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Abstract 
 
A growing body of psychophysical research reports theta (3-8 Hz) rhythmic fluctuations in 
visual perception that are often attributed to an attentional sampling mechanism arising 
from theta rhythmic neural activity in mid- to high-level cortical association areas. However, 
it remains unclear to what extent such neuronal theta oscillations might already emerge at 
early sensory cortex like the primary visual cortex (V1), e.g. from the stimulus filter 
properties of neurons. To address this question, we recorded multi-unit neural activity from 
V1 of two macaque monkeys viewing a static visual stimulus with variable sizes, orientations 
and contrasts. We found that among the visually responsive electrode sites, more than 50 % 
showed a spectral peak at theta frequencies. Theta power varied with varying basic stimulus 
properties. Within each of these stimulus property domains (e.g. size), there was usually a 
single stimulus value that induced the strongest theta activity. In addition to these 
variations in theta power, the peak frequency of theta oscillations increased with increasing 
stimulus size and also changed depending on the stimulus position in the visual field. 
Further analysis confirmed that this neural theta rhythm was indeed stimulus-induced and 
did not arise from small fixational eye movements (microsaccades). When the monkeys 
performed a detection task of a target embedded in a theta-generating visual stimulus, 
reaction times also tended to fluctuate at the same theta frequency as the one observed in 
the neural activity. The present study shows that a highly stimulus-dependent neuronal 
theta oscillation can be elicited in V1 that appears to influence the temporal dynamics of 
visual perception. 
 
Introduction 
 

Although our experience of the world seems continuous, the underlying perceptual 
processes may be discrete or rhythmic 1,2. Accordingly, our brain might periodically sample 
and process information from the outside world. In the domain of vision, a number of studies 
report supporting evidence for this view of rhythmic perceptual sampling. When subjects 
view images of natural scenes or perform search or reading tasks, saccadic eye movements 
are performed roughly every 200-300 ms, i.e. in the theta (3-8 Hz) frequency range 3,4. More 
recently, researchers have started to investigate whether similar rhythmicity can also be 
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observed during visual detection tasks that require subjects to hold their gaze stable, while 
covertly orienting their attention to visual objects placed across different positions of the 
visual scene. During such attention-demanding tasks, subjects regularly display small 
fixational eye movements, termed microsaccades, which tend to occur also in the theta 
frequency range 5–7. In addition to microsaccadic assessment, several research groups have 
developed paradigms to assess rhythmicity during cognitive task performance 8–13: By 
systematically assessing the time course of target detection performance and reaction times, 
these studies collectively reported a waxing and waning of performance across times in the 
theta frequency range. Taken together, these findings have been interpreted as supporting 
evidence for the hypothesis that the brain may carry out rhythmic sampling of visual stimuli 
14–16.  

While new behavioural investigations continue delineating the larger context of such 
sampling under different task conditions, electrophysiological studies have started to identify 
the neural correlates of rhythmic task performance and to characterise the conditions that 
lead to theta rhythmic neuronal activity. A prevailing view is that rhythmic sampling arises 
from high-level brain areas engaged in attentional control. Evidence from human EEG/MEG  
recordings consistently shows the dependence of performance on the phase of theta 
oscillations in the frontoparietal areas 17–21. Recent intracortical studies in monkeys 22–25 and 
humans 26 confirmed this correlation between theta rhythmic neural activity in frontoparietal 
areas and pulvinar with behavioural performance. Taken together, the results from these 
studies appear to point to a source of theta rhythmic neural activity in areas whose function 
has been linked with attentional control 27. 
 However, theta oscillations are not limited to higher brain areas 28. There are reports 
of theta oscillations in the visual association cortex such as temporal lobe regions 29–32 and 
area V4 33–35, in particular when multiple visual stimuli are presented and subjects need to 
distribute their attention accordingly resulting in rhythmic sampling. In addition to these 
findings in higher-order areas, very recent findings point to the existence of theta oscillations 
at an even earlier level, the primary visual cortex (V1); theta-rhythmic microsaccades might 
reflect or induce rhythmic brain activity in V1 and influence inter-cortical processing 5,6. Using 
Granger causality, a statistical method for determining temporal precedence, it has been 
demonstrated that theta measured in the context of a visual attention task mainly flows in 
feedforward direction from V1 to higher-level cortical areas, such as V4 36,37. Consistent with 
this finding is the observation that removal of V1 eliminates theta, but not gamma rhythmic 
neural responses in V4 38. However, it remains unknown how theta rhythmic activity might 
emerge from the processing of V1 neurons. 
 The responses of V1 neurons to visual stimulation are well known to reflect basic 
stimulus properties such as orientation, spatial frequency, contrast, and size 39.  When tested 
with a drifting grating stimulus, many V1 neurons exhibit responses that are preferentially 
tuned to temporal frequencies in the theta range 40,41. An interesting hypothesis is therefore 
that V1 neurons might act as a theta-tuned temporal filter to incoming sensory information 
thereby possibly providing a perceptual sampling mechanism. Accordingly, presenting a static 
visual stimulus could induce theta oscillations, consistent with the preferred frequency of 
many V1 neurons.  

To test this hypothesis, we presented static stimuli varying in three properties known 
to modulate V1 responses, namely size, contrast, and orientation. Following characterisation 
of how visual stimulus parameters are linked to the emergence of theta oscillations in V1, we 
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also examined to what extent these V1 oscillations might be correlated with the occurrence 
of microsaccades and theta-rhythmic reaction time (RT) fluctuations during visual detection. 
 
  
 
 
 
Results 
 
 
 

 
Figure 1.  Theta oscillations at different stimulus sizes 
 

(A) Top: Schematic of the stimulus, a black disk, presented at three different sizes, with diameter in visual 
degrees, while the animal (monkey AL) fixated at the white fixation spot. Sizes are not drawn to scale.  
Middle and bottom: Raster plots and peri stimulus time histogram (PSTH) of an example single unit 
activity aligned to stimulus onset for 0.3° (left), 1° (middle), and 4° (right). Note the rhythmic activity 
specifically elicited by the 1° stimulus. 

(B) Multi-unit activity (MUA) response to each size, averaged across ~40 trials. The MUA was obtained 
from the same electrode from which the single unit activity in A was isolated. Similar to the single unit 
activity, MUA rhythmicity was elicited by the 1° stimulus. 

(C) Power spectra for every MUA trial (grey) shown in B. Power spectra were calculated from 200 ms – 
1200 ms after stimulus onset. Black line shows the average power spectrum and red dots are the 
peak frequency of each trial’s power spectrum.  

