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Multistable stimuli lead to the perception of two or more alternative perceptual experiences that spontaneously reverse from one to the other. This property allows researchers to study perceptual processes that endogenously generate and integrate perceptual information. These endogenous processes appear to be slowed down around the age of 55 where participants report significantly lower perceptual reversals. This study aimed to identify neural correlates of this aging effect during multistable perception utilizing a multistable version of the stroboscopic alternative motion paradigm (SAM: endogenous task) and a control condition (exogenous task). Specifically, age-related differences in perceptual destabilization and maintenance processes were examined through alpha responses. Electroencephalography (EEG) of 12 older and 12 young adults were recorded during SAM and control tasks. Alpha band activity (8–14 Hz) was obtained by wavelet-transformation of the EEG signal and analyzed for each experimental condition. Endogenous reversals induced gradual decrease in posterior alpha activity in young adults which is a replication of previous studies’ findings. Alpha desynchronization was shifted to anterior areas and prevalent across the cortex except the occipital area for older adults. Alpha responses did not differ between the groups in the control condition. These findings point to recruitment of compensatory alpha networks for maintenance of endogenously generated percepts. Increased number of networks responsible for maintenance might have extended the neural satiation duration and led to decreased reversal rates in older adults.
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1. Introduction

The brain, as an organ, is subject to drastic structural and functional changes across evolutionary timeline as well as during the lifespan of humans (Başar, 2011). However, there are quasi-invariant frequencies that make up the brain’s electrical activity that appear to be relatively constant. Alpha frequency is one of the most studied of such frequencies: it is observed in invertebrates (Schütt and Başar, 1992), cats (Başar-Eroglu et al., 1991), and humans alike (Babiloni et al., 2006); and subject to drastic changes during the lifespan of a human (Yordanova and Kolev, 1997; Klimesch, 1999). For instance, activity in traditional alpha band (8–14 Hz) is not observed in children until about the age of 3 (Başar, 2011). However, it becomes the predominant resting rhythm at occipital area at around 18 years of age. This is also subject to change after the age of 55, where the resting alpha activity (Knyazeva et al., 2018) as well as evoked alpha (Kolev et al., 2002) spread through the cortex including anterior areas. We argue that these age-related changes are also relevant to multistable perception where researchers repeatedly observed decrease in perceptual reversals after the age of 55 (Jalavisto, 1964; Aydin et al., 2013; Kondo and Kochiyama, 2018).

Age-related alterations in the brain can influence multiple processes that might affect the rate of perceptual reversals in multistable perception. This measure is sensitive to various changes in bottom-up and top-down processes (Leopold and Logothetis, 1999; Kornmeier and Bach, 2012) and combination of these can have additive effects on the rate of reversals (Kornmeier et al., 2009). For instance, dwell times (i.e., duration of perceptual alternatives) can be shortened by prolonged adaptation of sensory neurons to that percept (Long and Toppino, 2004), which occurs naturally during long observation periods. This process could have been altered by the increase in neural noise (Voytek et al., 2015) and changes in adaptation of neural groups in older brains (Schmolesky et al., 2000), especially at posterior areas. A previous study reported that attending to visual cues of non-dominant interpretation reduced the duration of dominant interpretation (Mathes et al., 2006). Authors argued that attentional effort facilitated perceptual reversals by increasing the strength of neural signals representing the non-dominant alternative. This could also be relevant because older adults show impaired ability to maintain the perception of ongoing alternative via attentional effort (Aydin et al., 2013). Duration of dwell times can also be manipulated by disrupting the conflict resolution between bottom-up and top-down perceptual representations by inhibiting posterior parietal activity (Kanai et al., 2010, 2011). Authors of these studies argued that parietal shrinkage in older adults might influence the same process and lead to lower reversal rates. Given the multitude of functional and structural changes in the aging brain, it is not plausible to isolate just one factor as the driver of age-related decrease in reversal rates. As previous studies suggested, spatiotemporal integration of sensory information (Kondo and Kochiyama, 2018), attentional modulation of sensory areas (Aydin et al., 2013), and neural adaptation and noise in early sensory areas (Díaz-Santos et al., 2017; Arani et al., 2018) are all considered to contribute to decreased number of reversals and/or prolonged dominance durations in older adults.

Our aim is to narrow down the effect of aging via neural adaptation processes during multistable perception. Therefore, alpha response preceding endogenous (i.e., multistable) perceptual reversals was investigated in young and older adults. This alpha response represents the adaptation and destabilization of neural populations that are involved in maintaining the perceptual alternative in consciousness (İşoğlu-Alkaç et al., 2000; Strüber and Herrmann, 2002). To measure reversal related activity, we have employed the stroboscopic alternative motion stimulus (SAM) and a control stimulus (Figure 1, see Methods and Materials for details). Presenting both stimuli allows the comparison of perceptual reversal-related activity to other activities related to attention and decision making. The control stimulus also provides behavioral measures of reaction time and accuracy which is not possible with SAM. Given the increased noise (Voytek et al., 2015) and changes in neural adaptation in occipital cortex of older human and non-human animals (Schmolesky et al., 2000; Ding et al., 2017), we expected to observe an attenuation of the occipital alpha response in older adults during endogenous reversals. We also expected a spread in alpha activity towards anterior areas to compensate for this functional decrement in older adults, as was previously shown in simple sensory stimulation studies (Kolev et al., 2002). Furthermore, the topographical shift of alpha is not expected during exogenous reversals (i.e., control condition) in older adults. In other words, we expected to observe comparable occipital alpha responses in young and older adults during exogenous perceptual reversals. Because (i) different motion directions in control condition is provided externally, this eliminates the effect of neural adaptation on perceptual awareness and (ii) the change in stimulus itself leads to stronger top-down responses which would decrease the necessity for compensatory alpha activity (Schmiedt-Fehr et al., 2009).
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FIGURE 1
 Schematic illustration of stimuli and tasks. (A) Stimulus properties. Stimulus duration was 165 ms for rectangles with two dots on corners (i.e., double dot stimuli) and 85 ms for fixation stimulus. Perception of motion direction was induced by repeated sequence of fixation, double dot, fixation, and double-dot stimuli of either vertical, horizontal, or multistable stimulus pairs. Viewing distance was 150 cm. (B) Sequence of stimulus presentation and change in perceived motion for exogenous (left) and endogenous tasks (right). Perceived exogenous vertical motion is generated by sequence of Vert1 and Vert2 stimuli and it changes to horizontal motion when sequence is changed to Horz1 and Horz2 stimuli. Onset of Horz1 marks the onset of exogenous reversal in this example. Multistable direction of motion is induced by sequences of Amb1 and Amb2 stimuli. Change in perceived motion occurs spontaneously even though display sequence remains the same. This is called as endogenous reversal (retrieved and modified from: Mathes et al., 2016).




