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Visual stimulus content in V4 is conveyed by gamma-1 

rhythmic information packages 2 

Abstract 3 

Selective visual attention allows the brain to focus on behaviorally relevant information while ignoring irrelevant 4 

signals. As a possible mechanism, routing-by-synchronization was proposed: neural populations receiving 5 

attended signals align their gamma-rhythmic activity to that of the sending populations, such that incoming 6 

spikes arrive at excitability peaks of receiving populations, enhancing signal transfer. Conversely, non-attended 7 

signals arrive unaligned to the receiver's oscillation, reducing signal transfer. Therefore, visual signals should be 8 

transferred through gamma-rhythmic bursts of information, resulting in a modulation of the stimulus content 9 

within the receiving population’s activity by its gamma phase and amplitude. To test this prediction, we quantified 10 

gamma phase-dependent stimulus content within neural activity from area V4 of two male macaques performing 11 

a visual attention task. For the attended stimulus, we find highest stimulus information content near excitability 12 

peaks, an effect that increases with oscillation amplitude, establishing a functional link between selective 13 

processing and gamma activity. 14 

Significance Statement 15 

The ability to focus on the behaviorally relevant signals is essential for the brain to cope with the continuous, 16 

high-dimensional stream of sensory information it receives. What are the neural mechanisms which allow such 17 

selective processing in the visual system? We analyzed data from area V4 and found that the amount of visual 18 

signal information content is tightly linked to the phase of local gamma-rhythmic activity, with maximal signal 19 

content occurring near peaks of neural excitability. Our investigations provide direct evidence that selective 20 

attention relies on rhythmic temporal coordination between visual areas, and establish novel methods for 21 

pinpointing pulsed transmission schemes in neural data. 22 



 

3 

 

Introduction 23 

Visual information processing is computationally demanding, requiring the brain to handle a continuous, high-24 

dimensional stream of sensory input signals. Selective attention helps to reduce this computational complexity 25 

by focusing on signals which are behaviorally relevant at the expense of other, irrelevant signals (Lavie, 1995). 26 

Selective processing is already observed at the single neuron level: when presented with two stimuli inside their 27 

receptive fields (RFs) of which one is attended, V4 neurons respond primarily as if only this stimulus was present 28 

(Moran and Desimone, 1985; Reynolds et al., 1999; Grothe et al., 2018). However, there is only a small 29 

attention-dependent modulation of firing rates of the V1/V2 populations providing the input signals from the two 30 

visual stimuli to V4 (Moran and Desimone, 1985; Motter, 1993; Luck et al., 1997; McAdams and Maunsell, 1999; 31 

Mehta et al., 2000; Salinas and Sejnowski, 2000). Hence, selective responses in downstream areas cannot 32 

result exclusively from upstream rate modulations, suggesting that selective attention relies on a different 33 

mechanism in order to dynamically change effective connectivity depending on task demands. 34 

One influential idea proposes inter-areal synchronization of oscillatory neural activity in the gamma-band 35 

frequency (40Hz-100Hz) in order to enact dynamic modulation of effective connectivity between presynaptic and 36 

postsynaptic populations (Fries, 2005, 2015; Kreiter, 2006, 2020). In this scheme, gamma-rhythmic activity 37 

serves multiple functions. For presynaptic populations, it coordinates their spiking output into periodic bursts, 38 

increasing their postsynaptic impact (Steinmetz et al., 2000; Fries et al., 2001; Azouz and Gray, 2003; Taylor et 39 

al., 2005; Zandvakili and Kohn, 2015). These periodic bursts of spikes focus stimulus information into gamma-40 

rhythmic packages (Womelsdorf et al., 2012). For postsynaptic populations, gamma-rhythmic activity enacts 41 

modulation of gain of its inputs, with alternating windows of high and low excitability (Atallah and Scanziani, 42 

2009; Buzsáki and Wang, 2012; Vinck et al., 2013; Salkoff et al., 2015; Ni et al., 2016). When both sending and 43 

receiving populations exhibit gamma-rhythmic activity, they can establish coherent states with coupled phases 44 

(Fig. 1A). In a favorable state for information routing, the gamma-rhythmic bursts of spikes from the presynaptic 45 

population arrive at the receiving population during windows of high excitability, resulting in enhanced 46 

information transfer. In an unfavorable phase relationship, the spikes arrive predominantly during windows of 47 

inhibition in the receiver population, resulting in suppressed information transfer. Thus, effective connectivity 48 

between presynaptic and postsynaptic populations can be modulated by establishing an appropriate phase 49 

relationship between their gamma rhythms. This mechanism has been referred to as communication-through-50 
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coherence (CTC) (Fries, 2005, 2015), or as routing-by-synchrony (RBS) (Kreiter, 2006, 2020; Grothe et al., 51 

2012, 2018; Palmigiano et al., 2017). In support, research has shown that V4 populations establish stronger 52 

phase coherence with the presynaptic populations processing attended stimuli as opposed to those processing 53 

non-attended stimuli (Bosman et al., 2012; Grothe et al., 2012). 54 

Cumulatively, RBS posits that stimulus information arrives to V4 from lower visual areas in the form of gamma-55 

rhythmic information packages, where the phase relationship between the sending and receiving populations 56 

determines whether information get passed on or suppressed (Fig. 1B). Additionally, the gamma oscillation 57 

amplitude is not constant (Bosman et al., 2009; McLelland and VanRullen, 2016; Spyropoulos et al., 2018), so 58 

one also expects selective routing to be enhanced (or diminished) during periods of higher (or lower) amplitude 59 

gamma activity. 60 

Here, we directly investigate whether selective information transfer of extended, time-varying signals in V4 61 

complies with the RBS mechanism. For this purpose, we quantify attended and non-attended stimulus 62 

information content (SIC) within V4’s neural activity at different phases and amplitudes of successive gamma-63 

oscillation cycles. If gamma synchronization and selective information routing were causally linked to each other, 64 

we expect SIC to be modulated by phase with its maximum corresponding to V4’s excitability peaks (Fig. 1B). 65 

This effect should be consistently higher for the attended signal compared to the non-attended, increasing (or 66 

decreasing) during periods of high (or low) gamma activity. 67 

Materials and Methods 68 

Experimental model and subject details 69 

All procedures and animal care were in accordance with the regulation for the welfare of experimental animals 70 

issued by the federal government of Germany and were approved by the local authorities. Data from two adult 71 

male rhesus monkeys (Macaca mulatta) were used for this study. Parts of the data have been used in a previous 72 

publication (Grothe et al., 2018). 73 

Surgical procedures and behavioral task 74 

Details about the surgical preparation, behavioral task and recording details have been reported previously 75 

(Grothe et al., 2012, 2018). In short, animals were implanted under aseptic conditions with a post to fix the head 76 
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and a recording chamber placed over area V4. Before chamber implantation, the monkeys had been trained on 77 

a demanding shape-tracking task (Fig. 2A). Neural signals were measured from area V4 with 1–3 epoxy-78 

insulated tungsten microelectrodes (125 μm diameter; 1–3 MΩ at 1 kHz; Frederic Haer). Reference and ground 79 

electrodes for Monkey F were platinum-iridium wires below the skull at frontal and lateral sites. The reference for 80 