(D) Normalized population power spectra of MUA for each size averaged across channels for monkey AL 
(left, n = 248 channels) and monkey DP (right, n = 390 channels). Theta frequency range is delineated 
by dashed lines. Error bars are ± 1 standard error of the mean (SEM).  
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(E) Normalized mean MUA (blue) and theta power (red) across different sizes, averaged across all 
channels for each monkey. Error bars are ± 1 SEM. 

(F) Median peak frequency of all channels at different sizes for each monkey. For every channel, we 
calculated the power spectrum and identified the frequency with the strongest power. Black dots are 
the medians of the distribution.  
 

 
Theta oscillations of MUA are modulated by stimulus size 
 

A fundamental aspect of V1 neuron responses is that activity strength increases with 
stimulus size, reflecting a spatial summation in the receptive field (RF). When stimulated 
beyond the summation field, V1 neuron responses tend to be suppressed 42,43.  To establish 
the link between this size tuning of V1 and theta oscillations, we first tested whether theta 
oscillations might be observed when we presented a static black stimulus of varying sizes at 
the RF location of V1 neurons. Figure 1 A top shows the activity of a V1 neuron, for which 
varying the stimulus size modulated the firing rate, both in the single-unit activity (SUA, 
Figure 1 A) and in the multi-unit activity (MUA) (Figure 1 B). Increasing the stimulus size 
from 0.3° to 1° increased the neuronal response but increasing the size to 4° reduced it 
again. This observation reflects the known size tuning property of neurons in the visual 
cortex 42,43. In addition to the difference in firing rate, this example demonstrates that theta 
oscillatory activity (3 - 8 Hz) emerged when the RF was presented with a specific size, 1°, 
near the peak of the size tuning function. The theta rhythmic activity can be seen in the 
PSTH of SUA and in the MUA time course. To quantify this oscillatory activity, we calculated 
the MUA power spectrum at the single-trial level from 200 ms to 1200 ms after stimulus 
onset (Figure 1 C). Compared to other stimulus sizes, the 1° stimulus consistently induced 
theta rhythmic activity at individual trials, with higher theta band power and a more 
consistent peak frequency in the theta range. 

At the population level, across recording locations, we found that theta oscillations 
were consistently modulated by stimulus size in both monkeys (Figure 1 D, left and right for 
different monkeys). There were no or only negligible theta oscillations in the pre-stimulus 
baseline period as well as for the smallest and biggest stimulus sizes. Instead, the power 
spectra consistently revealed the strongest theta peak for the medium stimulus sizes. To 
quantify this size dependent theta effect and compare it to classical size tuning estimates, 
we compared the mean MUA and theta power (3 - 8 Hz) across stimulus sizes (Figure 1 E). 
Both mean MUA and theta power were modulated by size (p < 0.001 for both monkeys, n = 
248 for monkey A L and n = 390 for monkey DP, Friedman test). Increasing stimulus size led 
to an increase in mean MUA and theta power up to a certain point where increasing the 
stimulus size further led to a decrease of both neural measures.  

To get a more detailed view of theta oscillation frequency distribution at the 
population level, we identified the median peak frequency of every channel (Figure 1 C) and 
plotted the distribution of peak frequencies across recording channels as a function of 
stimulus size (Figure 1 F). For some of the tested stimulus sizes, more than half of the 
channels showed a spectral peak at the theta frequency. At size 0.75° where theta power 
was the highest, 60 % of channels in monkey AL and 58 % of channels in monkey DP were in 
the theta frequency. This means that the population results (Figure 1 D and E) were not 
dominated by only a few channels with particularly strong theta oscillations. In addition, this 
analysis revealed a trend of increasing peak frequency from the theta (3 - 8 Hz) to the alpha 
(9 - 12) range with increasing size (significant difference between sizes, p < 0.001 for both 
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monkeys, n = 248 for monkey AL and n = 390 for monkey DP, Friedman test). Finally, the 
width of peak frequency distributions at sizes with strong theta, e.g., size 0.75°, was 
narrower than the distribution at sizes with weak theta, e.g., size 4°. The channels at 0.75° 
were concentrated around theta frequency. At 4°, although there were channels with theta 
peak frequency, the concentration was less dense, and more channels were spread to 
higher frequencies. This means that MUA across channels was more likely to fluctuate 
consistently at a theta frequency as a response to some stimulus sizes compared to other 
sizes.  

These results demonstrate that theta oscillations can be observed in V1. Different 
from previous studies in the visual cortex that reported theta oscillations when multiple 
stimuli 32,32,34,37 are presented at the same time, we found that theta oscillations can be 
observed when the animal sees a single stimulus at the optimal size. Whereas theta power 
was strongest for intermediate stimulus sizes around 1 deg, following neuronal size tuning, 
peak frequency tended to increase with stimulus size towards the alpha range. 

 
 

 
 
Figure 2.  Frequency of theta oscillations shifted with different eccentricities 
 

(A) Stimulus position coordinates of each session for the main sessions of monkey AL (circle), control 
sessions of monkey AL (diamond), and monkey DP (triangle) 

(B) Normalized population power spectra of MUA for each size averaged across channels in the control 
sites in monkey AL. Theta frequency range is delineated by dashed lines. Green arrow denotes the 
peak frequency of size 1.5° from the main sessions (Figure 1 D left). Error bars are ± 1 SEM. 

(C) Normalized mean MUA (blue) and theta power (red) across different sizes, averaged across all 
channels. Error bars are ± 1 SEM. 

(D) Median peak frequency of all channels at different sizes for each monkey. Black dots with the 
continuous line are the medians of the distribution. Dashed black line indicates the medians of the 
distributions from the main sessions for comparison(Figure 1 F left). 

