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Abstract 1 

Attention can be subdivided into several components including alertness and spatial attention. 2 

It is believed that the behavioral benefits of attention, such as increased accuracy and faster 3 

reaction times, are generated by an increase in neural activity and a decrease in neural 4 

variability, which enhance the signal-to-noise ratio of task-relevant neural populations. 5 

However, empirical evidence regarding attention-related changes in neural variability in 6 

humans is extremely rare. Here we used EEG to demonstrate that trial-by-trial neural variability 7 

was reduced by visual cues that modulated alertness and spatial attention. Reductions in neural 8 

variability were specific to the visual system and larger in the contra-lateral hemisphere of the 9 

attended visual field. Subjects with higher initial levels of neural variability and larger decreases 10 

in variability, exhibited greater behavioral benefits from attentional cues. These findings 11 

demonstrate that both alertness and spatial attention modulate neural variability and highlight 12 

the importance of reducing/quenching neural variability for attaining the behavioral benefits of 13 

attention.  14 

 

Significance statement  15 

Attention is thought to improve perception by increasing the signal-to-noise-ratio (SNR) of the 16 

neuronal populations that encode the attended stimulus. SNR can be enhanced by increasing 17 

neural response (signal) and/or by reducing neural variability (noise). The ability of attention to 18 

increase neural responses has been studied extensively, but the effects of attention on neural 19 

variability have rarely been examined in humans. Here, we demonstrate that modulating 20 
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different components of attention, including alertness and spatial attention, reduces neural 21 

variability in humans. Furthermore, we show that subjects with larger reductions in neural 22 

variability exhibit greater behavioral benefits from attention. These results demonstrate that 23 

reduction of neural variability is a fundamental feature of attentional processes in humans with 24 

clear behavioral importance. 25 

 

Introduction  26 

Neural activity is variable over time and across trials as demonstrated by numerous studies of 27 

the mammalian brain (Arieli et al., 1996; Carandini, 2004; Churchland et al., 2010; Goris et al., 28 

2014). The variability of neural responses across trials containing identical stimuli is large before 29 

stimulus onset and significantly reduced (“quenched”) following stimulus presentation. This 30 

trial-by-trial variability quenching is a general cortical phenomenon, which is apparent in 31 

multiple different brain areas, when using different types of stimuli and tasks, as measured with 32 

electrophysiology in animals (Monier et al., 2003; Finn et al., 2007; Churchland et al., 2010; 33 

Hussar and Pasternak, 2010) or using non-invasive neuroimaging techniques in humans 34 

(Schurger et al., 2010, 2015; He, 2013; Arazi et al., 2017a). In this study, we quantified the 35 

effects of attention on neural variability and variability quenching. 36 

Attention is commonly viewed as an ‘umbrella term’ that is comprised of several components 37 

including alertness (i.e., arousal or vigilance) and spatial orienting (i.e., spatial attention) 38 

(Petersen and Posner, 2012). Alertness is often studied by presenting cues that inform 39 

participants that something is about to happen, regardless of where it will happen. Such cues 40 

improve the reaction times and accuracy rates of subjects on a variety of tasks (Fan et al., 2002, 41 
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2009). Spatial orienting requires information about the spatial location of an upcoming task-42 

related stimulus. Allocating spatial attention improves the speed and accuracy of behavioral 43 

responses to stimuli at the attended location, at the expense of stimuli located elsewhere 44 

(Yeshurun and Carrasco, 1998; Carrasco, 2011). The neural mechanisms underlying these 45 

behavioral effects have been a topic of extensive research. 46 

Electrophysiological studies have shown that modulating alertness (Bromberg-Martin et al., 47 

2010a, 2010b) or spatial attention (Mitchell et al., 2007; Buffalo et al., 2010; Thiele et al., 2016) 48 

increases the mean firing rate of single neurons encoding the attended stimulus, across 49 

multiple stages of visual processing. Similarly, fMRI studies in humans have reported that 50 

modulating alertness (Fan et al., 2005; Xuan et al., 2016) or spatial attention (Gandhi et al., 51 

1999; Kastner et al., 1999; Silver et al., 2007; Saproo and Serences, 2010) increases BOLD 52 

responses in the relevant areas of visual cortex. In addition to increased firing rates, studies in 53 

non-human primates have demonstrated that spatial attention also reduces firing rate 54 

variability in individual neurons as measured by the Fano Factor (ratio between the variance of 55 

firing rate and its mean) (Mitchell et al., 2007; Thiele et al., 2016). Furthermore, spatial 56 

attention reduces the correlated variability across pairs of neurons in local populations of visual 57 

cortex neurons (Cohen and Maunsell, 2009; Mitchell et al., 2009). Increased firing rates and 58 

decreased variability improve the neural signal-to-noise ratio, which may explain why 59 

modulating attention can improve perception of the attended stimulus (Ress et al., 2000; 60 

Noudoost et al., 2010; Moore and Zirnsak, 2017). While signal enhancement has been studied 61 

extensively in both humans and non-human primates, changes in neural variability as a result of 62 
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spatial attention modulations have never been studied in humans and only one study has 63 

examined changes in neural variability as a function of alertness (Broday-Dvir et al., 2018). 64 