Monkey B was a platinum-iridium wire placed posteriorly below the skull, and the ground was a titanium pin at 81 

the posterior end of the skull.  82 

The task (Fig. 2A) required fixation throughout the trial within a fixation window (diameter 1–1.5 degrees of visual 83 

angle) around a fixation point in the middle of the screen. Eye position was monitored at 100 Hz using a video-84 

based eye tracking system (monkey B: custom made, monkey F: IScan Inc). If the animal moved its eyes away 85 

from the fixation point, the trial was immediately terminated. Microsaccades within the fixation window were 86 

extracted by computing eye movement speed and extracting windows where it exceeded 3 standard deviations 87 

of its mean. 88 

After a baseline period, the monkeys had to covertly attend to one of two statically presented, closely spaced 89 

stimuli (shapes) that was cued (static/cue period). Then both shapes started morphing into other shapes. The 90 

monkeys were trained to respond by releasing a lever when the cued initial shape reappeared at a pseudo-91 

randomly selected position in the shape sequence, after two to five morph cycles. The animals had to ignore 92 

reappearance of the initial shape in the distracter sequence. The shapes were placed at equal eccentricity. 93 

Stimuli were presented with a refresh rate of 100 Hz on a 22 inch CRT monitor containing 1152 x 864 pixels 94 

(monkey B) or 1024 x 768 pixels (monkey F), which was placed at a distance of 92 cm (monkey B) or 87 cm 95 

(monkey F) in front of the animal.  96 

In order to be able to track the information content of the stimuli within the neural activity, we used filled shapes 97 

and tagged the neural activity they evoke with imposed broadband luminance fluctuations ('flicker') on the 98 

stimuli: we changed the luminance of the shapes by choosing a random, integer gray pixel value with each 99 

frame update of the display. For monkey F, the values were drawn from an interval [128, 172], and for monkey 100 

B, from the full range [0, 255], corresponding to luminance fluctuations in a range of 6.9-12.5 and 0.02-38.0 101 

Cd/m2, respectively. Both shape streams had their own independent flicker time series of luminance values. 102 

Note that the flickering of the stimuli was not relevant to perform the task. A few trials were included in which 103 

only one stimulus was presented for offline controlling of response strength to individual stimuli. 104 
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Recording 105 

The electrodes’ signals were amplified by a factor of 1000 (Monkey B) or 5000 (Monkey F; MPA32I and PGA 64, 106 

1-5000 Hz, Multi-Channel Systems GmbH) and digitized at 25 kHz (Monkey B: USB-ME-256 System, Multi-107 

Channel Systems GmbH, Monkey F: A/D converter board, Multichannel systems and C++ based custom-made 108 

data acquisition system). For positioning stimuli, receptive fields were mapped manually while the monkey was 109 

fixating centrally, followed by an automated mapping procedure consisting of rapid presentations of circular dots. 110 

Stimuli were placed at equal eccentricity in the RF such that they induced similarly strong gamma-rhythmic 111 

activity (for details see Grothe et al., 2018). This requirement was successfully fulfilled in 16 recording sessions, 112 

resulting in 35 recording sites in total (Monkey F: 23 sites, Monkey B: 12 sites). 113 

Data preprocessing and site selection 114 

All the analyses were performed using custom codes written in MATLAB. From the recorded raw data, we 115 

extracted the local field potential (LFP) as a proxy reflecting average neural activity around the recording site, 116 

and the entire spiking activity (ESA) as a measure of local spiking activity (Drebitz et al., 2019). All filters used in 117 

the process were realized as forward-backward FIR-filters to preserve the phase of the original signal, using the 118 

function 'eegfilt' from EEGLab (Delorme et al., 2011) with standard parameters for the cutoffs: 119 

 For obtaining the LFP signal, we extracted the low frequency component from the 25 kHz raw neural 120 

recordings by applying a bandpass FIR filter with band stops at 1 and 200 Hz. 121 

 For obtaining the ESA signal, the raw data was first bandpass-filtered from 400 Hz to 2500 Hz. We then 122 

took the absolute value of the result, and subsequently applied a second bandpass FIR filter with band 123 

stops at 1 and 200 Hz to simplify phase dissociation (see detailed explanation below). 124 

Finally, both signals were down-sampled to 1000 Hz and z-score normalized, yielding  and  used in our 125 

data analysis explained in the next section.  126 

For ensuring that the recording sites were within the superficial layers of V4 we employed an additional selection 127 

criterium: 128 

 The shape of the visual evoked potential (VEP) caused by the stimulus onset shows the characteristic 129 

time course expected for the superficial layers, which starts with a negative deflection as opposed to the 130 
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initial positive deflection observed in the deeper layers (for details see Givre et al., 1994; Nandy et al., 131 

2017). We computed the VEP for each recorded site by averaging its LFP over trials. 132 

These selection criteria left 12 recording sites for monkey F and 10 for Monkey B. 133 

The experimental setup involved having two stimuli within the V4’s RF; each location was cued to be attended 134 

for half of the recorded trials in each session. We decided to split the trials of each recording site by the attended 135 

location, providing us with 24 data sets for monkey F and 20 data sets for monkey B. This was possible because 136 

 values from trial sets split by attended location were as statistically independent as  values from different 137 

recording sites, suggested by the fact that the distributions of the differences between the split sets and the full 138 

sets were not significantly different (Wilcoxon signed rank test). 139 

Data analysis 140 

Data analysis consisted of several processing steps applied to the LFP and ESA signals in sequence (Fig. 3). 141 

Briefly, first gamma phase and amplitude were extracted from the LFP, and gamma phase converted to 142 

excitability phase by assessing the spike-field coupling from ESA and LFP activity. Then, gamma excitability 143 

phase was used to isolate the signal values occurring at specific phases to form a phase-specific signal. Periods 144 

of high (low) gamma amplitude were selected to form an amplitude-specific signal. In the final step of the 145 

analysis, stimulus information content in the neural signals was assessed by computing the spectral coherence 146 

between the luminance flicker and the dissociated LFP or ESA signals. In the following sections, each of those 147 

steps are explained in detail. 148 

a) Extraction of gamma phase and amplitude 149 

By applying a wavelet transform with Morlet kernels, we first computed the average power spectrum of the LFP 150 

signal  during the period in which the stimuli were morphing until 200 ms before a correct response, and 151 

normalized it by the average power spectrum observed before stimulus onset in the baseline period (separately 152 

for each recorded site). The spectra revealed clear peaks in the gamma frequency range, of which we extracted 153 

a lower and upper frequency limit by taking location at half of the highest point around the peak (approximately 154 

40 to 100 Hz for monkey F recordings, and 50 to 110 Hz for monkey B). Subsequently, gamma activity was 155 

obtained by applying a forward-backward FIR band-pass filter to the LFP with cutoff frequencies determined by 156 



 