 
Eccentricity as a factor influencing peak frequency 
 

 When comparing the power spectra in Figure 1 D, we noticed a difference in the 
peak frequencies that were obtained from measurements in the two monkeys. Throughout, 
the spectral estimates obtained from monkey AL showed a higher peak frequency at 5 - 6 
Hz, than the ones in monkey DP at 4 Hz. We reasoned that this difference in peak frequency 
might be explained by the difference in recording eccentricities of each monkey (Figure 2 A). 
To test for this possibility and to expand recording locations, we performed additional 
recordings from lower eccentricities in monkey AL (Figure 2 A, diamond).  
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 In these less eccentric recording locations, we could again elicit theta oscillations 
(Figure 2 B) and theta power varied according to stimulus size (Figure 2 C) (p < 0.001, n = 
120, Friedman test). Theta peaks were most prominent at stimulus sizes 1.5 °, 2°, and 4°. 
Interestingly, recording from more central locations in the same animal shifted the peak of 
theta oscillations from 5-6 Hz to 4 Hz (compare the spectral peak of Figure 1 D left to 2 B).  
Thus, presenting the same stimulus size at a more central location in the visual field lowered 
the spectral peak to 4 Hz.  
 Spectral peak distribution identified at the single trial level in these locations (Figure 
2 D) also showed similar features as those in the more peripheral location (Figure 1 F). Many 
channels displayed rhythmic neural activity concentrated at the theta frequency. However, 
the percentage of channels with theta frequency was lower in these locations. At size 2°, 
where the occurrence of theta channels was the highest, 53% of the recorded channels 
showed theta rhythmicity. This number was slightly lower than the percentage of theta 
channels in the more peripheral locations, 60 %. As before, there was also a trend of 
increasing peak frequency with increasing sizes (significant difference between sizes, p < 
0.001, n = 120, Friedman test), although this was more obvious in the larger stimulus sizes 
(1.5° - 4°). As Figure 2 D shows, peak frequencies were lower in the more central locations 
than in the peripheral locations (statistically significant difference for size 0.75° [p < 0.001], 
1° [p < 0.001], 1.5° [p < 0.001], 2° [p<0.001], and 4° [p = 0.004], Mann-Whitney test). The 
rate of frequency increase with size was also lower in the more central locations (compare 
the solid and dashed black lines in Figure 2 D). 
 These results thus support and extend our observations for the size tuning of theta 
rhythmicity. We found that theta oscillations in V1 were not only affected by stimulus size, 
but also influenced by stimulus eccentricity. Comparing the mean MUA for two different 
eccentricities, our result is similar to what has been reported previously for an increase of 
receptive field size with eccentricity 43. The peak of population size tuning slightly shifted to 
a larger stimulus size for more peripheral (Figure 1 E left) compared to central stimulus 
locations (Figure 2 C). Furthermore, the observation of theta oscillations in multiple 
recording locations is indicative that these theta oscillations might contribute to the more 
general V1 function.  
 
Theta oscillations of MUA are modulated by stimulus contrast 
 

Having established the dependence of theta oscillation on stimulus size, we tested 
the dependence on a different stimulus property known to modulate V1 response, contrast. 
Responding to different contrast intensities is one of the fundamental functions of the visual 
system 44. Investigating the relation of this function to the emergence of theta oscillations is 
therefore important. To test this, we stimulated the receptive field with a black disk with 
varying contrast levels relative to its background. The size of the black disk was optimized to 
elicit theta oscillations from a size-tuning test conducted beforehand. Figure 3 A shows an 
example channel MUA response to a stimulus with different contrast levels. A low contrast 
stimulus (Figure 3 A left) induced weak activity overall and no discernible theta oscillations 
(Figure 3 B left). When we increased the contrast (Figure 3 A mid), we could observe theta 
oscillations emerging at the single-trial level and on the average power spectrum (Figure 3 B 
mid). Increasing contrast further also increased the strength of theta oscillations (Figure 4 A 
and 4 B right). However, the increase of theta oscillation strength from mid to high contrast 
was not as pronounced as the increase in strength from low to mid contrast. 
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 The trend that theta oscillations increase with contrast can also be seen at the 
population level (Figure 4 C, significantly different power across contrasts at p < 0.001 for 
both monkeys, n = 104 for monkey AL and n = 126 for monkey DP, Friedman test). At low 
contrast, there was no distinctive theta peak in the power spectra. A theta peak became 
observable at mid contrast levels (25 – 30 %) and became more prominent at the highest 
tested contrast.  
 Similar to our observations in the size domain, many channels showed peak 
frequencies in the theta range (Figure 4 E). At 100 % contrast stimulus, 76 % of channels in 
monkey AL and 54 % of channels in monkey DP displayed a peak frequency in the theta 
range. Although contrast overall had a statistically significant influence on peak frequency (p 
< 0.001, n = 104 for monkey AL and p = 0.017, n = 126 for monkey DP, Friedman test), there 
was no obvious monotonic increase or decrease of peak frequency between contrasts. 
However, there was an increase of peak frequency from 25 % to 100 % contrast in monkey 
AL (Figure 3 E top).  
 These results demonstrate that in addition to a stimulus’ size, its contrast also 
affects theta oscillations. Theta oscillation power increased non-linearly as contrast 
increased. Different to what we found with stimulus size, where peak frequency increased 
with size, peak frequency did not follow an obvious trend across contrasts.  
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Figure 3.  Theta oscillations at different stimulus contrasts 
 

(A) Example MUA response to 3 different contrast levels, 9.9 %, 30.4 %, and 100 %. The size of the 
stimulus was optimized to elicit theta oscillations. The response was averaged across 40 trials. We can 
see theta oscillations in the MUA response to the 100 % contrast stimulus.  

(B) Power spectra for every MUA trial (grey) in A for each contrast level. Power spectra were calculated 
from 200 ms – 1200 ms after stimulus onset. Black line shows the average power spectrum and red 
dots are the peak frequency of each trial’s power spectrum. Theta oscillations increase with contrast. 

(C) Normalized population power spectra of MUA for each contrast averaged across channels for monkey 
AL (top, n = 104 channels) and monkey DP (bottom, n = 126 channels). Theta frequency range was 
delineated by dashed lines. Error bars are ± 1 SEM.  

(D) Normalized mean MUA (blue) and theta power (red) across different contrasts, averaged across all 
channels for each monkey. Error bars are ± 1 SEM. 
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(E) Median peak frequency of all channels at different contrasts for each monkey. Black dots are the 
medians of the distribution.  

 
 

 
 
Figure 4.  Theta oscillations at different stimulus orientations 
 

(A) Example MUA response to 4 different grating orientations, 0°, 54°, 108°, and 162°. 0° corresponds to 
vertical orientation and each positive orientation increment rotates the grating counterclockwise. The 
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size of the grating was optimized to elicit theta oscillations. The response was averaged across 36 - 44 
trials. We can see theta oscillations most clearly in the MUA response to 162° orientation.  

(B) Power spectra for every MUA trial (grey) in A for each orientation. Power spectra were calculated 
from 200 ms – 1200 ms after stimulus onset. Black line shows the average power spectrum and red 
dots are the peak frequency of each trial’s power spectrum. The strongest theta oscillations can be 
seen for the 162° orientation.  

(C) Normalized population power spectra of MUA for each orientation averaged across channels for 
monkey AL (top, n = 94 channels) and monkey DP (bottom, n = 126 channels). Orientation preference 
was defined as the orientation that induced the highest mean MUA for each channel (orientation 0°). 
Other orientations were expressed as degree deviation from the preferred orientation. Theta 
frequency range was delineated by dashed lines. Error bars are ± 1 SEM.  