2. Methods and materials


2.1. Participants

A total of 30 participants (15 young, 15 older) volunteered to participate in the study. Three of the older participants were excluded due to poor data quality. One young participant was also excluded as an outlier. To obtain equal sample sizes across groups, two young participants were pseudo-randomly selected and excluded from analyses. Finally, data of 12 young (3 male) and 12 older (2 male) participants were analyzed. All participants had normal or corrected to normal vision. Age groups were matched in years of education they received (Table 1). There was one left-handed participant in each group. Participants with head trauma, psychiatric diagnoses, or psychiatric medicine use were not included in the study. This study was approved by ethics committee in Bremen University and all participants signed an informed consent form before participating in the study.



TABLE 1 Summary of participant demographics.
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2.2. Stimuli

A black rectangle on a white background was centered on the computer screen. Three different sequences of stimuli were created using this base rectangle: one for endogenous multistable motion, one for vertical exogenous motion, and one for horizontal exogenous motion (Figure 1). Stroboscopic alternative motion (SAM) was created by subsequent repeated presentation of diagonal double-dot and fixation stimuli (see Supplementary Video S1). Sequence of stimulus presentation was in the following order and repeated throughout the experiment: fixation, double-dot, fixation, double-dot. Duration of each such sequence was approximately 500 ms. A slightly modified version of the SAM rectangles was used to create the control stimulus (i.e, exogenous stimulus). Double-dot stimuli were placed at either horizontal or vertical corners instead of diagonal corners for this version (Figure 1). Motion change was externally applied in exogenous stimulus display by changing the double dot stimulus sequence (see Supplementary Video S2). A computer controlled 19″ CRT (Cathode-Ray Tube) monitor was used for stimulus presentation.



2.3. Stroboscopic motion tasks

Schematic illustration of both conditions and each of the perceived motions are presented in Figure 1. The endogenous condition employed the stroboscopic alternative motion stimulus (SAM). Participants reported internally generated spontaneous reversals of the direction in motion perception by pressing a button on a custom response device. There are two visual illusions at play in this task: (1) one is the illusion of stroboscopic motion where participants perceive dots moving from one location to another and (2) the illusory alternation of the motion direction due to the diagonal positioning of the dots (Mathes et al., 2016). Participants either experience vertical or horizontal motion during continuous observation.

The exogenous condition was utilized as a control measure for the endogenous condition to ensure that participants correctly responded with a button press when perceiving a reversal of motion direction. The alteration in task design to the classical version of SAM allowed the assessment of reaction times upon externally (i.e., by stimulus change) triggered motion reversals (Başar-Eroglu et al., 2016; Mathes et al., 2016). Similar to SAM, perceived stroboscopic motion of the exogenous stimulus was either vertical or horizontal. Number of external reversals within a minute was set to eight for the exogenous stimulus in both groups; a slightly lower number compared to previous studies in younger adults (Mathes et al., 2016). This modification was undertaken due to lower reversal rates of older adults (Jalavisto, 1964) and, thus, achieve a comparable number of reversals during the endogenous and the control condition.



2.4. Procedure and EEG recording

Participants were seated in a dimly lit, sound proof, electromagnetically shielded room. Experimenters informed participants about the endogenous SAM reversals and explained that they have to press the button whenever they experience a reversal. Participants were asked to focus to the central white dot of the stimulus throughout the experiment. Participants were trained for approximately 100 s to ensure that they understood the requirements of the two tasks. Duration of each task was 10 min, summing up to a total of 20 min.

The EEG was recorded using Ag-AgCl electrodes at F3, F4, C3, C4, P3, P4, T5, T6, O1, and O2 locations according to the 10–20 system. Earlobe electrodes were used as reference electrodes. Electrode impedances were below 5 kΩ for all electrodes. EOG was recorded from medial-upper and lateral-orbital rim of the right eye. The EEG was amplified with a Nihon Kohden (EEG-4421 G) EEG device with band limits 0.1–70 Hz. The EEG was digitized online with a sampling rate of 500 Hz. Digitized EEG was stored within a hard disc of a computer for offline EEG analysis. A 50 Hz Notch filter was applied to remove the mains interference. For the recording of EOG, the time constant 0.3 s with a low pass filter at 70 Hz was applied. All channels were displayed by a computer monitor to observe EEG activity during the recording.



2.5. Definition of epochs and artifact rejection


2.5.1. Definition of epochs containing a perceptual reversal (reversal epochs)

Segmentation procedure is outlined in Figure 2. Reversal epochs were segmented within the time window ranging from 3,000 ms before to 2,000 after the button presses reporting a perceptual reversal (Başar-Eroglu et al., 2016; Mathes et al., 2016; Rürup et al., 2020). Segmentations that contain more than one button presses were excluded. This segmentation procedure was utilized to conduct response locked averaging for the epochs of both the endogenous and the exogenous conditions.

[image: Figure 2]

FIGURE 2
 Depiction of data segmentation. Button presses are indicated with small button icons on short red bars. 3,000 ms before and 2,000 ms after the button presses were segmented for reversal epochs. Non-reversal epochs had the same duration but did not include button presses or time points from other non-reversal epochs. Baseline, pre-reversal, and reversal time windows (for details see Definition of Time Windows for Analyses) were used for averaging alpha activity (retrieved and modified from: Mathes et al., 2016).




2.5.2. Definition of epochs with no perceptual reversal (non-reversal epochs)

Onset of each double-dot display of SAM and exogenous stimulus was used for creating artificial markers on continuous EEG signal. This resulted in stimulus markers with 250 ms intervals throughout the continuous EEG session which were then utilized to extract epochs with 5 s duration that do not include button presses. Epochs that overlap with reversal epochs or with another non-reversal epoch were excluded. This resulted in non-reversal epochs that do not contain perceptual reversals. Therefore, these epochs represented perceptual stability periods.

Segmentation procedure resulted in four different set of epochs: endogenous response-locked reversal epochs, exogenous response-locked reversal epochs, endogenous non-reversal epochs, exogenous non-reversal epochs.



2.5.3. Artifact rejection

Epochs containing multiple button presses were excluded to prevent the effects of post-motor activity. Visual inspection of each trial in unstable epochs of all tasks provided the following exclusion procedure for the time window of −1,500 ms to 200 ms around the button press demarcation: All epochs with eye movement or blink artifacts were manually excluded from analyses. Large drifts and spikes (±100μV) that could result from muscle activity, sweating, ocular artifacts, and changes in conductance were excluded from analyses. Artifact rejection was followed by random epoch exclusion procedure that ensured both groups had an average of 29.4 epochs (SD = 2.28) for each task and reversal condition.