To address these issues, we measured trial-by-trial variability with EEG in two separate 65 

experiments. In one experiment, a stimulus was briefly presented in the right or left visual field 66 

and subjects reported its orientation. Spatial attention was manipulated by presenting a cue 67 

that was mostly informative regarding the location of an upcoming stimulus (Posner, 1980) 68 

(Figure 1A). In a second control experiment subjects passively observed identical cues without a 69 

task (i.e., the cues were meaningless). We compared neural variability across the two 70 

experiments and across conditions where attention was allocated to the left or right visual 71 

fields. This allowed us to quantify changes in cortical neural variability as a function of task 72 

demands (i.e., attended versus passive; probing the effects of alertness) and spatial attention 73 

(i.e., attend right versus left; probing the effects of spatial orienting).  74 

 

Materials and Methods 75 

Subjects:  76 

Twenty-seven subjects (16 females, mean age: 24.6±1.5 years) participated in the study. All 77 

subjects had normal or corrected-to-normal vision. The Ben-Gurion University Internal review 78 

board approved the study. Subjects provided written informed consent and were paid for their 79 

participation or received research credit. 80 

Experimental design:   81 
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The experiment was performed in a dark and sound proof room. The stimuli were presented 82 

using MATLAB (MathWorks Inc.) and Psychtoolbox (Brainard, 1997). 83 

Stimuli: A white fixation cross and two white square frames (4.3°x 4.3°) were continuously 84 

displayed on a gray background throughout the experiment. The fixation cross was located at 85 

the center of the screen, and the centers of the white frames were located 11.1° to the 86 

left/right of the fixation cross. Each trial began with the presentation of a cue consisting of a 87 

white arrow (1.69° x 0.6°) that appeared in the center of the screen and either pointed to the 88 

left, to the right, or to both sides (double-headed arrow). The cue appeared for 100ms and was 89 

followed by a cue-target interval of 500ms. The target stimulus consisted of a circle with black 90 

and white stripes and a diameter of 2.98°. The target stimulus appeared in the center of the left 91 

or right frame for 50ms (Figure 1A).  92 

Orientation discrimination task: Subjects were instructed to report whether the target stimulus 93 

was tilted to the right or left of vertical (tilt order was randomized) by pressing two different 94 

keys. Auditory feedback (1000Hz pure tone; stimulus duration: 50ms; stimulus intensity: 55db) 95 

was given after correct responses only, followed by an inter-trial-interval of 700ms (Figure 1A). 96 

The cue accurately pointed to the location of the target stimulus in 60% of the trials (valid 97 

condition), pointed to the opposite direction in 20% of the trials (invalid condition) and pointed 98 

both ways in 20% of the trials (neutral condition). Subjects completed 10 blocks of 120 trials 99 

each, for a total of 1200 trials (720 valid trials, 240 invalid trials, 240 neutral trials). 100 

The orientation angle of the target stimulus was controlled throughout the experiment using a 101 

2-down-1-up staircase procedure, which was applied to the valid trials only. The initial angle on 102 
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each block was 4°. The angle was divided by a factor of  after two correct responses or 103 

multiplied by a factor of  after one incorrect response, thereby maintaining an accuracy rate 104 

of approximately 70% in the valid trials. This procedure was employed to avoid ceiling or floor 105 

effects. 106 

Control experiment: In this version of the experiment the fixation cross, frames, and cues were 107 

presented as described above, but the orientation discrimination task was omitted. The target 108 

was not presented and subjects did not respond (i.e., trails ended 700ms after cue 109 

presentation). Subjects were instructed to maintain fixation and passively observe three blocks 110 

of 300 trials each. Subjects performed this experiment before the orientation discrimination 111 

task to avoid explicit manipulation of their spatial attention.  112 

Behavioral data analysis:  113 

Mean accuracy rates and mean reaction times were computed for each subject and for each 114 

attentional condition in the orientation discrimination task (i.e. valid, invalid and neutral). The 115 

first 20 trials in each block and trials with reaction time below 200ms or above 1500ms were 116 

excluded from the analysis. Trials with incorrect responses were excluded from the reaction 117 

time analysis. The overall perceptual performance of individual subjects was quantified by 118 

calculating the mean tilt angle of the target stimulus across all valid trails (smaller angles = 119 

better perceptual performance). The benefit of attention (“attentional effect”) was calculated 120 

for each subject as the difference between the mean accuracy rate in the valid and invalid 121 

conditions.  122 

EEG and eye tracking recordings:  123 
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EEG data were recorded using a 64-channel BioSemi ActiveTwo system connected to a standard 124 

EEG cap according to the international 10-20 system. EEG data were sampled at rate of 1024Hz 125 

and referenced to the vertex electrodes. Electrode offsets were kept between ±40mV as 126 

recommended by the BioSemi operating guideline (www.biosemi.com).  Electrooculography 127 

