 4/33, and 8/28 in PS, AS, and MGS for YHS; 7/29, 8/24, and 6/25 in PS, AS, and MGS for EHS. Thus, the number of subjects used in this analysis was 10 and 25 in PS, 38 and 26 in AS, and 20 and 19 in MGS for YHS and EHS, respectively. The ISI was the time from the end of the preceding saccade to the start of the present saccade.

In addition, since the total number of trials in each session was 40, to ensure that there was a sufficient number of correct trials for data analysis, the incidences of MSS and CS were calculated when the correct rate of a session was ≥ 50%. The correct rate was defined as the number of correct/required saccades divided by the total number of trials. We firstly calculated the correct rate in each task for individual subject. Then, calculated the incidence of MSS only when the correct rate was ≥ 50%. We also calculated the mean correct rates in the PS, AS, and MGS tasks, and resulted with 96.91, 77.64, and 57.05% for the YHS group and 93.62, 54.64, and 44.88% for the EHS group, respectively. To assure our analysis is valid, i.e., with a sufficient number of trials, we pooled the four directions together and calculate the incidences and ISIs of MSS.



2.5. Statistical analysis

The Kruskal–Wallis test was applied to determine the significant difference of the incidence of MSS and the ISI among three tasks and two groups of subjects, respectively. This was corrected by the Bonferroni correction with α being set to 0.05. If there were significant differences among PS, AS, and MGS tasks and YHS and EHS, a post hoc test was performed to determine the significance between each pair of participants either by the Wilcoxon rank-sum test for unpaired data or by the Wilcoxon signed-rank test for paired data.



2.6. Data/Code availability statement

The data and code used in this study are available from the first and corresponding author upon reasonable request.




3. Results


3.1. The saccadic latency is shorter in trials with MSS than without MSS in PS but similar in AS and MGS

To examine whether the automatic theory is universal for the generation of MSS, we compare the saccadic latency between trials with and without MSS in three tasks (Figure 2). Our data show that in PS, the saccadic latency in trials with MSS was significantly shorter than that without MSS in both YHS and EHS (Figure 2A, p = 0.048, effect size = 0.3 and p = 0.009, effect size = 0.25 for YHS and EHS, Wilcoxon signed-rank test); however, in AS and MGS, the saccadic latency was similar between trials with and without MSS in both YHS and EHS (Figures 2B–C), AS task, p = 0.32 and p = 0.21; MGS task, p = 0.83 and p = 0.47 for YHS and EHS, Wilcoxon signed-rank test). Such results indicated that the automatic theory is not applicable for the generation of MSS in AS and MGS.
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FIGURE 2
The comparison of saccadic latency between trials with and without MSS. X-axis represents the saccadic latency of trials without MSS whereas Y-axis represents the saccadic latency of trials with MSS. Red and green circles indicate data of YHS and EHS, respectively. N denotes the number of subjects. (A–C) Represents data from pro-saccade task (PS), anti-saccade task (AS), and memory-guided saccade task (MGS), respectively. Saccadic latency of trials with MSS is shorter than that without MSS in PS, whereas saccadic latencies are similar between trials with and without MSS in AS and MGS (Wilcoxon sign-rank tests). YHS, young healthy subjects; EHS, elderly healthy subjects.