2.6. Time-frequency decomposition

Time-frequency decomposition of the EEG data was conducted via wavelet convolution in frequency domain (for details see: Cohen and Donner, 2013) utilizing custom scripts in Matlab (2018) (The MathWorks). For each participant, EEG epochs of 5 s for all conditions (reversal and non-reversal epochs) were concatenated prior to wavelet transformation and segmented again thereafter in order to reduce wavelet folding artefacts. Selected electrodes were F3, F4, C3, C4, P3, P4, O1, and O2. Then complex wavelets were constructed and scaled for each frequency by:
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Where t is time, f is frequency, [image: image] scales the gaussian window of the complex wavelets according to n, which is the number of wavelet cycles. Frequencies ranged from 8 to 14 Hz in 0.25 steps. Number of wavelet cycles was n = 7. Complex wavelets were normalized to have unit energy. The concatenated signals and the complex wavelets were then transformed into frequency domain using the built-in Fast Fourier transform algorithm (fft.m function in MATLAB; Frigo and Johnson, 1998) in Matlab (2018). Fast Fourier transform (FFT) is defined (Eq. 3) for vector x and n sampling points by:

[image: image]

Where [image: image] is one of n complex roots of unity and i is the imaginary unit. Resulting power spectrums of the signal and the complex wavelets were then multiplied. Result of this multiplication was transformed into time domain using the built-in inverse FFT (iFFT) algorithm in Matlab (2018). Using the same definitions above, with vector x, n sampling points, and [image: image]; iFFT is defined by:

[image: image]

The resulting complex signal was then reshaped into a format where conditions, trials, and time points are separated, identical to the signal format before concatenation. Then frequency-band specific power A was calculated for each participant at each time point, and averaged over trials in each condition by:

[image: image]

Where Z is the complex signal, t is time, and n is the total number of trials of a participant in a given condition.

To illustrate the changes in oscillatory activity in reversal epochs relative to non-reversal epochs, baseline normalization was conducted separately for each participant, each task, and channel. In accordance with previous studies, it was decided to take averaged values of non-reversal epochs as the baseline activity instead of assessing remote time points within the unstable epochs (Mathes et al., 2014; Başar-Eroglu et al., 2016; Mathes et al., 2016). Baseline windows started 500 ms before the epoch marker (0 ms) and ended at the zero-time point. Power values within the baseline time window were averaged across time points for each frequency, resulting in one mean value for each frequency (Cohen, 2014). Each of the baseline values were then log transformed and subtracted from each log transformed spectral estimate of averaged unstable epochs for each task and participant (Eq. 6). This procedure created baseline normalized time-frequency power values for each participant and task. Relative change in activity in unstable epochs was represented in decibels (dB):

[image: image]

Normalized time-frequency power values were then averaged within the specified time windows for alpha band and used in statistical analyses. The center frequency for the alpha band was set to 11 Hz for all participants, and 95% of its activity included the activity between 7.87 and 14.13 Hz (see Supplementary Figure S1). This range was defined as two standard deviations of the wavelet in the frequency domain. Given that wavelet cycle was set to 7, current center frequency (11 Hz) was the only frequency in the alpha band range that includes all of the activity in traditional alpha band (8–14 Hz).



2.7. Definition of time windows for analyses

Time windows were defined according to the button press demarcation in both the exogenous and the endogenous tasks. Therefore, time intervals before the button presses are shown by minus “−” symbol to indicate their relative time point to the button press. Two time windows were defined for endogenous condition: pre-reversal (−950 to −650 ms) and reversal (−350 to −50 ms) windows. Pre-reversal period represented the activity before the perceptual reversal. This window was contrasted to reversal window so that the reversal related decrease in alpha activity could be shown. Time windows for the exogenous task were defined by sliding pre-reversal (−850 to −550 ms) and reversal (−250 to 50 ms) windows 100 ms towards the button press to account for slight time shift of oscillatory responses between the conditions (Başar-Eroglu et al., 2016; Mathes et al., 2016). A third time window, baseline window, representing the baseline activity was extracted from the 500 ms interval preceding the artificial marker of non-reversal epochs. Activity in pre-reversal and reversal windows represented reversal-related change in alpha power relative to baseline window in decibel units (dB); whereas activity in the baseline window reflected the alpha power (μV2) during perceptual stability without baseline correction. The wavelet’s width in time was estimated as the twice of its folding time exp (−2) and found to be approximately 300 ms for 11 Hz center frequency (Torrence and Compo, 1998). Each of the time intervals interjecting those three time windows of interest were longer than 150 ms, indicating that separation of the time windows were adequate.



2.8. Data analysis


2.8.1. Behavioral analyses

IBM SPSS Statistics 25 was utilized for behavioral analyses. Endogenous reversal rates were calculated by dividing the number of reversals by the number of minutes in the endogenous condition. Reversal rates were compared between age groups with an independent samples t-test and Cohen’s d was reported for effect size. Reaction time (RT), RT variability, and accuracy scores (percentage of correct responses) were compared between the age groups with the behavioral data obtained during the exogenous condition. Homogeneity of variances were violated both for reaction time (F [1, 22] = 8.915, p = 0.007) and accuracy scores (F [1, 22] = 8.131, p = 0.009). Therefore, Mann–Whitney U tests were employed to compare reaction times and accuracy scores between young and older participants.



2.8.2. Alpha time-frequency power

IBM SPSS 25 was utilized for analyzing alpha activity. Analyses were conducted on averaged electrode pairs at frontal (mean: F3, F4), central (mean: C3, C4), parietal (mean: P3, P4), and occipital (mean: O1, O2) locations. The averaged signals for each region of interest (ROI) are abbreviated as F, C, P, and O, respectively. Baseline normalized alpha time-frequency power (i.e., alpha enhancement/suppression) was computed for the pre-reversal and reversal time windows of reversal epochs. 11 Hz event-related spectral perturbations were analyzed with a three-way mixed ANOVA with age group (2 levels: young, older) as the between subjects factor, ROI (4 levels: F, C, P, O), and time (2 levels: pre-reversal, reversal) as the within subjects factors. This analysis was conducted separately for endogenous and exogenous conditions. Partial eta squared was reported as the effect size of significant main, interaction, and contrast effects. All repeated measures effects were reported assessing Greenhouse–Geisser correction to correct for violations of sphericity as indicated by Mauchly’s Sphericity test. Post-hoc comparisons following significant main or interaction effects were corrected using the Bonferroni procedure.

Planned paired samples t-tests were conducted to investigate reversal-related change in alpha power from pre-reversal to reversal window for each group, ROI, and condition, separately. Hedge’s gav was reported as effect size to correct for small sample size and paired comparisons (Lakens, 2013). These comparisons were important as they can show involvement of different alpha networks at different locations for each group and task.

Differences in alpha power in stable epochs were analyzed with two mixed ANOVAs with one between-subjects factor age group (2 levels: young, older) and one within subjects factor ROI (2 levels: F, C, P, O) for endogenous and exogenous conditions, separately. These were conducted to investigate whether there were group differences in baseline alpha activity that can influence the analysis of relative alpha activity (dB).