(EOG) was recorded using two electrodes at the outer canthi of the left and right eyes and one 128 

electrode placed below the right eye. The position of the left eye was recorded simultaneously 129 

using an eye tracker (EyeLink 1000; SR Research) at sampling rate of 1000Hz. 130 

EEG Preprocessing:   131 

Data were analyzed using MATLAB and EEGLAB toolbox (Delorme and Makeig, 2004). Data 132 

were re-referenced to the bilateral mastoid electrodes, down sampled to 512Hz and filtered 133 

using 1-40 Hz band-pass filter. We extracted trials containing the responses to the cue, for each 134 

cue-type, in a time window starting 200ms before cue onset and ending 500ms after cue onset. 135 

Baseline correction (i.e., subtracting the mean of the pre-cue period from each trial) was not 136 

performed to preserve trial-by-trial variability in the pre-cue period.  137 

Trials containing absolute amplitudes that exceeded 70μV in frontal electrodes or power that 138 

exceeded 25db in the 20-40Hz frequency band were identified as containing eye blinks or 139 

muscle artifact, respectively, and removed from the analysis. Identification of eye blinks was 140 

confirmed by eye tracking. In addition, trials with horizontal or vertical eye movement that 141 

exceeded 100 pixels from the fixation cross (equivalent to 2.5° visual angle) were identified as 142 

trials with saccades and removed from further analysis. In the orientation discrimination 143 

experiment, trials with incorrect response were excluded from the EEG analyses. Mean number 144 

of trials across subjects after trial rejection in the control experiment was 205 (SD=48) for cue 145 
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right, 206 (SD=43) for cue left and 199 (SD=43) for double-headed cue. Mean numbers of trials 146 

in the discrimination experiment was 270 (SD=38) for cue right, 270 (SD=37) for cue left, and 147 

134 (SD=21) for double-headed cue.   148 

EEG data analysis:  149 

Trial-by-trial variability: We analyzed trials of each cue-type separately (i.e., left, right and 150 

double-headed arrow). Trial-by-trial neural variability was computed for each subject in each of 151 

the 64 electrodes separately. We computed the variance across trials for each time point in the 152 

extracted epochs (-200ms pre-cue to 500ms post-cue). We also calculated a single measure of 153 

pre-cue variability by computing the mean trial-by-trial variability across time points from -154 

200ms to cue onset. An equivalent measure of post-cue variability was computed as the mean 155 

variability across time points from 250ms to 500ms after presentation of the cue.  156 

Electrodes of interest: We focused our analyses on eight parietal electrodes (CP1, CP2, P1, P2, 157 

P3, P4 PO3 and PO4) that exhibited the largest responses to the cue and visual stimulus. 158 

Lateralization index: To examine the spatial topography of trial-by-trial variability as a function 159 

of cued/attended visual field, we subtracted the post-cue variability of the trials where the cue 160 

pointed to the right from the post-cue variability of the trials where the cue pointed to the left, 161 

and divided by the mean of variability across both cue types as follows:   . 162 

This was performed for each electrode separately, enabling us to map differences across 163 

electrodes. 164 

Statistical analysis:  165 
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Comparisons across behavioral measures was performed using a one-way ANOVA with the 166 

attentional condition as the only factor, followed by post-hoc Tukey’s tests when the results 167 

indicated significant differences. Comparisons across experiments was performed using two-168 

tailed paired-sample t-tests. We examined the relationships between behavioral and EEG 169 

measures using Pearson’s correlation. The statistical significance of the correlation coefficients 170 

was assessed with a randomization test where we shuffled the labels of the subjects before 171 

computing the correlation coefficient. We performed this procedure 10,000 times, while 172 

shuffling the labels across subjects randomly each time to generate a null distribution for each 173 

pair of EEG/behavioral measures. For the true correlation coefficient to be considered 174 

significant it had to be higher than the 97.5th percentile or lower than the 2.5th percentile of the 175 

null distribution (equivalent to p=0.05 in a two-tailed t-test).  176 

Electrodes offset and gaze variability:  177 

To assess the quality of individual EEG recordings, we examined the electrode offset measure, 178 

which is commonly used in studies utilizing EEG systems with active electrodes, where there is 179 

no direct measurement of impedance (Kappenman and Luck, 2010). For each subject, we 180 

calculated both the mean electrode offset its trial-by-trial variability. The mean offset value was 181 

first calculated for each trial (from -200ms pre-cue to 500ms post-cue) and we then computed 182 

the mean or variability across trials for each experiment.  183 

We also examined the mean gaze position and it variability across trials in each of the subjects. 184 

We computed the Euclidean distance of gaze position from the fixation cross for each time-185 

point in the experiment. The Euclidean distance was computed as the square root of the sum of 186 

squares of the horizontal and vertical gaze position relative to the fixation cross in units of 187 
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visual angle. This enabled us to measure the mean gaze position and its standard deviation 188 

across trials for each time point from -200ms pre-cue to 500ms post-cue.  We also calculated a 189 

single measure of gaze variability for each subject by computing the mean gaze variability in the 190 

post-cue period (from 0 to 500ms) separately for each experiment and cue type.  191 

 