(D) Normalized mean MUA (blue) and theta power (red) across different orientations, averaged across all 
channels for each monkey. Error bars are ± 1 SEM. 

(E) Median peak frequency of all channels at different orientations for each monkey. Black dots are the 
medians of the distribution.  

 
 
Theta oscillations of MUA are modulated by stimulus orientation 
 
 One of the most remarkable functions of V1 is the transformation of orientation 
insensitive visual information arising from lateral geniculate neurons to orientation-selective 
information as measured in V1 neurons 45. After we established the dependence of theta 
oscillations to size and contrast, we, therefore, investigated the relation of theta oscillations 
to orientation processing in V1.  

We presented a static full contrast sinusoidal grating with different orientations in 
the RF. Figure 4 A shows an example MUA response to four different grating orientations. 
As expected, MUA was modulated by orientation. In this example, the neuronal population 
preferred orientations close to vertical, 162° and 0° (Figure 4 A right). Orientations that are 
perpendicular to the preferred horizontal orientation, 54° and 108° (Figure 4 A middle), 
induced weaker overall responses. Interestingly, we also observed that theta oscillations 
were similarly affected by grating orientation (Figure 4 B). Theta oscillations were strong at 
the preferred orientations, 162° (Figure 4 B right), and 0° (Figure 4 B left), but weak at 
orientations perpendicular to 162° (Figure 4 B middle). 

At the population level, we determined channel-averaged power spectra based on 
the preferred orientation of each channel (Figure 4 C). Preferred orientation was defined as 
the orientation which elicited the highest mean MUA. The results show that theta 
oscillations are affected by orientation (p < 0.001 for both monkeys, n = 94 for monkey AL 
and n = 126 for monkey DP, Friedman test). In both monkeys, the preferred orientation 
induced the strongest theta oscillations across recording channels. The further an 
orientation deviated from the preferred one, the weaker the theta oscillations (Figure 4 D). 

Similar to the other tested stimulus properties, the peak frequency for the majority 
of channels again clustered at the theta range, which was true for all orientations (Figure 4 
E).  Around half of the channels showed peaks in the theta range for monkey AL (46 - 53 %) 
and monkey DP (41 - 48 %). There was no obvious peak frequency difference between 
different orientations (non-significant difference between orientations, p = 0.133, n = 94 for 
monkey AL and p = 0603, n = 126 for monkey DP, Friedman test). 

These results show that orientation, one of the best described stimulus properties of 
V1, also affects theta oscillations. Theta power is the highest at the preferred orientation 
and gradually becomes weaker as orientation moves further from the preferred one(s). It is 
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interesting to note that after we showed theta oscillations with a uniform black circular 
stimulus, we also observed theta oscillations with a new stimulus, a sinusoidal grating. This 
finding might therefore argue against theta being exclusively produced by a specific set of 
stimuli (e.g. a black circle). 
 

 
 
Figure 5 Theta oscillations do not depend on microsaccades 
 

(A) Microsaccades main sequence (n = 1535 from 21 sessions), showing a positive relationship between 
microsaccade amplitude and peak velocity.  

(B) Mean percentage of trials with microsaccades across stimulus sizes. Each dot represents a single 
session. Microsaccades were rare events. On average, microsaccades occurred on ~5 % of trials across 
sizes.  

(C) Number of microsaccades in the post-stimulus period in trials where microsaccades occurred after 
stimulus onset. Each dot represents a single session. On average, microsaccades once during the 
whole post-stimulus period. 

(D) Microsaccade raster plot for size 0.75° combined across sessions. Each dot shows the onset time of 
microsaccades during a particular trial. Vertical line delineate stimulus onset. There is no obvious 
rhythmicity in the microsaccades timing across trials. 

(E) Example microsaccade-triggered MUA from one session, combined across stimulus sizes. Grey lines 
show individual trials (n = 15) MUA. Microsaccades induced a brief increase of MUA which quickly 
(~100 ms) returned to pre-microsaccade level. There is no obvious rhythmicity in the MUA after 
microsaccades onset. 

(F) Power spectra of stimulus size 0.75° before (solid line) and after removing trials with microsaccades in 
the post-stimulus period. 

(G-L) Same plots but for the second monkey.  
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Theta rhythmic activation of V1 unlikely related to microsaccades 
 
 Having established the stimulus dependence of V1 theta oscillations, we wondered 
whether this rhythmic activity might be related to behaviour. Previous research has 
established an association between neural theta oscillations and microsaccade 5,6 which 
occur every ~250 ms 4–6. As the activity of V1 neurons is modulated by microsaccades 46–

48, it seemed possible that theta oscillations in V1 might be caused by rhythmic 
alterations of neural activity in response to the occurrence of microsaccades or similarly 
reflect the occurrence of theta-rhythmic microsaccades. To test this possibility, we 
extracted microsaccades recorded during the size tuning task with a widely used 
algorithm 49. The positive relationship between microsaccade amplitude and peak 
velocity confirmed the validity of our microsaccade extraction (Figure 4 A and G for each 
monkey).  

During our stimulation paradigm, microsaccades were not present in every trial. 
After stimulus onset and across sizes, microsaccades occurred in around 10 % of the 
trials for monkey AL and 15 % of the trials for monkey DP (Figure 5 B and H). This 
microsaccades occurrence pattern is substantially different from our observations that 
post-stimulus neural theta oscillations are consistently present across trials (Figure 1 C 
middle as an example). However, the percentage of trials with post-stimulus 
microsaccades are slightly different across sizes (p = 0.04, n = 21 for monkey AL and p = 
0.008, n = 30 for monkey DP, Friedman test). In monkey AL (Figure 5 B), the stimulus size 
with the highest percentage of microsaccades is 0.75°, a size that induced the strongest 
theta power (Figure 1 D left). In monkey DP, microsaccades most often occurred with 
the largest stimulus size (Figure 5 H), which in turn did not induce theta oscillations 
(Figure 1 D right).  