3. Results


3.1. Behavioral results

Group comparisons of behavioral measures and their significance levels are depicted in Figure 3. Young participants showed significantly faster reversal rates (M = 7.18 ± 1.97) compared to older adults (M = 4.83 ± 2.26) during the endogenous condition t (22) = −2.683, p = 0.014, d = 0.97. Young participants responded significantly faster to changes in motion (M = 0.58 ± 0.09) compared to older participants (M = 0.78 ± 0.22) during the exogenous condition U (Nolder = 12, Nyoung = 12) = 33, p = 0.024. Young participants were also significantly more accurate (M = 98.55 ± 3.14) compared to older participants (M = 93.46 ± 6.28) when reporting the direction of new motion after exogenous reversals U (Nolder = 12, Nyoung = 12) = 115, p = 0.01.
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FIGURE 3
 Results of behavioral comparisons. (A) Older adults had significantly slower reversal rates compared to young adults in endogenous condition. (B) Older adults were significantly less accurate than young adults while reporting the new motion direction of exogenous stimuli. (C) Older adults had slower RTs compared to young adults in exogenous condition.




3.2. Alpha modulation in endogenous task

Statistical parameters of main and interaction effects are shown in Table 2. Alpha modulation from pre-reversal to reversal window at the whole cortex is depicted in Figure 4.



TABLE 2 Summary of alpha modulation analyses (2 Group x 4 ROI x 2 Window) are shown for endogenous and exogenous conditions.
[image: Table2]
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FIGURE 4
 Reversal-related modulation of 11 Hz power. Colors indicate increase (red) or decrease (blue) of 11 Hz power during endogenous (left) and exogenous (right) conditions relative to activity in baseline window of non-reversal epochs. Reversal-related decrease in 11 Hz activity was confined in posterior areas for young adults (top) during endogenous reversals. Remarkably, this decrease was diffused throughout the cortex of older adults. 11 Hz activity was decreased at posterior locations for both groups during exogenous reversals.


Overall, modulation of alpha power was not different between the groups (main effect: Group) or regions of interest (main effect: ROI). Alpha modulation was significantly lower in reversal compared to pre-reversal window (main effect: Time). A significant three-way interaction of Time × ROI × Group was found in the endogenous condition. Furthermore, linear trends of Time and ROI showed significant group differences in temporal modulation of alpha activity across different regions of interest F (1, 22) = 11.162, p = 0.003, ηp2 = 0.337. Specifically, reversal-related decrease was higher at posterior ROIs for young adults but it was higher at anterior ROIs for older adults. These results are in line with planned comparisons that showed significant pre-reversal to reversal decrease in alpha at frontal t(11) = 4.759, p = 0.001, Hedge’s gav = 0.54, central t(11) = 3.184, p = 0.009, Hedge’s gav = 0.65, and parietal ROIs t(11) = 2.675, p = 0.022, Hedge’s gav = 0.56 for older adults; and parietal t(11) = 3.650, p = 0.004, Hedge’s gav = 0.63 and occipital ROIs t(11) = 6.707, p = 0.000, Hedge’s gav = 1.31 for young adults (Figure 5). These results show that reversal-related alpha suppression was shifted towards anterior locations in older adults. Furthermore, regression analyses have shown that relative alpha power in reversal window predicts mean dwell times with frontal ROI for older and occipital ROI for young adults (Supplementary Figure S2), exclusively.

[image: Figure 5]

FIGURE 5
 Visual depiction of EEG findings. (A) Young adults (blue line) had lower parietal and occipital alpha in reversal window (triangle: −350 to −50 ms) compared to pre-reversal window (circle: −950 to −650 ms) during endogenous (Endo.) reversals; whereas decrease occurred at frontal, central, and parietal locations in older group (red line). (B) Both groups showed similar levels of alpha activity in baseline window (square: −500 to 0 ms) of endogenous condition. (C) Alpha activity was lower during reversal (triangle: −250 to 50 ms) compared to pre-reversal window (circle: −850 to −550 ms) at parietal and occipital areas for young group during exogenous (Exo.) reversals. This decrease was observed at occipital area for older adults. (D) There were no group differences in alpha activity during baseline window of the exogenous condition. Asterisks are color matched with groups and show within group comparisons (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Error bars show %95 within subjects CI (A,C) and between subjects standard error of the mean (B,D).


Baseline alpha power was not significantly different between the groups. However, it was significantly different between ROIs F(3, 66) = 3.503, p = 0.038, ηp2 = 0.137 (Figure 5). Post-hoc comparisons have shown that frontal baseline alpha power was significantly lower than parietal baseline alpha t(23) = 3.778, p = 0.001, Hedge’s gav = 0.36. Frontal alpha was also smaller compared to central and occipital ROIs, however, these comparisons did not reach significance after correcting for multiple comparisons (p > 0.004).



3.3. Alpha modulation in exogenous task

Alpha power in the reversal window was significantly lower than the activity in the pre-reversal window (main effect: Time; see Table 2). Furthermore, the magnitude of decrease in alpha was increased linearly from frontal to occipital areas (interaction: Time x ROI) as shown by linear trend contrasts of Time and ROI F(1, 22) = 7.715, p = 0.011, ηp2 = 0.260. However, this contrast did not reach significance after Bonferroni correction (p > 0.004). Planned comparisons have shown significant parietal t(11) = 2.267, p = 0.045, Hedge’s gav = 0.64 and occipital t(11) = 2.293, p = 0.012, Hedge’s gav = 0.63 decrease in alpha activity for young adults and significant decrease at occipital ROI for older adults t(11) = 2.268, p = 0.044, Hedge’s gav = 0.74 (Figure 5).

Baseline alpha activity was not different between the groups. There was a marginally significant effect of ROI on baseline alpha activity F(3, 66) = 3.583, p = 0.049, ηp2 = 0.140 (Figure 5). Post-hoc comparisons showed that frontal baseline activity was smaller than parietal baseline activity t(23) = 3.428, p = 0.002, Hedge’s gav = 0.39. The rest of the comparisons did not reach significance after correction (p > 0.004).




4. Discussion


4.1. Behavioral performance

Healthy aging is related to decreased cognitive performance in several domains. Performance impairments are usually reported in the form of slowed reaction times (Salthouse, 1996; Schmiedt-Fehr et al., 2011) and degree of slowing increases as task difficulty increases (Grady, 1998; Anstey and Smith, 1999; Schmiedt-Fehr et al., 2009). Aging also decreases perceptual reversals (Jalavisto, 1964) even when eye movements and pupil size are controlled for Aydin et al. (2013) or multistable stimuli are auditory (Kondo and Kochiyama, 2018). Our findings have replicated the age-related decrease of perceptual reversals. Aging was also shown to slow the reaction times to stimulus triggered reversals in the exogenous task, replicating the general slowing of reaction times in aging.