Results  192 

There were significant differences in the subjects’ accuracy rates across conditions in the 193 

orientation discrimination experiment (One-way ANOVA, ). Subjects 194 

performed the task with higher accuracy rates in valid trials as compared with both neutral and 195 

invalid trials (Post-hoc Tukey’s tests, p < 0.01). There was a trend for faster reaction times in the 196 

valid trials versus the neutral and invalid trials, but these differences did not reach statistical 197 

significance (Figure 1B). These results demonstrate that subjects were attending the 198 

cues/arrows and that the cue was beneficial for accurately performing the task in the valid 199 

trials, where the arrow correctly indicated the location of the upcoming stimulus.  200 

 

Alertness reduces trial-by-trial neural variability  201 

In the control experiment, identical cues were presented without a task, making them 202 

meaningless. There was, therefore, no motivation for subjects to attend or change their 203 

alertness in response to the cues. Comparing neural variability in the control experiment to that 204 

in the orientation discrimination experiment allowed us to examine the effects of general 205 

attention and alertness on neural variability. Trial-by-trial variability was reduced (i.e., 206 
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quenched) approximately 200ms after the presentation of the cues in both the control and 207 

orientation discrimination experiments (Figure 2). Variability quenching was larger for all cue 208 

types in the discrimination experiment than in the control experiment in both right and left 209 

occipital electrodes (Figure 2A). These differences in neural variability across the experiments 210 

were specific to the occipital electrodes (Figure 2B), suggesting that general attention and 211 

alertness to the task in the discrimination experiment was associated with a selective decrease 212 

in the variability of visual neural activity across trials.  213 

We quantified the neural variability magnitude in the post-cue window (250-500ms, Figure 2A, 214 

marked in gray) for each cue type in each of the experiments. Variability in this time window 215 

was significantly smaller in the discrimination experiment as compared with the control 216 

experiment for all cue types in both right and left electrodes (two-tailed t-test, p<0.05; Figure 217 

3), except for the left arrow cue in the left electrodes (note that the trend in this case was also 218 

in the correct direction). In contrast, there were no significant differences in neural variability 219 

across experiments in the pre-cue interval (from -200ms to cue onset; two-tailed t-tests, p > 220 

0.46). Taken together, these results demonstrate that alerting the subjects to an upcoming 221 

task-relevant stimulus caused a reduction in trial-by-trial neural variability (i.e., increased 222 

variability quenching).  223 

 

Spatial attention reduces trial-by-trial variability  224 

Comparing trial-by-trial variability as a function of cue type in the orientation discrimination 225 

experiment allowed us to examine the effects of spatial attention. Allocating spatial attention 226 
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to one side of the visual field generated larger variability quenching in the neural responses of 227 

the contralateral hemisphere. To demonstrate this, we computed a lateralization index, which 228 

quantified the difference in magnitude of variability quenching when the cue pointed left 229 

versus right (see Materials and Methods). A negative value indicated that neural variability was 230 

quenched more when the arrow pointed right and a positive value indicated that neural 231 

variability was quenched more when the arrow pointed left.  232 

The lateralization index was negative in left electrodes and positive in right electrodes, 233 

indicating that variability quenching was larger in the contralateral electrodes to the attended 234 

visual field (Figure 4A). There was a significant difference in the lateralization index across these 235 

two conditions (two tailed t-test, p=0.01). Lateralized changes in neural variability were also 236 

apparent when examining the topography of lateralization indexes computed per electrode 237 

(Figure 4B).  238 

In contrast, computing the same lateralization index for responses in the control experiment 239 

demonstrated no contralateral lateralization of neural variability quenching (Figure 4 C&D). The 240 

lateralization index was positive for both right and left electrodes with larger positive values in 241 

the left electrodes (i.e., opposite effect to that described above). This demonstrated that the 242 

larger reduction in variability in the contralateral hemisphere to the attended visual field was 243 

apparent only when subjects were motivated to attend the cues (i.e., when the cues provided 244 

task-relevant information) and not when the cues were meaningless.  245 
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Between subject differences in neural variability 246 

In agreement with previous studies from our lab (Arazi et al., 2017b), we found large 247 

differences in neural variability magnitudes across subjects, which were highly reproducible 248 

across experiments. Neural variability magnitudes in the pre-cue interval (from -200ms to cue 249 

onset) and post-cue interval were strongly, positively correlated across the two experiments for 250 

all three cue types (r(27) > 0.86, p < 0.001, Figure 5).  251 

 

Attentional benefits are associated with larger initial neural variability and larger neural 252 

variability quenching 253 

The behavioral benefit of allocating attention also varied considerably across subjects. We 254 

quantified the benefit of attention for each subject by computing the difference in accuracy 255 

between the valid and invalid conditions (i.e., “attentional effect”). While some subjects 256 

exhibited an attentional effect as high as 10%, others had an attentional effect that was close to 257 

zero (mean=3.9%, SD=2.6%).  258 

Individual attentional effects were positively correlated with the magnitudes of neural 259 

variability whether calculated in the pre or post cue period. Subjects with larger overall neural 260 

variability had larger attentional benefits when measuring neural variability in either left (post-261 

cue: r(27)=0.61, pre-cue: r(27)=0.54;  p<0.003; mean across cue types) or right (post-cue: 262 

r(27)=0.53, pre-cue: r(27)=0.41;  p<0.04; mean across cue types) electrodes (Figure 6). 263 

