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[Abstract] Stimulus-induced narrow-band gamma oscillations (20–70 Hz) are induced in the visual 

areas of the brain when particular visual stimuli, such as bars, gratings, or full-screen hue, are shown to 

the subject. Such oscillations are modulated by higher cognitive functions, like attention, and working 

memory, and have been shown to be abnormal in certain neuropsychiatric disorders, such as 

schizophrenia, autism, and Alzheimer’s disease. However, although electroencephalogram (EEG) 

remains one of the most non-invasive, inexpensive, and accessible methods to record brain signals, 

some studies have failed to observe discernable gamma oscillations in human EEG. In this manuscript, 

we have described in detail a protocol to elicit robust gamma oscillations in human EEG. We believe 

that our protocol could help in developing non-invasive gamma-based biomarkers in human EEG, for 

the early detection of neuropsychiatric disorders. 
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[Background] Gamma oscillations are narrow-band oscillations (~20–70 Hz) observed in the electrical 

activity of the brain. These oscillations are thought to originate from excitatory-inhibitory networks in the 

brain (Buzsáki and Wang, 2012), and are proposed to be involved in certain higher cognitive functions, 

like feature binding (Gray et al., 1989), attention (Gregoriou et al., 2009; Chalk et al., 2010), and working 

memory (Pesaran et al., 2002). Previous studies have described these oscillations in various species, 

such as cat (Gray et al., 1989; Siegel and König, 2003), mouse (Colgin et al., 2009; Veit et al., 2017), 

macaques (Gieselmann and Thiele, 2008; Ray and Maunsell, 2010), and humans (Muthukumaraswamy 

and Singh, 2013; van Pelt and Fries, 2013); as well as in various brain regions, such as the hippocampus 

(Colgin et al., 2009), amygdala (Amir et al., 2018), the olfactory cortex (Kay, 2003), and the visual cortex 

(Gieselmann and Thiele, 2008; Ray and Maunsell, 2010; Shirhatti and Ray, 2018).  

  Specifically, in the visual cortex, these oscillations are robustly elicited by certain stimuli called gratings. 

Such stimulus-induced narrow-band gamma oscillations have been reported and studied in intracranial 

recordings (Gieselmann and Thiele, 2008; Murty et al., 2018), and human magneto-encephalography 

(Muthukumaraswamy and Singh, 2013; van Pelt and Fries, 2013). However, some studies (for example, 

Juergens et al., 1999; Orekhova et al., 2015) have failed to elicit discernable gamma oscillations in 

human electro-encephalography (EEG), a neurophysiological tool of great clinical relevance for its non-

invasive and inexpensive nature.  

  Failure to observe gamma oscillations in human EEG could be due to stimulus properties. Gamma 

oscillations are highly dependent on the properties of gratings, such as their spatial frequency, size, and 
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contrast. For example, the power of these oscillations increases with the size of gratings (Gieselmann 

and Thiele, 2008; Ray and Maunsell, 2011; Muthukumaraswamy and Singh, 2013), and decreases with 

the drifting speed of gratings (Orekhova et al., 2015; Murty et al., 2018). However, many studies that 

examined gamma oscillations in human EEG have used smaller stimuli, stimuli that were not always 

presented in all quadrants of the visual space (for example, Muthukumaraswamy and Singh, 2013), or 

stimuli that were not stationary (for example, Orekhova et al., 2015). Koch et al. (2009) reported 

stimulus-induced gamma oscillations in human EEG for larger stimuli, but failed to observe two distinct 

gamma bands frequently reported in animal studies (Kay, 2003; Colgin et al., 2009; Veit et al., 2017; 

Murty et al., 2018). 

  We have consistently reported two distinct stimulus-induced narrow-band visual gamma oscillations 

(slow gamma [20–34 Hz] and fast gamma [36–66 Hz]) in human EEG from subjects aged 20–85 years-

old (Murty et al., 2018, 2020, 2021) that were test-retest reliable (Kumar et al., 2022). Further, we found 

that these oscillations were variable across subjects, and were weaker in elderly subjects (Murty et al., 

2020), and subjects with prodromal/early Alzheimer’s disease (Murty et al., 2021). In these studies, we 

used very large (full screen) stationary Cartesian gratings that elicited robust gamma oscillations, as 

opposed to drifting annular gratings used by Koch et al. (2009) and Orekhova et al. (2015). Further, we 

used a bipolar referencing scheme for analysis, instead of the unipolar (Koch et al., 2009), common-

average (Muthukumaraswamy and Singh, 2013), or left earlobe (Orekhova et al., 2015) references. We 

found that gamma oscillations were more saliently observed with bipolar compared to unipolar reference 

schemes (for example, see Figure 1 of Murty et al., 2020). 