It may be argued that age-related decrease in reversal rates is secondary to age-related slowing and decreased accuracy rates. However, post-hoc correlation analyses did not show such relationship between reversal rates, reaction times, and omissions (see Supplementary Table S1). It may also be argued that older participants did not understood the task and hesitated to press buttons during endogenous task. However, this assumption is not plausible for two reasons: (i) it was made sure that all participants have seen both perceptual interpretations and - by using a control stimulus - associated correct responses to each percept before experiment begins and (ii) accuracy rates during the control task were well above %80 for older group, eliminating the possibility of task not being understood by older adults. Therefore, we argue that the age difference in reversal rates stems from age-related changes in perceptual processing and not other changes such as age-related slowing.



4.2. Alpha activity during endogenous reversals

Alpha responses are involved in sensory, motor, and cognitive processes (Başar et al., 1997; Klimesch et al., 1998; Başar et al., 2000). Its sensory function is operationalized as decreased activity in modality specific area following a simple sensory stimulation (Niedermeyer, 1993; Başar and Schürrmann, 1996). Another well-established finding is the decrease in alpha activity during and/or in anticipation to various cognitive tasks (Klimesch, 1997; Babiloni et al., 2006). As Başar et al. (1997) and many other researchers pointed out, there is no single and general pattern of alpha activity that correlates with all the different cognitive processes (Klimesch, 1999; Başar-Eroglu et al., 2016). Instead, there are distinct and distributed alpha networks that respond to specific events in different alpha sub-bands (Klimesch, 1999; İşoǧlu-Alkaç and Strüber, 2006). Here, we aimed to identify the age-related changes in alpha activity which is thought to be related to perceptual maintenance and destabilization of multistable percepts.

Alpha activity displays a reliable pattern in response to perceptual reversals in multistable perception tasks. Studies conducted on healthy young adults have repeatedly shown gradual decrease in alpha activity at posterior areas that starts approximately 1 s before the motor response that indicate the reversals (İşoğlu-Alkaç et al., 2000; Strüber and Herrmann, 2002; Başar-Eroglu et al., 2016). This was considered to represent the destabilization of activity in neural populations due to adaptation. This interpretation is rooted in findings of studies with different multistable stimuli (İşoğlu-Alkaç et al., 2000), data analysis methods (Mathes et al., 2010), and brain imaging techniques (Strüber and Herrmann, 2002). Our findings replicated the gradual decrease in parieto-occipital alpha activity during endogenous reversals in young adults. However, older adults showed a topographically distinct alpha response; occipital alpha response was diminished and instead it shifted to frontal, central, and parietal areas. Furthermore, this was reflected in regression analyses such that mean dwell times were predicted by frontal alpha in older and occipital alpha in young adults (Supplementary Figure S2). These supported our hypotheses regarding the diminished occipital response and compensatory alpha activity in older adults. Analysis of baseline alpha amplitudes did not show between-group differences in alpha activity that could have affected this topographical shift. Therefore, these findings indicate an age-related change in task driven alpha responses that are independent of baseline alpha activity.

A similar age-related shift in alpha topography was reported in previous literature: Kolev et al. (2002) employed a simple visual stimulation task and reported increased alpha (7–15 Hz) amplitude and phase-locking at anterior areas of middle aged adults (mean age = 53.6 ± 2.2) compared to younger adults. Furthermore, amplitude and phase-locking at occipital location were decreased. Similar findings were obtained for auditory stimulation, anterior alpha enhancement and phase-locking was increased in middle aged adults (Yordanova et al., 1998). Kolev et al. (2002) argued that sensory information within older brains is transferred to associative areas to compensate for reduced functionality of sensory brain areas. These studies show the same topographical pattern observed in this study even though the signal decomposition and data analysis methods (e.g., digital filtering, root mean squared-enhancement factor, phase-locking) are different than the ones applied in this study (e.g., Morlet wavelet convolution, baseline normalized time-frequency power). This indicates to a general age-related cortical reorganization of alpha networks in sensory and perceptual processing.

Studies on different animal species also show age-related functional decrement of neurons in the visual cortex. Signal to noise ratio of old V1 cells are decreased in rats (Ding et al., 2017), cats (Hua et al., 2006) and monkeys (Schmolesky et al., 2000; Yang et al., 2009). Shared conclusion of these studies was that aging decreased stimulus selectivity of older neurons due to reduced ability to retrieve sensory signals because of the noisy ongoing activity. In fact, human perceptual discrimination studies support this interpretation. A simple perceptual decision making study reported age-related slowing of reaction times both in visual and auditory modalities (Laurienti et al., 2006). Another study showed decreased perceptual discrimination accuracy in older adults, again, both in auditory and visual modalities (O'Brien et al., 2020). Literature indicates that decreased efficacy of sensory areas prolong or, with increased task demands, limit the perceptual discrimination capabilities in older animals, including humans. It appears that whole brain networks compensate for this inefficacy by recruiting additional alpha networks across the cortex.

Current findings might hint to a reason that explains decreased reversal rates in older adults. Traditionally, reversals thought to occur when the adaptation of percept-specific neural populations reach a certain threshold (Kohler, 1940; Orbach et al., 1963; Leopold and Logothetis, 1999; Kornmeier and Bach, 2012). As mentioned before, studies have considered reversal-related alpha response to be an index of adaptation process. This means that recruitment of additional alpha networks increases the number of neural populations that need to reach the adaptation threshold before a reversal can occur. Therefore, neural adaptation will take longer for older adults because compensatory alpha recruitment increases the number of neural populations to be activated. We argue that increased number of active alpha networks might have prolonged the adaptation process and dwell times in older adults, resulting in lower reversal rates.



4.3. Alpha activity during exogenous reversals

The most apparent difference in alpha response between exogenous and endogenous reversals is the time course of activity: decrease in former is steeper and shorter compared to the latter (Strüber and Herrmann, 2002; Mathes et al., 2010). Strüber and Herrmann (2002) argued that alpha activity preceding exogenous reversals is primarily a stimulus-driven response. This interpretation was in line with the results of Başar-Eroglu et al. (2016) where the difference in alpha response between healthy controls and schizophrenia patients was apparent during endogenous but not during exogenous reversals. In line, no impairment of stimulus-driven processing itself was expected in patients, but an impairment of internal processing of perceptual information maintaining and switching between endogenous stimulus perceptions. Similarly, current results displayed no difference in alpha response during exogenous reversals for the aging brain. However, aging is known to change topography of sensory alpha response (Yordanova et al., 1998; Kolev et al., 2002), which seem to contradict with the current results for the exogenous stimulus change. Schmiedt-Fehr et al. (2009) also dealt with a similar contradiction in a Go/NoGo paradigm and argued that involvement of higher-order processes might have improved the sensory function of alpha networks. We could argue that top-down responses to exogenous reversals in older adults might have eliminated the need for compensatory alpha activation. Future studies should investigate the effect of varying degrees of stimulus strength on top-down activation and its relationship to compensatory alpha responses to further explore this issue. Alternatively, choosing 11 Hz as the center frequency and not dividing alpha into sub-bands might have masked the group differences in anterior alpha responses in the current study.