8 

 

the lower/upper frequency limits. By applying the Hilbert transform to the result, we obtained LFP’s gamma 157 

phase Φ  and amplitude A . 158 

Next, we would like to know when in each gamma oscillatory cycle neuronal activity is maximal, as a proxy for 159 

maximal excitability. Ideally, phases of high (or low) excitability should roughly correspond to high (or low) 160 

spiking activity. Unfortunately, the recorded ESA reflects only a small number of neurons next to the recording 161 

site, resulting in a signal that is too noisy to reliably extract gamma phase and amplitude. On the other hand, 162 

while the LFP provides a clean and reliable measure of the local populations’ rhythmic activity, its recording is 163 

affected by conduction delays and phase-shifts that depend on the recording electrode impendence as well as 164 

its precise location and orientation within the neural tissue (Gabriel et al., 1996; Bédard et al., 2004; Nelson et 165 

al., 2008; Bédard and Destexhe, 2012), making it a poor proxy for excitability’s phase. To resolve this issue, we 166 

related gamma phase information from the LFPs to spiking activity contained in the ESA by computing the mean 167 

ESA value for each LFP gamma phase, thus obtaining an estimate for the spike-field coupling. By subtracting 168 

the phase for which spike-field coupling was maximal from Φ  we acquired the ESA-aligned gamma phase 169 

Φ , which served as a proxy for excitability gamma phase throughout the entire analysis. For the amplitude of 170 

excitability’s gamma rhythm, we kept LFP’s amplitude A .  171 

b) Phase and amplitude dissociation, wavelet transform 172 

Extraction of gamma phase-specific components of the neural recording signals  was performed before using a 173 

wavelet transform  to obtain a frequency-resolved neural signal representation, while dissection with respect 174 

to gamma amplitude was performed thereafter. Applying these three operations in sequence yields the dissected 175 

and spectrally resolved neural activity ̃( , )  =  [  ∘  [ ( )] ]. Here we write amplitude and phase 176 

dissection as formal operations  and , respectively, which were realized as follows. 177 

For performing phase dissociation, we first determined the time points  at which the excitability phase passed 178 

through a desired target phase (e.g., = 0 for peaks, or  for troughs). These times were then used to create a 179 

new signal [ ] by sampling from the original signal ( ) (LFP or ESA) at those points. In conjunction with the 180 

then following integration over time during the wavelet transform, we can formally write this notching operation 181 

by using the -distribution: 182 
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[ ]( ) ≔  − ( ). 
Note that in order to obtain the phase-dependency curves of the SIC, we evaluated it for a finite set of gamma 183 

phases with equal spacing. For this reason, we wanted the 'notched' signal ( ) to represent not only activity 184 

at exactly the time point , but also in its vicinity. This was trivially the case for the LFP since it was originally 185 

obtained by low-pass filtering. For the more rapidly varying ESA, the same level of low-pass filtering was applied, 186 

in order to avoid missing an activation peak by notching the signal at a slightly different time.  187 

Amplitude dissociation was realized by first obtaining the distribution of gamma amplitudes throughout each 188 

individual recording session. From this distribution, we selected the 70th (and 30th) percentiles to use as high 189 

(and low) amplitude thresholds  (and ). Using these thresholds, we selected time periods exhibiting high 190 

(or low) oscillation amplitudes by means of indicator functions: 191 

( ) = Θ( ( ) − ), 192 

and  ( ) = Θ − ( ) ,   . 193 

where Θ denotes the Heaviside function. Using these indicator functions, the amplitude specific spectra 194 [ ]( , ) takes the form: 195 

[ ]( , ) ≔ / ( ) ( , ). 196 

If only phase dissection was performed (no amplitude selection), we used the identity function for , thus 197 [ ] =  , and if only amplitude dissection was performed (no phase selection), we used the identity function for 198 

, thus [ ] = . 199 

c) Spectral Coherence 200 

To evaluate how much the luminance fluctuation ( ) of a shape contributed to the neural activity ( ), we 201 

utilized spectral coherence (SC). First, we computed the spectrograms ( , ) and ̃( , ) where  is the 202 

frequency and  is the time, using a wavelet transform with Morlet kernels. Here ̃( , ) represents the neural 203 

signals which already underwent phase- and/or amplitude dissociation in conjunction with the wavelet transform 204 

as described in the preceding section. The transform yields complex valued coefficients representing the 205 

amplitude and phase of the signals. By evaluating the normalized cross-correlation between  and ̃ we obtained 206 

the spectral coherence measure: 207 



 

10 

 

( , ) ≔ ∑ ∗( , ) ̃( , + ),(∑ | ( , )|, )(∑ | ̃( , + )| ),  , 
where ∗ indicates the complex conjugate of ,  is the lag between the two signals, and where the sums are 208 

performed over the population of trials  included in the computation for the time points  in each trial. 209 

Due to the normalization terms in the denominator, the values of   lie between zero and one. All integrals 210 

were computed over all times for which  and +  lie within a selected time period during a trial, i.e. from the 211 

beginning of the second morph cycle until 200ms before the monkey's response. Summation was performed 212 

either over all trials from all recording sites for cumulative population analyses, or over individual sets of trials 213 

from single sites, separated by the attended location. 214 

Once  is calculated, we compute the pooled value  over a region of interest in frequency-time lag space to 215 

reduce a two-dimensional result to a single value. The region of interest was defined as a frequency-dependent 216 

cone of width ±  around + , where = 1/  and  denotes the onset delay of the neural response 217 

in V4 after stimulus onset which was 50ms in monkey F and 60ms in monkey B (cf. to Grothe et al., 2018). We 218 

first took the average across lags within the frequency-dependent region of interest, and then took the mean of 219 

the time averages from 5 up to 15 Hz. 15 Hz was selected as upper the limit, since the majority of the individual 220 

sets results did not yield significant  above this value.  221 

d) Confidence intervals and statistical tests 222 

For assessing significance of each  measure, we computed the 95% chance level of its value being different 223 

from zero (indicated by the gray shading towards the bottom of each plot in figures 4A, 6A and 7). This was done 224 

by taking the 95th-percentile from the distribution of -measurements gathered by pairing the neural recording 225 

signal with 200 surrogate luminance flicker signals. 226 

95% confidence intervals for  were gathered by bootstrapping across trials. From a set S of N trials, we 227 

randomly sampled trials with replacement, generating another set S* with the same number of trials N, many of 228 

which are duplicates of each other. Using this new data, we calculated our desired test statistic *. This 229 

procedure was repeated 20000 times, creating a distribution of * values, from which we extracted the 2.5% 230 

and 97.5% quantiles. 231 
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In order to assess whether a test statistic  (computed from data extracted from set S1 with N1 trials) is 232 

significantly different from   (computed from set S2 with N2 trials), a non-parametric permutation statistical test 233 

was used (Maris and Oostenveld, 2007; Maris et al., 2007). By randomly shuffling the trials between the two 234 

sets, we created new sets S1* with the same number of trials N1 аnd S2* with N2 trials, each containing no trial 235 

duplicates but rather a mixture of trials from the original sets, which are then used to compute the test statistic 236 