Assessing this relationship separately in each electrode and examining spatial topography of 264 
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correlation values revealed that correlations were strongest in occipital-parietal electrodes 265 

located over the visual system (Figure 6C).  266 

The relationship described above was specific to the attentional benefit of individual subjects 267 

(i.e., the improvement in accuracy due to attention) and not associated with their absolute 268 

perceptual performance. That is, the tilt angle of the target stimulus, which was established via 269 

the staircase procedure, was not significantly correlated with the magnitude of neural 270 

variability in either left (pre cue: r(27)=-0.06, post cue: r(27)=-0.13  p>0.52) or right (pre cue: 271 

r(27)=-0.11, post cue: r(27)=-0.1, p>0.58) electrodes.  272 

Individual neural variability magnitudes were positively correlated with the difference in 273 

magnitude of variability quenching between the control and orientation discrimination 274 

experiments. Specifically, individuals with larger overall neural variability quenched more in the 275 

orientation discrimination experiment. This was demonstrated by positive, significant 276 

correlations in the left (r(27)=0.46; p=0.017; mean across cue types) and right (r(27)=0.44; 277 

p=0.022; mean across cue types) electrodes. This suggested that individual subjects with larger 278 

attentional effects have larger initial neural variability magnitudes, which were more strongly 279 

quenched when an alerting cue was presented.  280 

Indeed, individuals with lower neural variability in the discrimination experiment relative to the 281 

control experiment, exhibited larger attentional benefits (Figure 7). This was apparent in 282 

significant positive correlations between the subjects’ attentional benefits and the difference 283 

between their neural variability magnitudes in the control and discrimination experiments as 284 

quantified in left (r(27)>0.42, p<0.015) or right (r(27)>0.41, p<0.035) electrodes. These 285 

correlations suggest that individual subjects with larger reductions in neural variability, when 286 
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alerted by the cues during the discrimination task, attained larger attentional benefits. Note 287 

that these correlations were positive and strong in occipital-parietal electrodes (Figure 7C), 288 

indicating that this relationship was specific to visual system areas.  289 

This relationship was also specific to the attentional benefit of individual subjects (i.e., the 290 

improvement in accuracy due to attention) and not associated with their absolute perceptual 291 

performance. The tilt angle of the target stimulus was not significantly correlated with 292 

individual differences in the magnitude of variability across experiments, as quantified in the 293 

left (-0.13<r(27)<-0.06, p>0.52) or right electrodes (-0.11<r(27)<0, p>0.55).  294 

 

Measurements of non-neural noise 295 

We performed two control analyses to exclude alternative interpretations of our data. First, we 296 

examined the stability of individual EEG recording as estimated by the electrode offset (an 297 

analogous measure to impedance in EEG systems with active electrodes). Electrode offsets 298 

differed across subjects, but were below ±10mV in all cases, which was far below the ±40mV 299 

threshold recommended by the manufacturer for quality recordings. Individual differences in 300 

mean electrode offset across trials were not significantly correlated with individual neural 301 

variability magnitudes in the pre or post cue periods in the control (-0.2 <r(27)<-0.18, p>0.29) or 302 

discrimination (-0.25<r(27)<0.-0.19, p>0.2) experiments. Similarly, the variability of electrode 303 

offset across trials was not significantly correlated with neural variability magnitudes in the pre 304 

or post cue periods in either the control (-0.2<r(27)<-0.15, p>0.3) or discrimination experiment 305 
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(-0.18<r(27)<-0.17, p>0.38). These analyses showed that differences in the neural variability of 306 

individual subjects were not due to potential differences in the quality of their EEG recordings. 307 

We also examined whether the amount of eye movements performed during each of the 308 

experiments had an impact on our estimates of neural variability given that eye movements 309 

alter the EEG signal (Yuval-Greenberg et al., 2008). On average, subjects fixated on the fixation 310 

spot equally well in both experiments. This was apparent when plotting the mean distance 311 

between gaze position and the fixation cross across trials and subjects for each experiment 312 

separately (Figure 8A). We also compared gaze position variability across trials between the 313 

two experiments. We calculated the standard deviation in gaze position across trials for each 314 

time point from -200ms to +500ms (Figure 8B). Both measures were not significantly different 315 

across the control and discrimination experiments (paired sample t-test for each of the time-316 

points, p > 0.11). Furthermore, the gaze position variability of individual subjects was not 317 

correlated with their neural variability magnitudes in either the control (-0.28<r(27)<-0.24, 318 

p>0.15) or discrimination experiment (0<r(27)<0.21, p>0.29). This demonstrated that potential 319 

EEG artifacts caused by eye movements did not account for the reported results.  320 

 