3.2. The ISIs of the MSS are similar among the three tasks

The signature of error correction by the forward internal model is to make a comparison between the desired and executed saccades (Kawato, 1999; Mehta and Schaal, 2002). Therefore, we assume that MSS is generated by internal model for saccadic error correction. If such assumption is held, the ISIs of MSS should be shorter than the latency of externally triggered saccades, i.e., single saccades and one primary saccade followed by one CS, because the latter is involved in the process of visuomotor transformation and needs longer time to be completed. The primary/first saccades in the present study are typically visual triggered saccades. Thus, we made comparison between the mean ISIs of MSSs and the mean latency of the first saccades including trials with and without MSS in the same task and same subject. Indeed, our data show that ISIs remain at a similar level (∼120 ms) among PS, AS and MGS in YHS and EHS (Figure 3, black symbols, p = 0.15 and p = 0.30 for YHS and EHS, Kruskal–Wallis test, corrected by Bonferroni correction). Meanwhile, when comparing the mean ISIs of MSSs with the mean saccadic latency in the same task and subjects, the former was found to be significantly smaller than the latter (Table 2, PS, YHS: p = 8.9e-12, effect size = 0.70, EHS: p = 1.03e-17 and effect size = 0.92; AS, YHS: p = 5.2e-15, effect size = 0.83, EHS: p = 2.3e-15, effect size = 0.92; MGS, YHS: p = 1.9e-13, effect size = 0.86, EHS: p = 1.3e-12, effect size = 0.90).


[image: image]

FIGURE 3
ISIs of MSS and CS among three saccadic tasks. X-axis represents YHS and EHS. Y-axis represents ISI. The ISIs of MSS and CS were indicated by black and gray color, respectively. The ISIs of CS were significantly higher than that of MSS. Black circle, square and triangle indicate the ISIs of MSS in PS, AS, and MGS, respectively. The ISIs of MSS among three tasks remain similar in both YHS and EHS. Error bars show the standard error of the mean; ***denotes p < 0.001, n.s. denotes no significant difference (Wilcoxon rank-sum and Kruskal–Wallis test).



TABLE 2    ISIs of MSS and primary saccadic latency of YHSs and EHSs.

[image: Table 2]

In addition, the small amplitude of saccades in PS have been separated into MSS and CS according to our criterion (see section “Materials and methods” for detailed information). Thus, we also compared the mean ISIs of the MSS with the mean ISIs of the CSs in the same task and same subjects. Our results show that the mean ISIs of MSS were significantly shorter than those of CSs (Figure 3, black and gray circles, p = 4.3e-05, effect size = 0.30 and p = 5.3e-15, effect size = 0.40 for YHS and EHS, Wilcoxon rank-sum test).

Our results showed that: (1) the mean ISIs of MSS among PS, AS and MGS remained in a similar level; (2) the mean ISIs of MSS were smaller than that of CS; (3) the mean ISI of MSS were smaller than the latency of first/primary saccades. These results support the internal model hypothesis.



3.3. The incidences of MSS in voluntary saccades are higher than those in reactive saccades

It is well known that subjects make more spatial errors in voluntary saccades (e.g., AS and MGS) than in reactive saccades (e.g., PS) (Munoz et al., 1998; Amador et al., 2006; Gurvich et al., 2007; Blekher et al., 2009; Ka et al., 2016; Mack et al., 2020). One important mechanism is that more oculomotor structures are necessarily involved in the control of voluntary saccades than in reactive saccades (Rottach et al., 1996). When a more complex process is used to produce saccadic commands, more spatial errors will be produced during saccadic execution. According to the working principle of internal models, we assume that there will be more MSS in voluntary saccades than in reactive saccades. To examine this assumption, we directly compared the incidence of MSS in PS with that in AS and MGS. The results show that the incidences of MSS in AS and MGS were significantly higher than those in PS (Figure 4, PS versus AS, p = 1.8e-09, effect size = 0.56 and p = 1.01e-04, effect size = 0.39 for both YHS and EHS; PS versus MGS, p = 1.7e-08, effect size = 0.56 and p = 3.8e-05, effect size = 0.44 for both YHS and EHS, Wilcoxon rank-sum test), whereas there was no significant difference between AS and MGS (Figure 4, p = 0.33 and p = 0.35 for both YHS and EHS, Wilcoxon rank-sum test). Such results provide additional evidence to support our hypothesis that the generation of MSS is due to error correction by internal models.