∗ −  ∗. This procedure was repeated 20000 times, generating a null distribution for the test statistic, allowing 237 

to calculate the significance level p-value by evaluating the proportion of this distribution that fell above/below 238 

the true value of the statistic, − , computed from the original data sets. In cases where 100% of the null 239 

distribution is above/below the true statistic, the p-value is reported as p<1/20000. 240 

To assess whether a distribution of -measures is significantly different between two conditions (i.e. whether 241 

the data clouds in the scatter plots in figures 4B and 6B lie above or below the diagonal), we determined whether 242 

the ratios between the  values for individual sets are significantly different from 1 by using the Wilcoxon 243 

signed rank test on the distribution computed via log( ⁄ ). 244 

Results 245 

For investigating whether and how attention-dependent signal transfer is affected by V4’s gamma phase and 246 

amplitude, we analyzed local field potentials (LFP) and multi-unit spiking activity (measured as entire spiking 247 

activity, ESA) recorded from the superficial layers of area V4 in two macaque monkeys (Macaca mulatta). During 248 

recording, the animals were engaged in a demanding shape tracking task requiring the monkeys to attend to one 249 

of two concurrently presented dynamic stimuli within the recorded population’s receptive field (RF) (see Fig. 2A 250 

and methods section for details). The two stimuli consisted of complex shapes, which, after an initial static 251 

period, morphed through a series of different shapes throughout the trial. At the beginning of each trial, one of 252 

the two stimuli was cued. The task for the monkey was to attend to the cued stimulus while maintaining fixation, 253 

and to respond when its initial shape reappeared in the morphing sequence. The other, non-attended stimulus 254 

had to be ignored. The number of morph-cycles that the stimuli went through before returning to the initial shape 255 

was randomized. The neural signals included in this analysis were taken from the start of the second morph 256 

cycle until 200 ms before a correct behavioral response. The first cycle was excluded since it never morphed into 257 
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the target shape and thus would not require the animal to pay 'full' attention to the target shape in this particular 258 

time interval. 259 

Crucially, the two stimuli were tagged by independent and behaviorally irrelevant random luminance fluctuations, 260 

with a luminance change every 10ms. This allows us to evaluate stimulus information content (SIC) in V4 activity 261 

by computing the spectral coherence between the neural activity and the luminance signals (see Fig. 2B). 262 

Spectral coherence provides a frequency- and time-delay-resolved correlation measure between two signals. By 263 

pooling across relevant lag and frequency bins, we acquired a single value  as a measure for the average SIC 264 

of the shapes' luminance fluctuation within the recorded neural activity.  265 

In order to probe whether a potential SIC modulation is aligned to excitability phase as predicted in figure 1B, we 266 

employed ESA as a proxy for excitability. Specifically, we first identified which LFP gamma phase was 267 

associated with maximum ESA, and then shifted the LFP gamma phase by the appropriate amount for each 268 

recording site giving us the ESA-aligned gamma phase. Throughout the whole analysis, this is the gamma 269 

phase employed as a proxy for excitability’s gamma phase (Fig. 3A). 270 

To quantify SIC in dependence on gamma phase and amplitude, we extracted neural activity specific to each 271 

phase of the gamma cycle and separately for periods of high and low gamma-band amplitudes. We then 272 

computed  between these phase and amplitude-specific signals and the luminance fluctuations of the 273 

attended and non-attended stimuli (see Fig. 3 and methods section for details). 274 

Gamma phase modulates signal information content of the attended stimulus 275 

We extracted components of the neural signals associated with a specific gamma phase by selecting the 276 

discrete time points that correspond to that particular phase, and sampled the neural signals at those points. In 277 

the example shown in figure 3B, we marked the time points corresponding to ESA-aligned gamma peaks (in 278 

purple) and troughs (in brown). The dots in figures 3D and E indicate which samples from the LFP and ESA 279 

signals, respectively, will be obtained when selecting at peaks (in purple) or troughs (in brown). The method is 280 

not limited to sampling just from the peak or from the trough, allowing to extract a signal specific to any desired 281 

phase. By computing  between the phase-specific neural activity signals and the input stimuli, we can assess 282 

the amount of attended or non-attended SIC in dependence on gamma phase. 283 
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For the attended stimulus (Fig. 4A, left two columns), SIC at peaks ( ) was significantly larger than SIC at 284 

troughs ( ), consistently across monkeys and signals (p<0.00005 for both animal’s LFP signals, p=0.0002 285 

for monkey F ESA, p=0.003 for monkey B ESA, non-parametric permutation test). In contrast, for the non-286 

attended stimulus, there was no significant difference between SIC at peaks and troughs for ESA. The LFP 287 

showed a significantly higher SIC at peak vs trough for monkey B (p=0.0021 for monkey B LFP). The absolute 288 

modulation strength, calculated via − , is significantly higher for the attended stimulus than for the 289 

non-attended stimulus for both animals and neural signal types (p<0.00005 for both animal’s LFP, p=0.0045 for 290 

monkey F ESA, p=0.0094 for monkey B ESA). Aside for a few values near the ESA-aligned gamma trough for 291 

monkey B’s non-attended ESA results, all observed -values were significantly greater than chance level, 292 

indicating that information might be transferred during all gamma phases, even though to different extents. For 293 

monkey B, the -values for the attended signal are significantly higher than their non-attended counterpart 294 

across all phases (p<0.00005). For monkey F, the difference between attended and non-attended conditions is 295 

significant at the peaks (p<0.00005). At the falling phase for monkey F LFP and at the trough phase of the 296 

monkey F ESA conditions, the non-attended -values are slightly higher than the attended ones, but after 297 

correcting for multiple comparison across all the phases, this effect is not significant. 298 

The effect of a higher SIC at peaks than at troughs for the attended stimulus was consistent across individual 299 

recording trial sets. The scatter plots in the two leftmost columns of Fig. 4B display  vs  for each 300 

individual trial set for the attended stimulus. The majority of data points show significantly higher SIC at peaks 301 

rather than troughs (p<0.05, marked with circles; 15 of 24 for monkey F LFP, 14 of 20 for monkey B LFP, 10 of 302 

24 for monkey F ESA, and 11 of 20 for monkey B ESA). Note that only a few trial sets exhibit significantly lower 303 

SIC at gamma peaks (1 of 24 for monkey F LFP, 1 of 20 for monkey B LFP, 1 of 24 for monkey F ESA, 2 of 20 304 

for monkey B ESA). 305 

We assessed the individual set’s group statistics by determining whether the distribution of log-ratios, 306 log , is significantly higher or lower than 0, indicated by the black asterisks in the scatter plots of 307 

Fig. 4B (Wilcoxon signed rank test). For the attended stimulus, the peak SIC was significantly higher than the 308 

trough SIC across both monkeys and both neural signals (p=0.0006 for monkey F LFP, p=0. 0007 for monkey B 309 

LFP, p=0.0062 for monkey F ESA, and p=0.0089 for monkey B ESA). For the non-attended stimulus, the scatter 310 

plots show a tendency to exhibit higher  than  with more significant results above the diagonal, 311 
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however, the group statistic was only significant for monkey B’s LFP (p=0.0145, top right scatter plot in figure 312 