Discussion  321 

It is well established that trial-by-trial neural variability is reduced (“quenched”) by the 322 

presentation of visual stimuli (Churchland et al., 2010). Our results reveal that modulating 323 

attention through alertness or spatial attention further quenches neural variability. First, 324 

presenting cues that alerted the subjects to an upcoming task-relevant stimulus generated 325 
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significantly larger neural variability quenching than identical cues presented in a passive 326 

control experiment without a task. These differences in neural variability across experiments 327 

were specific to EEG electrodes covering visual cortices (Figure 2&3), thereby, demonstrating 328 

that alertness quenched neural variability specifically in the visual system. A second finding was 329 

that modulating spatial attention to the right or left side of the visual field generated a 330 

significantly larger decrease in neural variability in the contralateral visual areas of the attended 331 

visual field (Figure 4). This suggests that allocating spatial attention decreases the variability in 332 

the cortical neural populations with receptive fields in the attended location. While alertness 333 

and spatial attention are distinct components of attention that are likely governed by different 334 

brain networks (Petersen and Posner, 2012), we suggest that a common outcome of attention 335 

modulation is the decrease of neural variability in task-relevant neural populations. 336 

Moreover, neural variability magnitudes of individual subjects were associated with their 337 

behavioral benefits from attention. Subjects with larger overall neural variability, who 338 

quenched their neural variability to a larger extent in the discrimination experiment, relative to 339 

the control experiment, enjoyed greater attentional benefits (Figures 6&7). Hence, the large 340 

differences across subjects in attentional effects may be partially explained by stable individual 341 

differences in overall neural variability (Figure 5) and the ability to quench this variability with 342 

attentional mechanisms.  343 

Different components of attention 344 

Attention can be subdivided into three functional components – alerting, orienting and 345 

executive control. Alerting is defined as achieving and maintaining an alert state, orienting is 346 
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the selection of information from a  specific location, and executive control is operating to 347 

resolve conflicts among responses (Petersen and Posner, 2012).  348 

Here, we focused on the effects of alertness and spatial orienting (i.e., spatial attention). 349 

Alertness was examined by comparing neural variability across the discrimination and control 350 

experiments. While both experiments contained identical cues (arrows pointing to the right, 351 

left, or both directions), in the discrimination experiment these cues were meaningful, because 352 

they alerted the subject to the upcoming appearance of a task-relevant visual stimulus. In 353 

contrast, in the control experiment there was no task and, therefore, no motivation to attend 354 

the cues. Our results demonstrate that when the cues alerted subjects to upcoming stimuli, 355 

they generated a significant decrease in neural variability (Figures 2&3) and that the magnitude 356 

of this decrease in neural variability was associated with the attentional benefit of individual 357 

subjects (Figure 7). 358 

We also examined spatial orienting by shifting subjects’ attention to the left or right visual field. 359 

These attentional shifts generated larger variability quenching in the contralateral hemisphere 360 

to the cued direction demonstrating the spatial selectivity of changes in neural variability 361 

(Figure 4). Neural variability changes associated with spatial attention were weaker than those 362 

associated with alertness.  363 

Attention, signal detection theory, and neural variability  364 

Our results resonate well with the principles of signal detection theory (Green and Swets, 365 

1966), which suggest that perceptual capabilities are dependent on the signal-to-noise ratio of 366 

the neural response associated with the stimulus. This can be achieved by amplifying the 367 
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relevant neural activity (i.e., increasing the signal) and/or by reducing the variability of the 368 

relevant neural activity (i.e., reducing the noise).  369 

Numerous studies have demonstrated that attentional benefits are associated with an increase 370 

in the relevant neural activity. This was demonstrated by a variety of electrophysiology studies 371 

that reported increased firing rates of neurons encoding the attended stimulus in multiple 372 

areas of visual cortex (Mitchell et al., 2007; McAlonan et al., 2008; Buffalo et al., 2010; 373 

Davidesco et al., 2013; Thiele et al., 2016) and in prefrontal cortex (Everling et al., 2002). 374 

Neuroimaging studies in humans have reported analogous increases in BOLD (Gandhi et al., 375 

1999; Ress et al., 2000) and ERP (Hillyard and Anllo-Vento, 1998) responses in similar cortical 376 

areas. Several complementary studies have reported that allocating spatial attention reduces 377 

the variability of neural activity across trials as measured by the Fano Factor of individual 378 

neurons (Mitchell et al., 2007; Thiele et al., 2016). Furthermore, the correlated variability 379 

evident in the responses of pairs of neurons was also reduced by allocating attention (Cohen 380 

and Maunsell, 2009; Mitchell et al., 2009; Rabinowitz et al., 2015).  381 

Our results reveal for the first time that spatial orienting also quenches neural variability in 382 

humans and demonstrate that variability quenching is lateralized to the contralateral 383 

hemisphere of the attended visual field (i.e., stronger in the cortical areas that process the 384 

attended stimulus). The results extend findings from the only study to date that has examined 385 

the relationship between alertness and response variability in humans. This study reported that 386 

fMRI responses were less variable across trials when subjects performed a target detection task 387 

at fixation in comparison to passively observing the same stimulus (Broday-Dvir et al., 2018). 388 