[image: image]

FIGURE 4
The incidences of MSS among three saccadic tasks. X-axis represents YHS and EHS. Y-axis represents the fraction of MSS. Black circle, square and triangle indicate the incidences of MSS in PS, AS, and MGS, respectively. The incidences of MSS in AS and MGS are higher than that in PS, whereas there is no significant difference between the incidence of MSS in AS and MGS. Error bars show the standard error of the mean; ***denotes p < 0.001, n.s. denotes no significant difference (Wilcoxon rank-sum test).





4. Discussion

In the present study, we found that, consistent with previous findings (Van Donkelaar et al., 2007), the saccadic latency in trials with MSS was significantly shorter than that without MSS in PS (Figure 2A). However, in AS and MGS, the saccadic latency was similar between trials with and without MSS (Figures 2B–C). In addition, our data showed that the ISIs of the MSS were approximately 120 ms among the three tasks in the YHS and EHS (Figure 3), which was significantly shorter than the saccadic latency of the primary/first saccade (Table 2) and the ISIs of the CS (Figure 3). Furthermore, our results showed that while the MSS incidences were similar between AS and MGS, they were significantly higher than those in PS (Figure 4). Based on these findings, we conclude that the automatic theory is not universally applicable to the generation of MSSs; alternatively, they are generated by error correction during execution of saccades (e.g., forward internal model).


4.1. Automatic theory is not universally applicable for the generation of MSSs

Although it has been noted that the incidence of MSS could be a behavioral biomarker for the diagnosis of neurodegenerative diseases, particularly PD (Blekher et al., 2009; Ma et al., 2022), surprisingly, the mechanisms underlying the generation of MSS have rarely been studied. To the best of our knowledge, only one study argued that the occurrence of MSS was due to the automatic saccadic plan (Van Donkelaar et al., 2007). This argument was based on the observation that trials with MSS had shorter saccadic latency than trials without MSS in a visually guided reactive saccade task (Van Donkelaar et al., 2007). However, whether the automatic theory is universally applicable in the generation of MSSs has never been verified by other saccadic tasks. In the present study, we addressed this question by comparing saccadic latencies between trials with and without MSS in three tasks, including reactive saccades (i.e., PS) and voluntary saccades (i.e., AS and MGS). Our working hypothesis is that if the automatic theory is universally applied to the generation of the MSS, the saccadic latency in trials with the MSS would be shorter than that without the MSS in three tasks. In fact, our results show that in AS and MGS, the saccadic latency is similar between trials with and without MSS (Figures 2B–C). Therefore, our results do not support that the automatic theory is universally applicable for the generation of an MSS.



4.2. The error correction by the internal model during the execution of saccades is a possible mechanism for the generation of MSSs

We and others have proposed that the function of MSS shares certain similarities with CS, i.e., to correct the saccadic errors between desired/planned and actual/executed eye displacement (Weber and Daroff, 1972; Troost et al., 1974; Kimmig et al., 2002; Ma and Zhang, 2022). It is well known that CS could be triggered by the spatial error between saccadic endpoints and saccadic targets in prosaccades (Lanc and France, 1971; Cohen and Ross, 1978; Tian et al., 2013) or between saccadic endpoints and desired saccadic goals in AS (Hallett, 1978) and MGS (Fujita et al., 2002; Srimal and Curtis, 2010). Since saccades are toward the visual stimuli in PS, there are both internally generated MSSs and externally generated CSs. In contrast, since saccades are toward the mirror location of visual stimulus in AS and toward the remembered location in MGS, there are only internally generated error corrections, which are defined as MSS in the present study. Thus, to some extent, we assume that the neural mechanisms underpinning MSS and CS generation are varied. Regarding CS, the error signal is generated in the visual system between the fovea and the projecting location of the visual stimulus on the retina (Lanc and France, 1971; Tian et al., 2013). Regarding the MSS, the error signal is generated by the comparison between the desired/planned and actual/executed eye displacements (Weber and Daroff, 1972; Troost et al., 1974; Kimmig et al., 2002; Ma and Zhang, 2022). We argue that, in PS, the error signal of MSS is internally generated and the error signal of CS is externally generated is based on the observations of: (1) the ISIs of MSS among PS, AS, and MGS remained in a similar level; (2) the ISIs of MSS were smaller than that of CS; (3) the mean ISIs of MSS were smaller than the latency of first/primary saccades. Supportively, a line of empirical studies have found that neuronal activity reflects the real-time comparison between desired/planned and actual/executed eye positions in monkeys’ cerebellum (Catz et al., 2008; Prsa et al., 2009), and cerebellar lesions cause prolonged ISIs (Federighi et al., 2011), decreased saccadic gain (Takagi et al., 2003), and impaired saccadic adaptation (Panouillères et al., 2013). In addition, according to the results of our previous studies, we found that the incidence of MSS and CS correlate differently with aging (Ma and Zhang, 2022).