4B). 313 

In order to confirm that the phase modulation effects are specific to the gamma-band, SIC modulation by phase 314 

was analyzed across multiple frequency bands for both LFP and ESA signals (Fig. 5). This was done using the 315 

very same procedure as for the main analysis, but using phase computed from LFP bandpassed with different 316 

center frequencies. This control analysis revealed that the phase-modulation effect is indeed strongest for the 317 

gamma band. 318 

Gamma amplitude modulates signal information content of the attended stimulus 319 

For the amplitude dissection, we first gathered the distribution of gamma amplitudes throughout each individual 320 

trial set. From this distribution, we selected the 70th (and 30th) percentiles to use as high (and low) cutoff 321 

thresholds to select activity from high and low gamma amplitude periods. Using these thresholds, for each trial, 322 

we selected the time periods exhibiting high (or low) oscillation amplitudes. In the examples in figure 3C, the 323 

corresponding periods are indicated by orange and green shading, respectively. In figures 3D and E, the same 324 

shading indicates which periods of the LFP and ESA signals were selected by amplitude dissociation. Since the 325 

thresholds were computed across a set of trials, the total proportion of each individual trial included in the 326 

analysis varied slightly, with most trials’ proportion falling within the 20-40% range. On average, the duration of 327 

each individual period was around 40ms with 90ms intervals in-between, corresponding to about 8 periods 328 

occurring every second. Using these amplitude-specific periods, we evaluated and compared the amount of SIC 329 

within high amplitude ( ) versus low amplitude gamma oscillations ( ). 330 

When we ran the analysis on a cumulative set of all the trials over all recording sites for the attended stimulus, 331 

we found a small increase of SIC in neural activity during high amplitude gamma oscillations in comparison to 332 

low amplitude gamma activity (Fig. 6A). Aside for monkey F’s LFP, the difference between the amplitude 333 

conditions is significant (p=0.00005 for monkey B LFP, p=0.0229 for monkey F ESA, p=0.0034 for monkey B 334 

ESA). This corresponds to the prediction derived from our hypothesis (cf. Fig. 1B). For the non-attended 335 

stimulus, the analysis did not reveal any significant differences between SIC within periods of high versus low 336 

gamma activity. 337 

Results from analyzing individual sites corroborated the cumulative outcomes (Fig. 6B). There are few individual 338 

trial sets that showed a significant difference due to the smaller size of the effect. For the attended stimulus, the 339 
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majority of the sites with a significant difference did indicate increased information present during periods of high 340 

amplitude oscillations as seen in the scatter plots in the left two columns of Fig. 6B. When we looked at the 341 

distribution of the ratios log , except for LFPs from monkey B, all conditions exhibited a 342 

significant shift towards a higher SIC for high amplitude gamma, as indicated by the black asterisks (p=0.0057 343 

for monkey F LFP, p=0.0032 for monkey F ESA, p=0.0053 for monkey B ESA). 344 

For the non-attended stimulus (right two columns of Fig. 6B), SIC did not show any significant differences for the 345 

individual sets, except for monkey B's ESA signal. This was the only case for which we found that  is 346 

significantly lower than  (p=0.0047). 347 

Stimulus information content modulation by phase is increased during higher gamma 348 

amplitude activity 349 

Selections of the neural activity with respect to phase and amplitude were combined to aquire LFP and ESA 350 

activity associated to the co-occurrence of a particular gamma phase and amplitude (Fig. 3). 351 

In figure 7, the results for the SIC computed from the set of all trials collected from all the recording sites is 352 

displayed, with the high amplitude results in orange and low amplitude results in green. Corroborating the 353 

hypotheses in Fig. 1B, the data exhibited higher SIC modulation by gamma phase within high amplitude periods 354 

and lower SIC modulation by phase for the low amplitude periods. 355 

The outcome lends itself to multiple tests: comparing SIC at high versus low amplitudes at peak and trough 356 

(significance indicated at the bottom of each plot at peak and trough phases in black) and comparing SIC at 357 

peak versus trough phases in either high or low amplitude conditions (significance indicated at the top of the plot 358 

with colors corresponding to the amplitude conditions). 359 

The difference between high and low amplitudes for the attended stimulus was strongly phase-specific: while 360 

SIC near peaks within high gamma amplitude activity was significantly larger than SIC within low gamma 361 

amplitude activity (p<0.00005 for monkey F and monkey B LFP, p=0.0314 for monkey F ESA, p=0.0020 for 362 

monkey B ESA), there were no significant differences near troughs. Consequently, SIC modulation by gamma 363 

phase was higher in the high amplitude condition (  is greater than  with p<0.00005 for all data 364 

sets), and lower (but still significant in three out of four cases) in the low amplitude condition (p<0.00005 for 365 

monkey F and monkey B LFP, p=0.009 for monkey F ESA and not significantly different for monkey B LFP). The 366 
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absolute modulation strength, − , is significantly larger for the attended signal versus the non-367 

attended signal in the high amplitude condition (p<0.00005 for both animal’s LFP, p<0.00005 for monkey F ESA, 368 

p = 0.0025 for monkey B ESA) and decreases for the low-amplitude condition (still significant with p<0.00005 for 369 

both animals’ LFP, not significant for ESA). Overall, this corroborates the prediction from the corresponding 370 

curves in figure 1B: for the attended signal, SIC modulation by phase is increased during high amplitude gamma 371 

activity and decreased during low amplitude gamma activity. 372 

Similar to the previous phase-only analysis (cf. Fig. 4), SIC modulation by phase was reduced dramatically for 373 

the non-attended stimulus when compared to the attended stimulus (Fig. 7 right two columns). However, in the 374 

high amplitude condition, we observed more cases with a significantly higher SIC at the peak versus the trough 375 

(p=0.0274 for monkey F LFP, p=0.0003 for monkey B LFP). In the low amplitude condition, the differences 376 

between peaks and troughs became insignificant. There were no significant differences between the high and 377 

low amplitude conditions at any phase. 378 

Eye movements do not explain modulation of stimulus information content by gamma-phase 379 

and amplitude  380 

Throughout the recording sessions, if the animal moved its eyes away from the fixation point, the trial was 381 

immediately terminated and subsequently excluded from the analyses. However, there were still microsaccades 382 

within the close vicinity of the fixation point occurring at a rate of 0.82Hz for monkey F and 0.77Hz for monkey B 383 

(on average across the recording sessions). Microsaccades have been previously reported to modulate firing 384 

rate (Leopold and Logothetis, 1998) and gamma-band activity in V4 within a 400ms period following each 385 

microsaccade (Bosman et al., 2009). In order to account for any possible effects of microsaccades, we ran a 386 

control analysis, repeating the entire procedure on the data set excluding 400ms periods following every 387 

microsaccade. 388 

Furthermore, we detected small but significant differences in the overall distribution of eye-positions within the 389 

fixation window, between attended vs non-attended conditions as well as between the periods corresponding to 390 

high vs low gamma amplitudes. These differences could potentially lead to a different coverage of the stimuli by 391 

the V4 RFs, possibly affecting SIC of the population’s activity. To address this issue, we ran a second control, 392 

repeating the analysis on a subset of data by removing periods of data until a Kolmogorov–Smirnoff test was 393 

unable to detect a difference in the corresponding distributions of eye position (p > 0.1). 394 
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The results from both control analyses revealed almost identical SIC measurements and significance test results 395 