4.4. Limitations

There was an unequal number of males and females within the sample. Therefore, our findings and interpretations should be evaluated under this constraint. Furthermore, aging and its effects on functional neural activity is a slow and gradual process. This study investigated young adults and older adults exclusively. However, including middle aged and older adults with even more advanced ages (+80 years of age) could have shed light into the gradual effects of aging on brain oscillations. Future studies should consider the limitation of severely decreased reversal rates after 80 years of age and design experiments accordingly.

Previous studies reported a shift in the alpha frequency peak with advancing age. There are also studies that specified that low and mid alpha ranges are the most involved during multistable perception. We have not used individual alpha frequencies or analyzed sub-bands of alpha activity in this study. Furthermore, we argue that this could have been a reason for the lack of between-group difference in the exogenous task. Future studies should delineate the effect of individual alpha frequencies and sub-bands of alpha band to examine if they alter age-related differences in endogenous and exogenous tasks.

Multistable perception requires the collaboration of top-down and bottom-up processes which are represented in multiple frequency bands across the selectively distributed oscillatory networks. Therefore, investigating the interaction of multiple frequency bands can provide important insights that cannot be captured by analysis of a single oscillatory activity.




5. Conclusion

Topographical change in reversal related alpha responses indicated functional deterioration of sensory areas and recruitment of compensatory alpha networks to facilitate perceptual maintenance in older adults. This indicated that reversals were driven predominantly by bottom-up processes in the older group. Recruitment of additional alpha networks in the older group might have prolonged the satiation of percepts due to larger cortical representation. This change might have led to decreased reversal rates. The age groups showed comparable alpha responses in the control condition. This task-specific compensatory activation of alpha networks indicates a deficit of the occipital cortex of elderly that disrupts the extraction and maintenance of multiple perceptual representations from an unchanging visual input. This study provided another evidence for the age-related compensatory activation patterns of selectively distributed oscillatory networks.
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References

 Anstey, K. J., and Smith, G. A. (1999). Interrelationships among biological markers of aging, health, activity, acculturation, and cognitive performance in late adulthood. Psychol. Aging 14, 605–618. doi: 10.1037/0882-7974.14.4.605 

 Arani, E., van Ee, R., and van Wezel, R. (2018). Changes in low-level neural properties underlie age-dependent visual decision making. Sci. Rep. 8:10789. doi: 10.1038/s41598-018-27398-x 

 Aydin, S., Strang, N. C., and Manahilov, V. (2013). Age-related deficits in attentional control of perceptual rivalry. Vis. Res. 77, 32–40. doi: 10.1016/j.visres.2012.11.010 

 Babiloni, C., Binetti, G., Cassarino, A., Dal Forno, G., Del Percio, C., Ferreri, F., et al. (2006). Sources of cortical rhythms in adults during physiological aging: a multicentric EEG study. Hum. Brain Mapp. 27, 162–172. doi: 10.1002/hbm.20175 

 Başar, E., (2011). Brain-body-mind in the nebulous Cartesian system: A holistic approach by oscillations. Springer, New York, NY.

 Başar, E., Başar-Eroğlu, C., Karakaş, S., and Schürmann, M. (2000). Brain oscillations in perception and memory. Int. J. Psychophysiol. 35, 95–124. doi: 10.1016/s0167-8760(99)00047-1

 Başar, E., Schürmann, M., Başar-Eroglu, C., and Karakaş, S. (1997). Alpha oscillations in brain functioning: an integrative theory. Int. J. Psychophysiol. 26, 5–29. doi: 10.1016/s0167-8760(97)00753-8

 Başar, E., and Schürrmann, M. (1996). Alpha rhythms in the brain: functional correlates. Am. J. Phys. 11, 90–96. doi: 10.1152/physiologyonline.1996.11.2.90

 Başar-Eroglu, C., Başar, E., and Schmielau, F. (1991). P300 in freely moving cats with intracranial electrodes. Int. J. Neurosci. 60, 215–226. doi: 10.3109/00207459109167034 

 Başar-Eroglu, C., Mathes, B., Khalaidovski, K., Brand, A., and Schmiedt-Fehr, C. (2016). Altered alpha brain oscillations during multistable perception in schizophrenia. Int. J. Psychophysiol. 103, 118–128. doi: 10.1016/j.ijpsycho.2015.02.002 

 Cohen, M., (2014). Analyzing neural time series data: Theory and practice. MIT Press. Cambridge, MA.

 Cohen, M. X., and Donner, T. H. (2013). Midfrontal conflict-related theta-band power reflects neural oscillations that predict behavior. J. Neurophysiol. 110, 2752–2763. doi: 10.1152/jn.00479.2013 

 Díaz-Santos, M., Mauro, S., Cao, B., Yazdanbakhsh, A., Neargarder, S., and Cronin-Golomb, A. (2017). Bistable perception in normal aging: perceptual reversibility and its relation to cognition. Aging Neuropsychol. Cognit. 24, 115–134. doi: 10.1080/13825585.2016.1173646 

 Ding, Y., Zheng, Y., Liu, T., Chen, T., Wang, C., Sun, Q., et al. (2017). Changes in GABAergic markers accompany degradation of neuronal function in the primary visual cortex of senescent rats. Sci. Rep. 7:14897. doi: 10.1038/s41598-017-15006-3 

 Frigo, M., and Johnson, S. G. (1998). FFTW: an adaptive software architecture for the FFT. Proc. IEEE Int. Conf. Acoust. Speech Signal Process. 3, 1381–1384.