The rationale of the forward internal model requires two internally generated signals, i.e., the desired (intentional) and actual (executional) eye displacement signals, to generate an error signal and trigger the CSs (Robinson, 1973; Kawato, 1999; Mehta and Schaal, 2002; Wolpert et al., 2006). Since these two signals are generated before or during the execution of saccades, we believe that the latency to generate MSSs should be similar regardless of the saccadic tasks and shorter than that of externally triggered saccades. Indeed, our data show that (1) the ISIs of MSSs are similar (∼120 ms) among the three tasks in both YHS and EHS (Figure 3); (2) the ISIs of MSSs are significantly shorter than the latency of CS in PS (Figure 3); and (3) the ISIs of MSS are significantly shorter than the latency of primary/first saccades in the three tasks (Table 2). Such results fit well with our speculation that MSS is generated by a forward internal model for real-time saccadic error correction (Robinson, 1973; Kawato, 1999; Mehta and Schaal, 2002; Wolpert et al., 2006; Ma and Zhang, 2022).



4.3. The higher oculomotor structures in cortical and subcortical regions affect the generation of MSS

Our results show that the incidences of MSS in AS and MGS are significantly higher than those in PS (Figure 4), whereas there is no significant difference between AS and MGS (Figure 4). Such results are consistent with previous findings that MSS is more frequently observed in voluntary saccades than in reactive saccades (Kimmig et al., 2002; Blekher et al., 2009). Since the generation of voluntary saccades requires the involvement of more oculomotor structures in cortical and subcortical regions than the generation of reflective saccades (Gaymard et al., 1998; Zhang and Barash, 2000, 2004; Coe and Munoz, 2017), our results suggest that the higher-level oculomotor structures in cortical and subcortical regions affect the generation of MSS. Supportively, previous studies have found that suppressing the activity of the frontal eye field (FEF) and supplementary eye field by transcranial magnetic stimulation (TMS) increased the incidence of MSS (van Donkelaar et al., 2009). Moreover, damage of dopaminergic neurons in the basal ganglia increased the incidence of MSS, as observed in PD patients (Kimmig et al., 2002; Blekher et al., 2009) and in PD monkeys (Tereshchenko et al., 2015).

Regarding how higher oculomotor structures affect the generation of MSS, one possible explanation is that the more complicated process to produce saccadic command (e.g., in the control of voluntary saccades) will add more errors in it. As a result, more CSs are required to correct those saccadic errors so that the incidence of MSS in voluntary saccades is higher than that in reactive saccades.



4.4. Limitations of the study

Since the present study is a psychophysical experiment, we did not directly assess the relationship between neural activity and the incidence of MSS. Thus, the proposed mechanism of the forward internal model underlying MSS generation is based on the findings of previous studies on the neural control of saccades. Physiological and functional experiments to directly examine our hypothesis are required in future studies.




5. Conclusion

Our results indicate that the automatic theory is not a universal mechanism for the generation of an MSS. Instead, the forward internal model for saccadic error correction might be an important mechanism for the generation of the MSS.
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