(not shown) compared to the ones presented in figures 4, 6 and 7. Throughout all the test results, the only 396 

notable change happened for the small difference between SIC at peak versus SIC at trough for the non-397 

attended signal in monkey F’s LFP activity: the significance of the difference in figure 4A (top plot in third 398 

column) changes from p=0.0587 to p=0.0245 becoming significant in the eye-position control analysis, and 399 

changes from p=0.0274 to p=0.158 becoming not significant for the high amplitude condition in figure 7 when 400 

performing the microsaccade-control analysis. These findings indicate that the results of our analyses are not 401 

confounded by eye movements. 402 

Discussion 403 

In the present work we tested the prediction of the RBS mechanism that attention-dependent visual stimulus 404 

information is not continuously dispersed over time but instead occurs selectively in pulsed information 405 

packages, modulated by phase and amplitude of V4’s gamma-rhythmic activity.  406 

Our analysis reveals that the luminance fluctuations tagging the attended stimulus are expressed most strongly 407 

within neural activity close to the phase in the gamma oscillation cycle where local spiking peaks (i.e. close to 408 

the LFP troughs), showcasing a pattern of modulation significantly different from the non-attended signal. During 409 

periods with high amplitude gamma oscillations the overall SIC for attended stimuli is higher in the V4 activity 410 

than during low amplitude oscillations, whereas for non-attended stimuli there is no significant difference. SIC's 411 

increase with amplitude is particularly strong at the peak of spiking activity and absent at the trough. Since the 412 

peaks of spiking activity should roughly correspond to the peaks of excitability, these results corroborate central 413 

predictions derived from the RBS mechanism. 414 

Certain details of the results seem to deviate from the predictions illustrated in figure 1B (bottom plot). For 415 

instance, when comparing attended and non-attended SIC, our expectation was that the non-attended SIC 416 

should be at least as large as the attended SIC in the vicinity of excitability troughs. However, for monkey B, we 417 

find that the attended signal is consistently better expressed across all phases. This may be explained by a 418 

temporal dispersion of information across phase, which occurs due to multiple factors. First, the precision of 419 

phase estimation itself is limited by noise in the recorded neural activity. Additionally, we also smoothed the 420 

neural activity prior to the phase-specific signal extraction, such that the value of the signal at each time point 421 
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represents a temporal window of activity around it. Finally, computing SIC based on spectral coherence involves 422 

comparing the neural recording and luminance fluctuation signals with wavelets that are centered at the time of 423 

interest but also extend in temporal space. Taken together, these methodological limitations all lead to the 424 

luminance flicker signal being partially mapped to phase ranges at which it does not actually occur, thereby 425 

increasing SIC in low-SIC ranges and decreasing SIC in the high-SIC ranges of the oscillatory cycle. In 426 

consequence, our analysis is likely to underestimate the magnitude of SIC modulation by phase. 427 

Dissociating signal content with respect to gamma amplitude could be subject to a similar reduction in SIC 428 

modulation amplitude. If we assume constant contributions of noise throughout the recordings, precision of 429 

phase estimation will decrease during periods of low gamma amplitude activity. Such an effect may contribute to 430 

the differences between high and low amplitude SIC results observed in figure 7 where we perform a 431 

simultaneous phase and amplitude-specific signal extraction. 432 

The results for the non-attended signal provide further insight into the details of the RBS mechanism. Here, we 433 

observe only weak, or no phase-dependent modulation of SIC. The absence of a strong modulation implies a 434 

certain coherence for the non-attended signal with the receiving population in an anti-phasic relationship in order 435 

to counteract V4’s gain modulation. This is compatible with a weak level of coherence between non-attended V1 436 

and V4 as observed in Grothe et al., 2012. On the other hand, a weak modulation of non-attended SIC in V4 437 

could emerge if there is no coherence between non-attended V1 and V4 as observed in Bosman et al., 2012. In 438 

principle, our results are also compatible with a strong anti-phasic coherence between sender and receiver, 439 

however, such a strong coherence has never been observed experimentally, even though it would be 440 

functionally optimal for selective information routing. This may be due to how the phase-locked states between 441 

the sending and receiving populations are established. Previous studies have shown evidence that gamma 442 

activity acts in a feedforward manner, with the upstream populations’ gamma rhythm entraining the gamma in 443 

downstream areas (Bosman et al., 2012; Roberts et al., 2013; van Kerkoerle et al., 2014; Bastos et al., 2015; 444 

Michalareas et al., 2016; Richter et al., 2017). With this in mind, it is up to the sending population processing the 445 

attended stimulus to entrain V4 with its own gamma rhythm, whereas the population processing the non-446 

attended stimulus fails to entrain V4, remaining primarily uncoupled. Essentially, the presynaptic populations 447 

compete to entrain their postsynaptic targets. Even though the effect of attention on rates in V1 has been 448 

reported to be relatively weak in numerous studies (Moran and Desimone, 1985; Motter, 1993; Luck et al., 1997; 449 

McAdams and Maunsell, 1999; Mehta et al., 2000; Salinas and Sejnowski, 2000), modeling studies suggest that 450 
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even a moderate advantage for the attended signal can be sufficient to entrain the receiving V4 population 451 

(Harnack et al., 2015). It has also been reported that the gamma peak frequency increases slightly with attention 452 

in V1 (Bosman et al., 2012), which further promotes its ability to entrain the receiving population (Cannon et al., 453 

2014). 454 

Our predictions for how SIC is encoded within V4’s neural activity relied upon the assumption that the 455 

information from the sending populations arrives in pulsed packages at V4. In its simplest form, such an 456 

encoding can be realized by synergistically combining synchronous dynamics with a rate coding scheme 457 

(Ainsworth et al., 2012). Womelsdorf et al., 2012  demonstrated such a scheme in V1, showing that the firing-458 

rate at the peaks of gamma-oscillatory activity is more informative for stimulus orientation. A complementary 459 

scheme for encoding information relative to gamma activity is phase-coding. Using the same orientation-460 

selectivity data set, Vinck et al., 2010 showed support for such a phase-coding scheme with the observation that 461 

stronger activation by a stimulus leads to spikes emitted earlier in the gamma cycle. Cumulatively, regardless of 462 

precisely how stimulus information is encoded within each gamma-cycle of the sending populations’ neural 463 

activity, the crucial component of RBS is that the gamma-rhythmic coordination of said activity increases its 464 

postsynaptic impact in a periodic manner, effectively delivering information to the receiving population in the form 465 

of gamma-rhythmic packages (Steinmetz et al., 2000; Fries et al., 2001; Azouz and Gray, 2003; Taylor et al., 466 

2005; Zandvakili and Kohn, 2015).  467 

In our results, the higher level of attended information content at excitability peaks in the receiver population in 468 