In trials where microsaccades occurred after stimulus onset, microsaccades typically 
occurred only once (Figure 5 C and I). Furthermore, the number of microsaccades during 
the post-stimulus period was not different across stimulus sizes (Figure 5 C and I) (p > 
0.05, Friedman test). Even at a stimulus size that induced strong neural theta oscillations 
in both monkeys, 0.75° (Figure 5 D and J), no theta rhythmic occurrence of 
microsaccades could be seen. Therefore, these observations are inconsistent with the 
hypothesis that theta oscillations are systematically caused by a theta-burst of 
microsaccades causing neuronal theta oscillations.  
 At the neural level, our observations are consistent with previous reports e.g. 48: 
microsaccades evoked a temporary increase in MUA which peaked around 50 ms after 
microsaccade onset and quickly returned to baseline levels (Figure 5 E and K). This 
transient change of MUA is too brief to account for one cycle of theta oscillations (125 – 
333 ms) and did not display any rhythmicity after the initial transient.  
 In order to further investigate the relationship between microsaccades and theta 
oscillations, we removed all trials that contained microsaccades and analysed them with 
regard to the presence of theta oscillations. If microsaccades are the generator of neural 
theta oscillations, we expect their disappearance after the removal of microsaccades. 
We found that theta oscillations were still present after removing trials with 
microsaccades (Figure 5 F and L). Although the power in the neural theta band 
(averaged across 3 – 8 Hz) was slightly, but significantly, lower after the removal of trials 
with microsaccades (p < 0.001 for both monkeys, Wilcoxon signed-rank test), this 
decrease was only 2 – 3 % for both monkeys. These observations indicate that 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 1, 2021. ; https://doi.org/10.1101/2021.11.30.470367doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.30.470367
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

microsaccades are not the origin of theta rhythmicity in V1 neurons, although 
microsaccades might further amplify a stimulus-induced neural theta rhythm. 

Taken together, the above findings show that microsaccades cannot explain the 
emergence of theta oscillations in V1 under our task conditions. In our preparation, 
microsaccades were rare, did not occur rhythmically, and theta oscillations were still 
present in the MUA during trials without microsaccades. Note that this does not mean 
that theta oscillations and microsaccades are completely independent. The reverse 
influence direction, that theta oscillations are involved in the generation of 
microsaccades, could still be true.  

 
 
 

 
 
Figure 6 Theta oscillations in multi-unit activity and behaviour 
 

(A) Behavioural task. The monkeys had to detect a small luminance change (grey dot), in the centre of a 
stimulus (black disk) and make a saccade toward the stimulus. The interval between stimulus and 
luminance change, stimulus onset asynchrony (SOA), was varied densely between 500 to 1500 ms.  

(B) Left: reaction times (RT) as a function of SOA from one session. Grey horizontal bars illustrate the 
binning procedure to obtain RT at a particular SOA. Note the rhythmicity in the time course of the RT.   

(C) Power spectrum of the time course of the RT in B (blue), superimposed with the average neural 
power spectra recorded during the task (orange). Black dashed line is the threshold of statistical 
significance for the RT power spectrum after correction for multiple comparisons (á = 0.05 / 15 
frequencies = 0.0033). 

(D) Scatter plot showing the relationship between peak frequency of MUA power spectra and peak 
frequency of RT power spectra (n = 14 sessions). Sessions are combined for both monkeys. We 
introduced a small jittering to the data points in the scatter plot for illustration purposes only to 
improve visibility because of the overlaps of some data points. The correlation coefficient and 
regression line were calculated from the non-jittered data. There was a significant positive 
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relationship between MUA peak frequency and RT peak frequency. Marginal histograms showed the 
concentration of peak frequency of both MUA (top histogram) and RT (bottom histogram) in the 
theta range. 

 
 
MUA and behaviour are modulated by a similar rhythm 
 
 An increasing number of studies in humans e.g. 8,9 and macaques 24,34 shows 
rhythmicity in vision-guided performance measures collected from attention tasks involving 
multiple visual stimuli and which has been interpreted as evidence for a rhythmic sampling 
of visual stimuli. For the present study, we wondered therefore whether the stimulus-
induced V1 theta oscillations might be similarly related to a behavioural rhythm.  

To this end, we trained the monkeys to perform a simple visual detection task 
(Figure 6 A). The monkeys first had to view a central fixation spot while a visual stimulus was 
presented that induced theta oscillations in the simultaneously recorded V1 MUA. The 
monkeys had to covertly attend to this theta-inducing visual stimulus to detect a small 
luminance change in its centre. Detection of the luminance change was reported by making 
a saccade towards the location of change. The timing of the change varied on a trial-by-trial 
basis between 500 and 1500 ms following stimulus onset. Across trials, this experimental 
manipulation allowed us to systematically assess reaction times (RT) at different epochs of 
the stimulus-induced neural theta rhythm 8,9. Our rationale was that if the stimulus elicits 
neural theta oscillations that are behaviourally relevant, presenting the luminance change at 
different times after stimulus onset should reveal a similar oscillatory structure in 
behavioural RT measures. 

Indeed, plotting RTs from one experimental session as a function of visual target 
onset times revealed a regularly alternating pattern of shorter and longer RTs  (Figure 6 B). 
Spectral analysis of this RT time course showed that RTs fluctuated at a theta frequency of 6 
Hz (Figure 6 D, blue).  In addition, we found that MUA oscillated at theta frequency (Figure 6 
B). The frequency of the neural oscillations peaked at 5 Hz, closely resembling the frequency 
of behavioural oscillations (6 Hz). Across sessions in both monkeys, we found a positive 
moderate correlation between peak of MUA power spectra and peak of RT power spectra 
(Figure 5 C) (r = 0.547 [95 % CI 0.118 - 1], p = 0.021 one-tailed, n = 14, Pearson correlation). 
Therefore, across sessions, MUA and RT tended to fluctuate at similar frequencies and it 
seems that the stimulus-induced theta rhythm in V1 translated into similar behavioural 
performance fluctuations. 
 
Discussion 
 
 We found a stimulus-induced theta rhythmic neural activity in primate V1 which 
depended on basic stimulus properties such as size, contrast and orientation. The rhythms 
were not eliminated after excluding trials with microsaccades from the analysis. When 
monkeys actively performed a visual detection task, both MUA and RT measures were 
modulated at similar theta frequencies. In what follows, we discuss our findings in the 
context of previous reports of theta oscillations in the visual cortex, including what is known 
about the stimulus dependence of neural oscillations, and their relationship to visual 
perception. 
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Theta oscillations in visual cortex 
 

Neural theta oscillations have been observed in the temporal cortex 29,32,50, V4 
33,34,51, and V1 37,38. These studies collectively show that theta oscillations might occur during 
a wide set of cognitive task conditions in the context of attention 37, visual working 
memory33, visual discrimination 29, illusory contour 51, binocular rivalry 50, and passive 
fixation to multiple nearby stimuli 32,34,38. The viewing of multiple stimuli was demonstrated 
to be an important factor in the emergence of theta oscillations in the mid- to higher visual 
areas. More specifically, theta oscillations seem to be produced by competition between 
populations of neurons representing different stimuli in IT 32 and RF centre-surround 
competition in V4 34. Stimulation of RF centre or surround alone did not induce theta 
oscillations in the recorded cortical areas. Instead, a balance between RF excitation and 
inhibition was necessary for the emergence of theta oscillations in the visual association 
cortex.  
 In V1, there are two studies reporting stimulus related theta oscillations. The first 
one measured theta oscillations in local field potentials (LFP) while monkeys performed an 
attention task 37 involving multiple visual objects. This study reported that theta oscillations 
were reduced by selective visual attention. The second study reported theta oscillations in 
MUA while monkeys viewed an illusory contour induced from the presence of multiple 
illusion-inducing stimuli centred around V1 RFs 38. 