 Grady, C. L. (1998). Brain imaging and age-related changes in cognition. Exp. Gerontol. 33, 661–673. doi: 10.1016/S0531-5565(98)00022-9

 Hua, T., Li, X., He, L., Zhou, Y., Wang, Y., and Leventhal, A. G. (2006). Functional degradation of visual cortical cells in old cats. Neurobiol. Aging 27, 155–162. doi: 10.1016/j.neurobiolaging.2004.11.012 

 İşoğlu-Alkaç, Ü., Başar-Eroğlu, C., Ademoğlu, A., Demiralp, T., Miener, M., and Stadler, M. (2000). Alpha activity decreases during the perception of Necker cube reversals: an application of wavelet transform. Biol. Cybern. 82, 313–320. doi: 10.1007/s004220050585 

 İşoǧlu-Alkaç, Ü., and Strüber, D. (2006). Necker cube reversals during long-term EEG recordings: sub-bands of alpha activity. Int. J. Psychophysiol. 59, 179–189. doi: 10.1016/j.ijpsycho.2005.05.002 

 Jalavisto, E. (1964). The phenomenon of retinal rivalry. Gerontology 9, 1–8. doi: 10.1159/000211230 

 Kanai, R., Bahrami, B., and Rees, G. (2010). Human parietal cortex structure predicts individual differences in perceptual rivalry. Curr. Biol. 20, 1626–1630. doi: 10.1016/j.cub.2010.07.027 

 Kanai, R., Carmel, D., Bahrami, B., and Rees, G. (2011). Structural and functional fractionation of right superior parietal cortex in bistable perception. Curr. Biol. 21, R106–R107. doi: 10.1016/j.cub.2010.12.009 

 Klimesch, W. (1997). EEG-alpha rhythms and memory processes. Int. J. Psychophysiol. 26, 319–340. doi: 10.1016/s0167-8760(97)00773-3 

 Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and memory performance: a review and analysis. Brain Res. Brain Res. Rev. 29, 169–195. doi: 10.1016/s0165-0173(98)00056-3 

 Klimesch, W., Doppelmayr, M., Russegger, H., Pachinger, T., and Schwaiger, J. (1998). Induced alpha band power changes in the human EEG and attention. Neurosci. Lett. 244, 73–76. doi: 10.1016/s0304-3940(98)00122-0 

 Knyazeva, M. G., Barzegaran, E., Vildavski, V. Y., and Demonet, J. F. (2018). Aging of human alpha rhythm. Neurobiol. Aging 69, 261–273. doi: 10.1016/j.neurobiolaging.2018.05.018 

 Kohler, W., (1940). Dynamics in psychology. New York: Liveright.

 Kolev, V., Yordanova, J., Basar-Eroglu, C., and Basar, E. (2002). Age effects on visual EEG responses reveal distinct frontal alpha networks. Clin. Neurophysiol. 113, 901–910. doi: 10.1016/s1388-2457(02)00106-2 

 Kondo, H. M., and Kochiyama, T. (2018). Normal aging slows spontaneous switching in auditory and visual Bistability. Neuroscience 389, 152–160. doi: 10.1016/j.neuroscience.2017.04.040 

 Kornmeier, J., and Bach, M. (2012). Ambiguous figures - what happens in the brain when perception changes but not the stimulus. Front. Hum. Neurosci. 6, 1–23. doi: 10.3389/fnhum.2012.00051 

 Kornmeier, J., Hein, C. M., and Bach, M. (2009). Multistable perception: when bottom-up and top-down coincide. Brain Cogn. 69, 138–147. doi: 10.1016/j.bandc.2008.06.005 

 Lakens, D. (2013). Calculating and reporting effect sizes to facilitate cumulative science: a practical primer for t-tests and ANOVAs. Front. Psychol. 4:863. doi: 10.3389/fpsyg.2013.00863 

 Laurienti, P. J., Burdette, J. H., Maldjian, J. A., and Wallace, M. T. (2006). Enhanced multisensory integration in older adults. Neurobiol. Aging 27, 1155–1163. doi: 10.1016/j.neurobiolaging.2005.05.024 

 Leopold, D. A., and Logothetis, N. K. (1999). Multistable phenomena: changing views in perception. Trend. Cogn. Sci 3, 254–264. doi: 10.1016/s1364-6613(99)01332-7 

 Long, G. M., and Toppino, T. C. (2004). Enduring interest in perceptual ambiguity: alternating views of reversible figures. Psychol. Bull. 130, 748–768. doi: 10.1037/0033-2909.130.5.748 

 Mathes, B., Khalaidovski, K., Schmiedt-Fehr, C., and Başar-Eroğlu, C. (2014). Frontal theta activity is pronounced during illusory perception. Int. J. Psychophysiol. 94, 445–454. doi: 10.1016/j.ijpsycho.2014.08.585 

 Mathes, B., Pomper, U., Walla, P., and Basar-Eroglu, C. (2010). Dissociation of reversal- and motor-related delta- and alpha-band responses during visual multistable perception. Neurosci. Lett. 478, 14–18. doi: 10.1016/j.neulet.2010.04.057 

 Mathes, B., Schmiedt-Fehr, C., Kedilaya, S., Strüber, D., Brand, A., and Başar-Eroğlu, C. (2016). Theta response in schizophrenia is indifferent to perceptual illusion. Clin. Neurophysiol. 127, 419–430. doi: 10.1016/j.clinph.2015.02.061 

 Mathes, B., Strüber, D., Stadler, M. A., and Basar-Eroglu, C. (2006). Voluntary control of Necker cube reversals modulates the EEG delta- and gamma-band response. Neurosci. Lett. 402, 145–149. doi: 10.1016/j.neulet.2006.03.063 

 Matlab (2018). MathWorks Announces Release 2018a of the MATLAB and Simulink Product Families, The MathWorks, Inc, Natick, MA.

 Niedermeyer, E. (1993). “The normal EEG of the waking adult” in Electroencephalography. Basic Principles, Clinical Applications, and Related Fields. eds. E. Niedermeyer and F. L. Da Silva (Baltimore, MD: Williams & Wilkins), 131–152.

 O'Brien, J. M., Chan, J. S., and Setti, A. (2020). Audio-visual training in older adults: 2-interval-forced choice task improves performance. Front. Neurosci. 14:569212. doi: 10.3389/fnins.2020.569212 

 Orbach, J., Ehrlich, D., and Heath, H. A. (1963). Reversibility of the Necker cube: I. an examination of the concept of satiation of orientation. Percept. Mot. Sk. 17, 439–458. doi: 10.2466/pms.1963.17.2.439 

 Rürup, L., Mathes, B., Schmiedt-Fehr, C., Wienke, A. S., Özerdem, A., Brand, A., et al. (2020). Altered gamma and theta oscillations during multistable perception in schizophrenia. Int. J. Psychophysiol. 155, 127–139. doi: 10.1016/j.ijpsycho.2020.06.002 

 Salthouse, T. A. (1996). The processing-speed theory of adult age differences in cognition. Psychol. Rev. 103, 403–428. doi: 10.1037/0033-295X.103.3.403

 Schmiedt-Fehr, C., Dühl, S., and Başar-Eroğlu, C. (2011). Age-related increases in within-person variability: Delta and theta oscillations indicate that the elderly are not always old. Neurosci. Lett. 495, 159–163. doi: 10.1016/j.neulet.2011.03.062 

 Schmiedt-Fehr, C., Mathes, B., and Basar-Eroglu, C. (2009). Alpha brain oscillations and inhibitory control: a partially preserved mechanism in healthy aging? J. Psychophysiol. 23, 208–215. doi: 10.1027/0269-8803.23.4.208