V4 cannot be explained solely by its oscillatory activity. Indeed, having more spikes in the vicinity of V4 469 

excitability peaks has the potential to encode more information at these phases, regardless of any inter-areal 470 

phase coherence between the sending and the receiving population. However, if spikes from sending 471 

populations arrived unaligned to V4’s gamma oscillation, we would expect a similar level of SIC phase-472 

modulation for both the attended and the non-attended signals. Further, attention-dependent differences of 473 

mean rate in the sender populations do not suggest the big difference observed between the phase-dependent 474 

modulation of SIC of attended and of non-attended stimuli, because the mean firing rates in the sending 475 

populations are not strongly modulated by attention (Moran and Desimone, 1985; Motter, 1993; Luck et al., 476 

1997; McAdams and Maunsell, 1999; Mehta et al., 2000; Salinas and Sejnowski, 2000). Therefore, we expect 477 

that selective phase coherence ensures that information packages for predominantly the attended signal arrive 478 
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close to the optimal phase at V4 explaining the qualitative difference of the phase modulation between attended 479 

and non-attended stimuli.  480 

While selective routing of signals and information based on the synchronization in the gamma band is a 481 

consistent mechanism (Fries, 2005, 2015; Kreiter, 2006, 2020), it is conceptually difficult to draw valid 482 

conclusions on information transmission from measuring gamma coherence within or between cortical areas 483 

alone (Buzsáki and Schomburg, 2015). Developing complementary approaches to better link the observed 484 

dynamics of neuronal activity to the proposed function in information processing is thus necessary. A significant 485 

advance was made by showing that the power of gamma-band activities at two recording sites maximally 486 

correlate when these gamma oscillations are in a favorable phase relationship (Womelsdorf et al., 2007). 487 

Consistent with this finding, it was demonstrated that Granger causal influence from upstream to downstream 488 

visual areas in the gamma band is enhanced by attention (Bastos et al. 2015), going along with increased 489 

gamma phase synchronization. However, since gamma activity is an internal rhythm, the relation to the 490 

transmission of stimulus information remained unclear. In our approach, as opposed to investigating internal 491 

gamma rhythms alone, we directly estimate the stimulus information that is contained within V4’s lower 492 

frequency (5 to 15 Hz) activity by computing the spectral correlation between the luminance flicker of the visual 493 

stimuli with V4’s neural activity. In consequence, the results establish a causal link between V4 gamma 494 

dynamics and stimulus content, demonstrating a qualitative difference between how attended and non-attended 495 

signals are conveyed through V4. 496 

An impact of the pulsed information transmission scheme of RBS on behavior might occur if the animals need to 497 

respond quickly to sudden stimulus changes, which result in neural responses with fast initial transients lasting 498 

only a few gamma cycles (Traschütz et al., 2014). If the relevant information for detecting such changes is 499 

predominantly contained in these rapid neural responses, it will be crucial whether it arrives at a favorable or 500 

unfavorable phase. Arriving at an unfavorable phase would naturally lead to a larger neural response latency, 501 

which could delay successful change detection. Indeed, it has been found that larger response latencies are 502 

strongly correlated with longer reaction times, possibly caused by such an effect (Galashan et al., 2013). Further 503 

evidence was given by Ni et al., 2016 who demonstrated that both neural responses and reaction times were 504 

modulated by the gamma phase in V4 at which a sudden stimulus change occurred and also depended on the 505 

V1-V4 interareal coherence (Rohenkohl et al., 2018). 506 
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Taken together, our findings directly demonstrate that signals carrying information of attended stimuli occur in 507 

short packages, tightly locked to the phase of the gamma-band oscillation, in the vicinity of the excitation 508 

maximum of the local target population. The results strongly support previous evidence for differential phase 509 

synchronization as a mechanism for attention-dependent selective signal routing. In particular, we established 510 

the methods to infer and quantify the properties of pulsed transfer schemes in neural data. Since evidence in 511 

support for CTC and RBS have also been reported across other visual areas (Womelsdorf et al., 2007; Jia et al., 512 

2013; Besserve et al., 2015) and different brain regions (Buschman and Miller, 2007; Cardin et al., 2009; Siegle 513 

et al., 2014), our techniques will allow future studies to pinpoint similar processes in other areas, and to 514 

investigate whether the dynamical features exhibited by our data point towards a general principle for flexible 515 

information processing throughout the brain.  516 
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 643 

 644 

Figure 1. Routing by synchrony mechanism predicts modulation of stimulus information content within 645 

V4’s gamma-rhythmic neural activity, depending on V4’s gamma phase and amplitude. 646 

(A) Schematic outline of the routing by synchrony (RBS) mechanism, which allows downstream neurons to 647 

process stimulus information mediated by selected subsets of afferent inputs while suppressing the information 648 

provided by other inputs. Two stimuli (red and blue shapes) compete for being processed by a downstream V4 649 

population with a large receptive field (RF) containing both stimuli indicated by the gray dashed oval. Each visual 650 

stimulus is contained within RFs of separate V1 populations (red and blue dashed ovals) evoking spiking activity 651 

within their corresponding V1 population (red and blue vertical bars in the insets). The V1 populations exhibit 652 

gamma-rhythmic activity, causing their spikes to occur in bursts. These bursts of spikes act as input to V4, which 653 

exhibits its own gamma-rhythmic activity (gray oscillatory lines in the insets). The rhythmic activity of the V1 654 

population corresponding to the attended stimulus is synchronized with V4's gamma rhythm in a favorable phase 655 

relationship, such that its spikes arrive at V4 when it is most excitable (left inset, red arrows). This effectively 656 

evokes spiking activity in V4, resulting in a reliable transfer of the attended stimuli’s information. Conversely, the 657 

rhythmic activity of the V1 population with the non-attended stimulus in its RF exhibits substantially less phase-658 

locking with V4's gamma rhythm (Bosman et al., 2012; Grothe et al., 2012), resulting in many cycles where the 659 
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bursts of spikes arrive at V4 when it is least excitable, failing to evoke further spikes (right inset, light blue 660 

arrows). In consequence, the transfer of the non-attended stimulus signal is suppressed. 661 

(B) Scheme showcasing how the information contained within attended and non-attended stimuli (stimulus 662 

information content, SIC), should be modulated depending on V4's gamma phase and amplitude in accordance 663 

with RBS. Assuming that the upstream cortical population processing the attended stimulus establishes a 664 

favorable phase relationship with V4 as shown in (A, left inset), the highest amount of attended SIC should arrive 665 

during V4's excitability peak (red line in top plot). Assuming that for the non-attended stimulus, the corresponding 666 

upstream population establishes substantially less phase-locking with V4, and in a predominantly anti-phasic 667 

relationship, we expect SIC modulation to be much lower, with a slightly higher amount of non-attended SIC 668 

arriving at V4's excitability trough than at its peak (blue line in top plot). The middle plot shows V4's gamma-669 

rhythmic gain (solid black line for high amplitude gamma activity and dashed black line for low amplitude). 670 