Using EEG, we demonstrate for the first time that the reduction in neural variability was specific 389 
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to the post-cue period (i.e., 250-500ms after cue presentation), when subjects were actively 390 

anticipating the presentation of the target stimulus. Furthermore, our results are the first to 391 

demonstrate that individual magnitudes of variability quenching explain individual differences 392 

in behavioral performance.   393 

Individual differences in neural variability 394 

A variety of recent studies have shown that neural variability measures are informative 395 

regarding the cognitive and perceptual abilities of individual subjects as well as their clinical 396 

state (Dinstein et al., 2015). For example, it has been reported that individuals with larger 397 

ongoing neural variability, as measured by the amplitude of fMRI fluctuations, exhibit better 398 

performance on several basic cognitive measures (Garrett et al., 2011, 2013, 2015). It has been 399 

hypothesized that larger neural variability is an indicator of larger neural complexity, which may 400 

be beneficial for cognitive flexibility and the exploration of multiple solutions (McIntosh et al., 401 

2008).  402 

In parallel, others have reported that individuals with better contrast-discrimination thresholds 403 

exhibit larger neural variability quenching (Arazi et al., 2017a). It has also been shown that 404 

perception of weak stimuli is better on trials with lower neural variability (Schurger et al., 2010, 405 

2015). Interestingly, unconscious patients exhibit more stable (i.e., less variable) ongoing neural 406 

activity, but do not exhibit an increase in neural stability after stimulus presentation as found in 407 

controls (Schurger et al., 2015). Taken together, current evidence suggests that individuals with 408 

larger ongoing neural variability who quench neural variability to a larger extent after stimulus 409 

presentation, exhibit superior behavioral performance. Our results further extend these 410 

findings in demonstrating that individuals with larger overall neural variability and larger 411 
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reductions of neural variability following informative cues benefit more from allocating 412 

attention.  413 

Flexibility of neural variability 414 

When considering the potential relationships between neural variability and behavior it is 415 

important to note that individual differences in neural variability are remarkably stable over 416 

time in adults (Arazi et al., 2017b). While neural variability is much larger during early periods of 417 

development that involve intense learning and plasticity (Olveczky et al., 2005), it seems to 418 

solidify into a stable individual characteristic by adulthood. These stable individual differences 419 

in neural variability were also apparent in the current study (Figure 5). This suggests that the 420 

flexible modulation of neural variability by mechanisms of attention is limited by stable intrinsic 421 

mechanisms that govern/constrain the magnitude of neural variability in individual subjects.  422 

Alpha power suppression and attention    423 

Previous EEG and MEG studies have revealed that spatial attention suppresses the fluctuation 424 

of alpha-band activity following cue presentation, during the time window where subjects are 425 

expecting a visual stimulus to appear at the cued location (Thut et al., 2006; Siegel et al., 2008; 426 

Ikkai et al., 2016).  Alpha suppression was found in occipital and parietal electrodes/sensors, 427 

contralateral to the attended position, presumably reflecting a higher level of cortical activation 428 

that may facilitate the processing of the stimulus (Pfurtscheller and Lopes, 1999; Klimesch, 429 

2012). Neural variability quenching is strongly correlated with the suppression of broadband 430 

neural oscillations, including alpha-band suppression (Arazi et al., 2017a). This suggests that 431 

neural variability quenching and alpha-band suppression are associated measures of a mutual 432 
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phenomenon, whereby allocation of attention leads to an increase in firing rates of task-433 

relevant neural populations, decrease in lower frequency ongoing neural oscillations, and 434 

reduced trial-by-trial neural variability, all of which contribute to an increase in SNR.  435 

Conclusions 436 

It has been proposed that allocating attention to a stimulus leads to an increase in the SNR of 437 

the neural populations encoding the attended stimulus. The current study extends the existing 438 

literature by demonstrating that manipulating alertness and spatial attention generates a 439 

decrease in trail-by-trial neural variability/noise of relevant visual neural populations in 440 

humans. While these components of attention may be governed by different brain systems 441 

(Petersen and Posner, 2012), both components seem to generate a reduction in neural 442 

variability. Most importantly, individual magnitudes of variability quenching partially explained 443 

individual differences in attention benefits. While neural variability is a remarkably stable 444 

individual characteristic in adulthood, these results demonstrate that mechanisms of attention 445 

control neural variability in a flexible and behaviorally relevant manner.      446 
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Legends: 562 

Figure 1: Experimental design and behavioral results. (A) Experimental design of the orientation 563 

discrimination task. Each trial began with the presentation of a central cue (arrow) presented 564 

for 100ms, which pointed to the left, right or both sides. The cue was followed by a target 565 

stimulus, which consisted of black-and-white stripes and presented for 50ms in the right or left 566 

visual field. Subjects reported whether the target stimulus was tilted to the left or right of 567 

vertical. The cue accurately predicted the target location in 60% of the trials (valid), pointed to 568 

the opposite location in 20% of the trials (invalid), and pointed to both locations in 20% of the 569 

trials (neutral). (B) Mean accuracy rates (left) and reaction times (right) across subjects for each 570 

of the three conditions (valid, invalid and neutral). Error bars: standard error of the mean across 571 

subjects. Asterisks: significant differences across conditions (Post-hoc Tukey’s test; p<0.01). 572 

 