 Schmolesky, M. T., Wang, Y., Pu, M., and Leventhal, A. G. (2000). Degradation of stimulus selectivity of visual cortical cells in senescent rhesus monkeys. Nat. Neurosci. 3, 384–390. doi: 10.1038/73957 

 Schütt, A., and Başar, E. (1992). The effects of acetylcholine, dopamine and noradrenaline on the visceral ganglion of Helix pomatia. II. Stimulus evoked field potentials. Comp. Biochem. Physiol. C. Comp. Pharmacol. Toxicol. 102, 169–176. doi: 10.1016/0742-8413(92)90059-g 

 Strüber, D., and Herrmann, C. S. (2002). MEG alpha activity decrease reflects destabilization of multistable percepts. Cognitive Brain. Res. 14, 370–382. doi: 10.1016/S0926-6410(02)00139-8 

 Torrence, C., and Compo, G. P. (1998). A practical guide to wavelet analysis. Bull. Amer. Meteor. Soc. 79, 61–78. doi: 10.1175/1520-0477(1998)079<0061:APGTWA>2.0.CO;2

 Voytek, B., Kramer, M. A., Case, J., Lepage, K. Q., Tempesta, Z. R., Knight, R. T., et al. (2015). Age-related changes in 1/f neural electrophysiological noise. J. Neurosci. 35, 13257–13265. doi: 10.1523/JNEUROSCI.2332-14.2015 

 Yang, Y., Liang, Z., Li, G., Wang, Y., and Zhou, Y. (2009). Aging affects response variability of V1 and MT neurons in rhesus monkeys. Brain Res. 1274, 21–27. doi: 10.1016/j.brainres.2009.04.015 

 Yordanova, J., and Kolev, V. (1997). Alpha response system in children: changes with age. Int. J. Psychophysiol. 26, 411–430. doi: 10.1016/s0167-8760(97)00779-4 

 Yordanova, J. Y., Kolev, V. N., and Başar, E. (1998). EEG theta and frontal alpha oscillations during auditory processing change with aging. Electroen. Clin. Neuro/Evoked Potentials Section 108, 497–505. doi: 10.1016/S0168-5597(98)00028-8 

OPS/images/fnagi-15-1136124-g004.jpg
[Endogenous Condition Exogenous Condition

- ‘ ‘ - . ‘
o . ‘ o ‘ ‘
L ] L ] L ] L 1

Pre-Reversal Reversal Pre-Reversal Reversal

ion






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Multistable perception elicits compensatory alpha activity in older adults



		1. Introduction



		2. Methods and materials



		2.1. Participants



		2.2. Stimuli



		2.3. Stroboscopic motion tasks



		2.4. Procedure and EEG recording



		2.5. Definition of epochs and artifact rejection



		2.5.1. Definition of epochs containing a perceptual reversal (reversal epochs)



		2.5.2. Definition of epochs with no perceptual reversal (non-reversal epochs)



		2.5.3. Artifact rejection









		2.6. Time-frequency decomposition



		2.7. Definition of time windows for analyses



		2.8. Data analysis



		2.8.1. Behavioral analyses



		2.8.2. Alpha time-frequency power















		3. Results



		3.1. Behavioral results



		3.2. Alpha modulation in endogenous task



		3.3. Alpha modulation in exogenous task









		4. Discussion



		4.1. Behavioral performance



		4.2. Alpha activity during endogenous reversals



		4.3. Alpha activity during exogenous reversals



		4.4. Limitations









		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fnagi-15-1136124-g003.jpg
Tl

024
Young

p=

PR

Older

< S S 3
cﬁuas:__g_ummmﬁws

=2
o
.

Young

p=.01

Eﬁ
-
ot
Older






OPS/images/fnagi-15-1136124-t001.jpg
Demographics Young adults ~ Older adults

N (male) 120) 122)
Mean Age (SD) 233 Qa3 years | 6217 (3.93) years
Handedness 1 right/1 left 11 right/1 left

Education (D) 1437 (201) years 1533 (271) years





OPS/images/fnagi-15-1136124-g005.jpg
>

Endo. Baseline

Endo. Reversals

2 ) 45
& PN
Do) iy, e, o, S o
2
g s 8
3 0T 8
g g
g &
s
Bt % £4s
< =<
2
Frontal  Central  Parietal  Oceipital ol
F c P O
c, Exo. Reversals D 45 Exo.Baseline
g -
=3 o
c 1 >
s 2 5
: @ H
3 0l y - i g
] &
= ©
-1 £15
s <
2
2
Frontal  Central  Parietal  Occipital o

F Cc P O
-O- Pre-Reversal Window ~ —/\~ Reversal Window - Baseline Window

—— Older —— Young





OPS/images/fnagi-15-1136124-g002.jpg
Button Presses

Data Segments

Time Windows

2

mmmm Reversal Epochs == Non-reversal Epochs

>

Baseline

7 N -3000

Pre-Reversal Reversal

-500to 0 ms

-950t0-650 ms -350 to -50 ms

0 2000 ms





OPS/images/fnagi-15-1136124-g001.jpg
A Fixation

e Vert!  Vert2 Horz1  Horz2 Amb1  Amb2 Participant
85ms Double Dot Stimuli (165 ms each)
0.92°
Exogenous Condition (Control) Endogenous Condition (Multistable)

Stimulus

Presentation
Motion |
Perception i +

= V

Change in stimulus alters perceived motion direction  Internal event alters perceived motion direction





OPS/images/cover.jpg
' frontiers | Frontiers in Aging Neuroscience

Multistable perception elicits
compensatory alpha activity in
older adults












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







OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






OPS/images/fnagi-15-1136124-e005.jpg





OPS/images/fnagi-15-1136124-e006.jpg





OPS/images/fnagi-15-1136124-e003.jpg





OPS/images/fnagi-15-1136124-e004.jpg
n

- ol 00

=t





OPS/images/fnagi-15-1136124-e009.jpg
dB =10 logo ( power / baseline)

(6)





OPS/images/fnagi-15-1136124-e007.jpg
$ a0
M( M) @





OPS/images/fnagi-15-1136124-e008.jpg
[©





OPS/images/fnagi-15-1136124-e001.jpg
N Hha)





OPS/images/fnagi-15-1136124-e002.jpg
o=
2f

@)





OPS/images/fnagi-15-1136124-t002.jpg
ctors (df)

Time (1,22)

RO (3,66)

Group (1,22)

“Time x Group (1, 22)

ROI x Group (3, 60)

RO x Time (3, 66)

ROI x Time x Group (3, 66)

Fand p values ae reported after Greenhouse-Geisser correction.
F=F-ratios, p= probabilities, ,*= partial eta squared, df= degrees of freedom.

Endogenous condition
F=20270
<0001

Exogenous condition
F=6762
p=0016

F=0485
Pp=0574
F=1799
p=0.194
F<0.001
=098
F=0170
p=0791
F=5523
P=0.008
77 =0201
F=179
p=0865