Our study extends these earlier observations  and adds that the emergence of theta 
oscillations in V1 depends on basic visual stimulus properties. Similar to previous studies in 
the primate visual cortex 32,34, our findings highlight the importance of basic neural 
computations at the RF level for the emergence of theta rhythmic neural activity. 

 
Stimulus dependence and the emergence of theta oscillations in V1 
  

Across all tested stimulus properties - size, contrast, and orientation - we noticed a 
pattern that theta oscillations tend to depend on spike rate. Stimulus parameters that were 
effective in driving the neural population also tended to be the ones effective in inducing 
theta oscillations. This finding points to the possibility that in V1, theta oscillations are 
inherent in the spiking pattern of the neural population. When a neural population is 
minimally activated, such as during the pre-stimulus period or during the presentation of 
non-optimal stimuli, theta oscillations are not likely to emerge or only emerge with low 
power. In contrast, an optimal visual stimulus strongly drives the theta oscillations. 

A possible link can be made between theta oscillations and the preference of many 
V1 neurons to a stimulus drifting in theta frequency 40,41,52,53. This finding is consistent with 
what was found with human functional magnetic resonance imaging (fMRI) 54–57 and MEG 
58,59. This preference may indicate that many V1 neurons act as temporal filters which are 
tuned to theta frequencies. Therefore, if a static stimulus is presented to the neurons for a 
sustained period - the presentation condition in our study - the neurons will fire 
rhythmically at theta frequency. The more strongly a stimulus activates a neuron, the 
stronger the resulting theta activity is, consistent with what we found across stimulus 
properties. The possible inherent theta rhythmicity in many V1 neurons may be revealed 
only by a sufficiently efficient stimulus drive.  
         In addition to the effect of stimulus properties on theta power, we also found that 
theta peak frequency increased with both stimulus size and eccentricity. It is interesting to 
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note that the opposite effect has been found for gamma oscillations in the LFP 60–63 and 
MEG 64. Gamma oscillation frequency has been observed to decrease with increasing 
stimulus size 60,63  and eccentricity 61,64, whereas the theta frequency increased under our 
conditions. As there is indicative evidence from human fMRI studies that the preferred 
temporal frequency of V1 neurons might increase from parafoveal to peripheral locations in 
V1 56,57, this effect might underlie the eccentricity dependent modulation of V1 theta 
frequencies. From these observations, a picture emerges that places the inherent filter 
properties of V1 neurons at the core for the emergence of theta-rhythmic neural activity in 
the primary visual cortex. 
 
Theta oscillations and microsaccades 
 
 What might be the perceptual consequences of neural theta rhythms in the visual 
cortex? Previous studies showed a phase-locking between microsaccades and theta activity 
in V1  5,6.  A similar relationship could not be observed in our study. First, we found that 
microsaccades did not occur in every trial; they were relatively uncommon events that 
occurred only in 10 – 15 % of the trials. In contrast, theta oscillations were consistently 
present across trials. Second, when microsaccades occurred in the stimulus presentation 
period, they only occurred once per second on average, in agreement with previous reports 
65,66. A possible explanation why we didn’t find a rhythmic occurrence of microsaccades 
might be because of our shorter stimulus presentation period of 1.2 s, compared to 
previous studies where the stimulus presentation could last for several seconds 5,6. As 
microsaccades rate increases with longer fixation time 4,67, it is therefore possible that 
microsaccades are more likely to become rhythmic during more prolonged fixation. Third, as 
a test for the dependence of theta oscillations on microsaccades, removing trials with 
microsaccades didn’t eliminate neural theta oscillations, consistent with previous reports 
34,37. These findings together argue against the involvement of microsaccades in the 
generation of neural theta oscillations in our study.  
  
Theta oscillations and rhythmic sampling 
 
 Multiple studies found rhythmic fluctuations of behavioural performance at theta 
frequency across different visual tasks 8,11–13,20,68,69. These findings have been interpreted as 
a rhythmic sampling of the visual environment. It is interesting to note that most of the 
evidence for rhythmic sampling is found when observers are presented with multiple 
objects at the same time. For example, the study by Landau and Fries 8 first presented the 
observers with a non-informative spatial cue. The observers then needed to attend to two 
stimuli because the target could appear in either. Therefore, rhythmicity in behavioural 
performance is often interpreted as attentional switching between multiple objects.  

Here we provide one of few demonstrations of behavioural rhythmicity in the 
presence of one object, consistent with a recent behavioural study 13. When monkeys had 
to detect a target inside a stimulus that was favourable for the emergence of theta, RT 
fluctuated at theta frequency. Our investigation and the recent behavioural study 13 in 
humans provide evidence that behavioural rhythmicity does not always arise from 
competition, exploration, or attentional switching process between multiple stimuli 28. 
These findings instead indicate rhythmic processing of a feature or a single location in space 
by the visual cortex neurons, which appears to be stimulus-driven 32,34. 
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 Most evidence on the neural correlates of the behavioural rhythmicity points to the 
frontoparietal network 23,24,70–72. This higher-level correlate of behavioural rhythmicity is 
indicative of a top-down attentional control of sampling 73,74. Here, we show an additional 
sensory-driven correlate of behavioural rhythmicity as early as in V1, at the entrance point 
of visual cortical processing. The theta rhythm in V1 induced by a stimulus may bias further 
downstream processing of that stimulus, making the perception of it fluctuate rhythmically 
at a similar frequency. Our results thus agree with and extend previous human studies that 
showed a rhythmic involvement of early visual areas during visual search using a 
perturbation technique, transcranial magnetic stimulation (TMS) 20,72. 

The existence of theta across brain regions suggests multiple mechanisms and 
functions. It is possible that theta oscillations in early visual areas, such as V1 and V4 34, are 
involved when processing happens locally, such as in the case of viewing one stimulus or 
two nearby stimuli. This type of processing is well served by the small size of RFs in early 
visual areas. When a task requires attending to multiple locations or objects over a large 
area, which is a common testing condition of rhythmic behaviour in humans 8,11,20,68–70,75 and 
monkeys 23–25,70,71, top-down control regions are involved so the postulated attention 
spotlight 76 can scan the visual field to process all stimuli 77.  In fact, theta oscillations in V4 
are reduced when two stimuli are presented in different hemifields compared to when the 
two stimuli are presented close to each other 34, consistent with the idea that theta 
oscillations in mid- and early visual areas are involved in local processing. 