Modulating the phase-specific SIC inputs to V4 (top plot) by V4’s gain (middle plot) provides a prediction of how 671 

attended and non-attended SIC should depend on V4's excitability gamma phase and amplitude within its output 672 

activity (bottom plot). The corresponding bar plot (bottom right) displays the average SIC within V4's output 673 

activity independent of phase, demonstrating how attended and non-attended SIC should change during V4's 674 

high amplitude versus low amplitude gamma activity (solid colored bars for high amplitude condition and dashed 675 

colored bars for low amplitude condition).  676 
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 677 

Figure 2. Behavioral task and quantification of stimulus information content. 678 

(A) Stimulus sequence. After the monkey presses a lever, the trial starts with the appearance of a fixation spot 679 

(baseline period). Shortly afterwards, two stimuli in the form of static shapes are presented within the RF of the 680 

V4 recording site (dashed ellipse). One of the shapes is cued to be memorized and attended with green shading 681 

while the other shape has to be ignored (static period). Then the cued shape reverts to gray and both stimuli 682 

begin to morph into different shapes. After a number of morph cycles, the initially cued shape reappears in the 683 

attended location. If the animal releases the bar within a short time window around the reappearance of the cued 684 

shape, a reward is delivered. 685 

(B) Throughout the morphing period, each shapes' luminance was modulated in time by a random white-noise 686 

signal. These luminance fluctuations were irrelevant to the task but served as independent tags for signals 687 

originating from the stimulus to be attended, and from the stimulus to be ignored. We evaluated spectral 688 

coherence between the recorded neural signals and each input signal to quantify stimulus information content 689 

(SIC) in V4 activity. By pooling across relevant lag and frequency bins from the spectral coherence (indicated by 690 

the black lines) a single value ( ) was acquired for each signal. 691 
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 692 

Figure 3. Extraction of gamma phase- and amplitude-specific neural signals. 693 

(A) Normalized spike-field coupling in the gamma frequency range, computed from ESA and LFP signals, for all 694 

the recording sites for each animal (thin lines for each site, bold line for the mean across sites). The peak of 695 

spiking activity consistently occurs at roughly the trough of LFP’s gamma cycle (indicated by dotted line), as 696 

expected for the superficial layer (van Kerkoerle et al., 2014). By shifting LFP's gamma phase by the appropriate 697 

amount, individually for each trial set, we attain the ESA-aligned gamma phase, which is used as a proxy for 698 

excitability gamma phase throughout the rest of the analysis. 699 

(B) Time course of ESA-aligned gamma phase corresponding to a 350ms snippet of a trial. The locations of 700 

peaks are marked with purple dots, and excitability troughs with brown dots. 701 
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(C) Corresponding gamma amplitude with 30% highest and 30% lowest thresholds marked with horizontal lines. 702 

The thresholds are computed from the distribution of amplitudes gathered across the whole set of trials, shown 703 

to the left of the main plot. Periods of time when the amplitude surpassed the high threshold are shaded in 704 

orange, and periods of time below the low amplitude threshold are shaded in green. 705 

(D) The corresponding LFP neural activity with precise peak and trough times of the ESA-aligned gamma phase 706 

identified in (B), and high and low amplitudes identified in (C). By using the corresponding samples of the neural 707 

activity (either purple or brown dots for peak vs trough, or orange or green time periods for high vs low 708 

amplitude, or a combination of both), we can compute the amount of SIC within the selected components of the 709 

neural activity. Note that the LFP is obtained by low-pass filtering the recorded signal and thus each value 710 

represents neural activity from a small time window around it.  711 

(E) Same as in (D), but for the corresponding ESA signal.  712 
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 713 

Figure 4. Stimulus information content is modulated by V4’s gamma phase. 714 

(A) SIC dependence on phase for data pooled across all sessions. In each plot, we display how  depends on 715 

the ESA-aligned gamma phase (horizontal axis) from which the neural signal is extracted. The shading around 716 

each line corresponds to the 95% confidence interval. Significance of the difference between  vs  717 

is indicated in each plot (*p<0.05, **p<0.01, ***p<0.001). The gray shading at the bottom of each plot 718 

corresponds to the 95% chance level (values below this level indicate no significant SIC). The grey dashed 719 

sinusoid line indicates the corresponding average LFP phase. 720 
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(B) SIC at peaks versus troughs of the ESA-aligned gamma phase for individual sets. For each condition, we 721 

display a scatter plot of  vs  pairs. In the scatter plots, individual sets that exhibit a significant 722 

difference (p<0.05) are marked with a circle, and with a cross otherwise. The significance of the group 723 

distribution, i.e. whether it lies significantly below or above the diagonal, is marked with black asterisks on the 724 

side that contains significantly more trial sets (*p<0.05, **p<0.01, ***p<0.001).  725 
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 726 

Figure 5. SIC modulation by phase for multiple frequency bands. 727 

SIC dependence on phase for data pooled across all sessions, with the phase-specific neural activity extracted 728 

in the same manner as before, but using phase computed from LFP bandpassed across multiple frequency 729 

bands. The horizontal axis denotes LFP phase with  corresponding to signal troughs, which, in the case of the 730 

gamma band (center column), should roughly correspond to excitability peaks.731 
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 732 

Figure 6. Stimulus information content is modulated by V4’s gamma amplitude. 733 

(A) SIC extracted from periods with high- versus low-amplitude gamma oscillations for data pooled across all 734

recording sessions. In each plot, for the specific condition as indicated by the row and column labels, we display 735 

pairs of  (in orange) and  (in green), separately for each animal, neural data type, and 736 

attention condition. The error bars indicate the 95% confidence interval. The gray shading at the bottom of each 737 

bar indicates the 95% chance level for that value. Significance level of the differences is indicated above each 738 

pair of bars, computed via permutation testing across the trials (*p<0.05, **p<0.01, ***p<0.001). 739 
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(B) SIC extracted from periods of high versus low gamma neural activity for individual sets. For each condition, 740 

we display a scatter plot of  vs  pairs. In the scatter plots, sets that exhibit a significant 741 

difference (p<0.05) are marked with a circle, and with a cross otherwise. The significance of the group 742 

distribution, whether it lies significantly below or above the diagonal, is marked with black asterisks on the side 743 

that contains significantly more sets (*p<0.05, **p<0.01, ***p<0.001).  744 
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 745 

Figure 7. Signal information content during high and low gamma amplitude periods in dependence on 746 

V4’s gamma phase. 747 

For each condition, as indicated by the row and column labels, each plot displays how SIC is modulated by 748 

phase from which the neural signal is extracted from (horizontal axis), separately for high gamma amplitudes (in 749 

orange) and low gamma amplitudes (in green) conditions. The shading around each line corresponds to the 95% 750 

confidence interval. The grey shading at the bottom of each plot shows the corresponding 95% chance level. 751 

The grey dashed sinusoid line indicates the corresponding average LFP phase. The asterisks towards the 752 

bottom of each plot indicate whether there is a significant difference between  and  for the 753 

peak or the trough. The colored asterisks at the top right of each plot indicated whether there is a significant 754 

difference between  and for the corresponding amplitude condition.  755 
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