Figure 2: Alerting subjects to an upcoming task-relevant stimulus reduced trial-by-trial 573 

variability in occipital and parietal cortices. (A) Temporal dynamics of trial-by-trial variability 574 

during the control (gray) and discrimination (black) experiments. Each panel displays the results 575 

of a different cue type (left, right and double headed) in the right (upper panels) and left 576 

(bottom panels) electrodes. Gray background: 250ms-500ms time window with sustained 577 
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variability quenching. Vertical line: cue onset.  (B) Spatial topography of variability differences 578 

between the control and orientation discrimination experiments. A map of t-values 579 

demonstrates the topography of electrodes with significant differences in neural variability 580 

between the experiments, 250-500ms after the cue presentation. White dots: electrodes that 581 

were selected for the variability analyses.  582 

 

Figure 3: Neural variability was significantly smaller in the orientation discrimination 583 

experiment. Mean trial-by-trial variability across subjects during the post-cue time window 584 

(250-500ms). Results are presented for each cue-type (left, right, and double headed) in the 585 

control (gray bars) and orientation discrimination (black bars) experiments. Neural variability 586 

was measured separately in the left (left panel) and right (right panel) electrodes. Error bars: 587 

standard error of the mean across subjects. Asterisks: significant differences across 588 

experiments (two-tailed t-test, p<0.05). 589 

 

Figure 4: Variability quenching during the discrimination, but not the control experiment, was 590 

larger in the contralateral hemisphere to the attended visual field. (A) Mean lateralization index 591 

across the four selected electrodes in the right and left hemispheres respectively in the 592 

discrimination experiment. Error bars: standard error of the mean across subjects. (B) Spatial 593 

topography of lateralization indexes per electrode in the discrimination experiment. We 594 

computed the lateralization index for each electrode in each subject and then performed a t-595 

test, across subjects, to determine whether indexes were different from zero. Positive t-values 596 
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in the right electrodes indicated that neural variability was quenched more when the arrow 597 

pointed left. Negative t-values in the left electrodes indicated that neural variability was 598 

quenched to a larger degree when the arrow pointed right. This demonstrated the contralateral 599 

lateralization of neural variability quenching in the discrimination experiment. (C) Same as 600 

panel A, but for the control experiment. (D) Same as panel B, but for the control experiment.  601 

 

Figure 5: Differences in neural variability across subjects. Scatter plot presenting individual 602 

subjects’ neural variability magnitudes before (left) and after (right) cue presentation in the 603 

discrimination versus control experiments (mean across cue types). Each point represents a 604 

single subject. Pearson’s correlation coefficients are noted in each panel. Solid line: Linear fit, 605 

Dotted line: Unity line. Asterisks: significant correlation as assessed by a randomization test 606 

(p<0.05). 607 

 

Figure 6: Greater attentional benefits were apparent in subjects with larger overall neural 608 

variability. (A) Examples of the EEG traces from two individual subjects with relatively large 609 

(blue) or small (red) neural variability are presented next to their accuracy in the valid and 610 

invalid trials. (B) Scatter plots demonstrating the relationship between individual attentional 611 

effects and post or pre cue variability (mean across cue types and electrodes). Pearson’s 612 

correlation coefficients are noted in each panel. Asterisks: significant correlation as assessed by 613 

a randomization test (p<0.05).  Blue and red circles mark the two exemplary subjects. (C) 614 

Topographic maps demonstrating the correlation coefficients between individual subjects’ 615 
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attentional effects and their magnitudes of neural variability in the pre (left) or post (right) cue 616 

period when calculated separately for each electrode.  617 

 

Figure 7: Larger attentional benefits are associated with larger differences in neural variability 618 

between control and discrimination experiments. (A) Examples of trial-by-trial neural variability 619 

in the control and discrimination experiments from two subjects: one with a relatively large 620 

difference in neural variability across experiments (blue) and another with little difference 621 

across experiments (red). Attentional effects of the two subjects are also presented. (B) Scatter 622 

plots demonstrating the relationship between individual differences in neural variability 623 

between the control and discrimination experiments (250-500ms after the cue, mean across 624 

right and left electrodes), and individual attentional effects. Pearson’s correlation coefficients 625 

are noted in each panel. Asterisks: significant correlation as assessed by a randomization test 626 

(p<0.05). Blue and red circle mark the two exemplary subjects. (C) Topographic maps 627 

demonstrating the correlation coefficients between individual subjects’ attentional effects and 628 

the difference in neural variability between control and discrimination experiments. Findings 629 

were similar when the cue pointed to the left (left panel) or to the right (right panel). 630 

 

Figure 8: Eye movements did not differ across experiments and gaze fixation was stable 631 

before/after cue presentation. (A) The distance between gaze position and fixation spot (mean 632 

across trials and subjects) was stable before/after cue presentation and did not differ between 633 

the discrimination (black) and control (gray) experiments. (B) The standard deviation across 634 
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trials of the distance between gaze position and fixation cross was also stable before/after cue 635 

presentation and equivalent in both experiments. Each panel displays the results of a different 636 

cue type in units of visual angle. There were no significant differences across experiments in 637 

either measure (paired t-test per time-point, p>0.1). 638 

 


