In summary, we provide evidence for the emergence of theta rhythmic neuronal 
activity in the primate primary visual cortex that is highly stimulus-dependent and appears 
to influence the dynamics of visual perception. This theta-rhythmic activity seems to directly 
arise from V1 filter properties and is indicative of a sensory-based sampling mechanism that 
operates in parallel to other rhythmic cognitive processes. 
 
 
Methods 
 
Subjects 
 
 Two healthy adult female rhesus monkeys (Macaca mulatta, monkey AL: age 5 years 
old and weight 8 kg; monkey DP: age 6 years old and weight 9 kg) participated in this study. 
We implanted a head post and a recording chamber over area V1 in the right hemisphere. 
Anaesthesia procedure, surgical procedure, implant methods, and postoperative conditions 
are described in a previous publication (Ortiz-Rios et al 2018). During the testing period, the 
monkeys were put under a fluid control procedure which did not impair the animals’ 
physiology and welfare78. All procedures complied with UK Animals Scientific Procedures Act 
1986 and European Council Directive 2010/63/EU. 
 
Neurophysiological recordings 
 
 Neurophysiological data were collected by two types of electrodes used in different 
experimental sessions: (1) single tungsten electrodes with epoxylite coating (FHC, Bowdoin, 
USA) and (2) silicone linear probes with 16 (1 shaft) or 32 channels (2 shafts with 200 µm 
spacing between the shafts), 150 µm inter-electrode spacing, with platinum contacts (Atlas 
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Neuroengineering, Leuven, Belgium). Single FHC electrodes were referenced to the 
stainless-steel guide tube used to penetrate the dura, while Atlas linear probes were 
referenced to a silver wire placed on the dura while the chamber was filled with saline. 
Electrodes were inserted daily into the right  V1 of each monkey with a hydraulic 
micromanipulator (Narishige, Japan). Raw data were recorded at a sampling rate of 30 kHz 
using a Blackrock Microsystems Cerebus system (Blackrock Microsystems, Utah, USA). 

  Neurophysiological data were analysed using MATLAB-based NPMK software 
(Blackrock), custom-written MATLAB codes (Mathworks), and the FieldTrip Matlab software 
toolbox79. The envelope of multi-unit activity (MUA)80 was obtained by high-pass filtering 
(8th-order Chebyshev filter with 300 Hz cutoff frequency) the raw data, rectifying (taking 
the absolute values), and downsampling to 500 Hz. 

 
Visual stimulation 
 
 Stimulus presentation and monkey behaviour were controlled by MWorks 
(https://mworks.github.io). During the experiments, eye movements were tracked 
monocularly and recorded using an infrared-based eye-tracking system with 500 Hz 
sampling rate (EyeLink 1000, SR Research, Ottawa, Canada). Stimuli were presented with a 
ViewPixx LCD monitor with a 120 Hz refresh rate, 1920 x 1080 pixels resolution, and 24-inch 
diagonal display size (VPixx technologies, Saint-Bruno, Canada). The monitor luminance 
output was linearized by measuring the luminance of red, green, and blue using a 
photometer at 8 brightness levels repeated 10 times each. We fitted the luminance profile 
with a power function and applied the inverse of the power function during stimulus 
presentation. The viewing distance was 85 cm.  

RF location was estimated by presenting a black square (luminance 0.1 cd/m2) in 
quick succession, 100 ms each, at various spots on the screen with a grey background 
(luminance 45 cd/m2). The animals fixated a white fixation dot (0.3° diameter, 92 cd/m2 
luminance). Usually, we started by presenting a 1° wide square in a non-overlapping 5 by 5 
grid to find the rough location of the RF. The MUA responses to the RF stimuli were 
analyzed to find the spot where activation was highest. We considered this spot to be the 
centre of the RF location. Once we confirmed the rough RF location, the procedure was 
repeated with 0.5° and 0.25° squares to further delineate the RF location at a higher spatial 
resolution. The RF centre location obtained with 0.25° stimulation was recorded and 
subsequent visual stimulation was always placed at this location. In the case where we 
recorded with multiple electrodes, we usually focused on the RF location of one or two 
channels with the strongest activation as judged by listening to the auditory-converted 
neural activity and/or by visual inspection of the MUA data from RF analysis. 
 For the passive viewing task, the animals were required to maintain fixation on a 
small white dot while various stimuli were presented at the receptive field (RF). All stimuli 
were always presented with a gray background (RGB [0.5,0.5,0.5] luminance 45 cd/m2). 
Trials were initiated by the animals looking at the fixation dot followed by a fixation time of 
at least 1000 ms. After that, the stimuli were presented for 1200 ms. Animals were 
rewarded if they maintained fixation for the whole duration of the trial. If the animals 
moved their eyes outside the fixation window any time before the stimulus disappeared, 
the trials were aborted, and they weren’t rewarded. The stimulation conditions from failed 
trials were included again randomly in the protocol to ensure adequate testing across the 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 1, 2021. ; https://doi.org/10.1101/2021.11.30.470367doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.30.470367
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

different task conditions. The radius of the fixation window was typically 1°. Depending on 
the animals’ condition and motivation, the radius could be smaller, but never exceeded 1°. 
 To test the effect of stimulus size on theta oscillations, we presented a black (RGB 
[0,0,0] luminance 0.1 cd/m2) disk with one of 7 possible sizes (0.3°, 0.5°, 0.75°, 1°, 1.5°, 2°, 
and 4° diameter). The size of the stimulus varied on a trial by trial basis. For most of the 
recordings, we presented each size for 40 trials; however, in some sessions, we presented 
more trials per size depending on the animals’ motivation. After the size tuning recording 
was finished, the data was analyzed to identify the size which induced the strongest theta 
power. This size was recorded and used to present stimuli for the contrast and orientation 
experiment.  
 To test the effect of contrast, we presented a grey disk with varying contrast relative 
to the grey background. On a single trial, we presented the disk with 8 possible contrasts 
(5.3 %, 9.9 %, 14.6 %, 20.4 %, 25.4 %, 30.4 %, 49.5 %, 100). The contrast was calculated as 
Michelson contrast and varied every trial. For most recordings, we presented each contrast 
for at least 40 trials. For one session in monkey DP, we only presented only 20 trials for each 
contrast. In some sessions, depending on the motivation of the monkey, we presented more 
than 40 trials per contrast.  
 To test the effect of orientation, we presented a sinusoidal grating with a circular 
envelope with varying orientations. On a single trial, we presented the grating at one of 10 
possible orientations. The tested orientations were linearly spaced from 0° (vertical 
orientation) to 162° with 18° increment. The grating was presented at full contrast. Spatial 
frequency was 1 cycle per degree for monkey AL and 2 or 3 cycles per degree for monkey 
DP. For most recording sessions, each orientation was presented for 30 - 40 trials.  
 For the detection task, the monkeys maintained fixation for 1000 ms before a 
stimulus was presented in the RF. The stimulus was a black disk (luminance 0.1 cd/m2) on a 
grey background (luminance 45 cd/m2). The stimulus size was optimized to generate theta 
oscillations from a size tuning passive viewing task performed before the detection task. The 
stimulus size that induced the strongest theta oscillations was used as the stimulus size in 
the detection task. After a random 500 to 1500 ms of stimulus presentation, a target 
appeared in the centre of the stimulus and stayed on the screen for a maximum of 1000 ms. 
The monkeys had to detect the target by making a saccade toward the stimulus within 1000 
ms after target onset. A successful saccade to the stimulus was rewarded. Fixations break 
from the fixation point at any time before target onset would abort the trial. In 25 % of 
trials, we presented catch trials where there was no target presentation. In the catch trials, 
the monkeys were rewarded for maintaining fixation for 1500 ms.  
 
Data analysis 
 
Passive viewing task 
 
 Our main unit of analysis is the MUA collected per electrode for the FHC electrodes 
and per electrode channel for the linear probes. For our main analysis, we only included 
visually responsive channels. To determine the visually responsive channels, we compared 
the 100 ms post-stimulus onset MUA to the last 500 ms stimulus baseline before stimulus 
onset. We did this calculation separately for each stimulus domain: size, contrast, and 
orientation. Visually responsive channels were the channels with activity higher than 2.5 
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standard deviations of mean baseline activity in at least 4 stimulus conditions (e.g., 4 sizes 
or 4 orientations). 
 Frequency analysis was performed using the ft_freqanalysis function from FieldTrip 
toolbox (Oostenveld et al. 2011). The fast fourier transform (FFT) analysis was performed at 
every channel and at the single trial level with single taper Hanning window (cfg.method = 
‘mtmfft’ and cfg.taper = ‘hann’ as an input for ft_freqanalysis). We extracted the power of 
frequency 1 - 100 Hz from the time period 200 ms - 1200 ms post-stimulus. Baseline power 
spectra were calculated with the same method from period -1000 ms to 0 ms pre-stimulus. 
The power spectrum of each channel was obtained by averaging the single trial power 
spectra for the tested stimulus condition.  

For analysis at the population level, the power spectra from every channel were 
peak normalized with the following method: first, we identified the strongest power value 
from all trial-averaged spectra across stimulus conditions. Second, we divided all power 
spectra to the power from the overall strongest spectrum. This peak normalization 
procedure also ensured that our results were not disproportionately affected by some 
channels with particularly strong power values. 
 For the peak frequency analysis, we identified the frequency with the strongest 
power for every trial in every condition. The range of frequency considered was 1 - 100 Hz. 
Then, we calculated the median of peak frequency. The distribution of peak frequency at all 
channels was plotted using a MATLAB function plotSpread (Jonas, 2021). The median of the 
distribution could then be calculated.  
 To construct tuning curves, we calculated the mean MUA from the same time 
window we used for frequency analysis, 200 ms - 1200 ms post-stimulus. Similar to the 
frequency analysis, we also performed peak normalization of tuning curves for the 
population level analysis. For every channel, we identified the stimulus condition with the 
highest MUA and divided the MUA values at other conditions by the maximum value.  
 In the orientation tuning experiment, we performed an additional analysis step. 
Because of different orientation preferences across neural populations, we first determined 
the orientation preference of each channel. We defined the preferred orientation as the 
orientation which induced the highest mean MUA at the time window 200 ms - 1200 ms 
after grating onset. This orientation was named orientation 0° and other orientations were 
expressed as deviations from 0°. After this centering process, we did the same analysis steps 
described above.  
 
Microsaccades analysis 
 
 We detected microsaccades using an algorithm developed by Engbert and Kliegl49. 
The raw eye traces were first converted to velocities with a moving average window of 5 
data samples. Then, on each trial, we computed the threshold of microsaccades detection 
as 6 times the standard deviation of velocity time series. An event was classified as 
microsaccades if it exceeded the threshold by at least 3 data samples (minimum duration of 
6 ms). We removed all microsaccades with amplitude larger than 1°. 
 
Detection task 
 
 The analysis of behavioural data began with removing trials with RT less than 100 ms 
or larger than 1000 ms. Next, we binned the trials based on the SOA between stimulus and 
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target. The bin was a 50 ms sliding window with an 8.3 ms step. Mean RT was calculated as 
a function of binned SOA to generate the RT time course. Then we detrended the time 
course by fitting a second-order polynomial function and removing the fit from the RT time 
course. We then calculated the FFT of the detrended time course to see if the resulting 
power spectrum contains a peak in the theta range. To establish statistical significance, we 
generated a surrogate time course by randomising the RT and SOA from the real, non-
detrended time course. This randomisation destroyed the temporal structure, from the 
original time course. After that, we detrended and calculated FFT from the surrogate time 
course. This analysis was repeated for 5000 times and for each iteration we obtained the 
power spectra from the surrogate time course. This results in a surrogate distribution of 
power value from each frequency. We then set the threshold for statistical significance by 
taking the 99.67 percentile value from the surrogate distribution for each frequency. The 
percentile value was corrected for multiple comparisons across 15 frequencies (1-15 Hz), 1 - 
(0.05/15) = 99.67. 
 Similar to what we did for the passive viewing task, we analysed the MUA only from 
visually responsive channels, defined as channels with the first 100 ms MUA higher than at 
least 2.5 SD of the last 500 ms of baseline. The frequency analysis for the detection task was 
performed on 500 - 1500 ms after stimulus onset on successful catch trials only, trials where 
the target did not occur and the animals maintained fixation for 1500 ms. The reason why 
we only analyzed the catch trials was to obtain the full stimulus-induced MUA, 
uninterrupted by the response to target onset and the saccadic response to it. 
 We tested the relationship between behavioural and neural oscillations by analyzing 
both measures across sessions (n = 14), combined for both monkeys (n = 10 for monkey AL 
and n = 4 for monkey DP). For each session, we extracted the peak frequency, the frequency 
with the highest power, separately from RT and MUA power spectrum. All RT peak 
frequency in each session was statistically significant as defined above. The peak frequency 
of MUA was obtained from the mean peak normalized power spectra across channels. We 
then calculated Pearson correlation coefficient between the RT and MUA peak frequency.  
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