  In the present article, we have described our protocol to robustly elicit gamma oscillations in human 

EEG in considerable detail. Further, we have recently shown that gamma oscillations recorded using 

the high-end research grade amplifiers (described below) can also be reproduced using low-cost and 

easily available amplifiers (OpenBCI, Inc.; Pattisapu and Ray, 2021). As gamma oscillations are 

suggested to be abnormal in certain neuropsychiatric disorders, such as schizophrenia (Tada et al., 

2014; Hirano et al., 2015), autism (Uhlhaas and Singer, 2007; Wilson et al., 2007; An et al., 2018), and 

Alzheimer’s disease (Iaccarino et al., 2016; Palop and Mucke, 2016; Mably and Colgin, 2018; Murty   

et al., 2021), we believe that our protocol could help in developing low-cost non-invasive gamma-based 

biomarkers in human EEG, for early detection of such diseases. 

 

Materials and Reagents 

 

1. Setup for subjects’ seating area (Figure 1):  

a. Custom-designed chin rest (with mounted head rest). 

b. A table for stimulus presentation monitor (mentioned in the Equipment subsection) and chin rest. 

c. A stable chair for the subject to sit. 

2. Inch tape (for measuring scalp diameter, as well as the distance between the monitor and the 

subject). 
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3. Personal items for cleaning the gel off scalp after the experiment, like tissue paper, towel, shampoo, 

etc. 

 

 

Figure 1. Figure showing EEG setup in the subject area with and without the subject. 

 

Equipment 

 

1. EEG acquisition system 

a. Amplifier: BrainAmp DC (Brain Products GmbH, Germany) 

b. Electrodes: 64 active electrodes (Brain Products GmbH, Germany) 

c. Electrode cap: actiCAP (Easycap GmbH, Germany) 

d. Electrode gel: SuperVisc High Viscosity Electrolyte-Gel (Easycap GmbH, Germany) 

e. Recording computer: Windows PC with EEG recording software 

2. Stimulus presentation monitor (in subject area): BenQ XL2411 (LCD, 1280×720 pixels, refresh rate: 

100 Hz) 

3. Monitor calibrating device (for gamma correction): i1Display Pro (X-Rite) 

4. Eye-tracker: EyeLink 1000 (SR Research Ltd, Canada). This includes the infrared eye-tracking 

camera and the eye-data acquisition computer 

5. Stimulus presentation computer: iMac (Mac OS X El Capitan) 
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Software 

 

1. Stimulus presentation: custom library and app built in objective-c for Mac OS 

2. EEG recording: Brain Vision Recorder (Version 1.20.0701) 

3. Data analysis: MATLAB, with the following toolboxes/code:  

a. Chronux toolbox for signal processing 

b. Custom code (https://github.com/supratimray/TLSAEEGProjectPrograms) and EEGLAB for 

generating figures 

 

Procedure 

 

In the following sections, we describe in detail the procedure for EEG recording, artefact rejection, and 

data analysis used in Murty et al. (2020, 2021). These methods are built upon and have evolved from 

the methods that we used in Murty et al. (2018). For minor differences in these methods, we direct the 

readers to the original articles. 

1. EEG room setup 

The experimenter’s rig comprised of a stimulus presentation computer, a recording computer, an 

analysis computer (optional), and an eye-data acquisition computer. The subject area was 

separated from the rig using thick curtains that also made sure that it was dark. Subjects sat on a 

stable chair and placed their chin on a chin rest. Their head was supported by cheek and head-rests 

mounted on the chin rest. We placed the gamma corrected monitor in front of and at the level of the 

chin rest, at a mean ± standard deviation (SD) distance of 58.1 ± 0.8 cm (range: 53.8–61.0 cm) from 

the subjects, according to their convenience. The monitor subtended a width of at least 52° and 

height of at least 30° of the visual field. The chin rest or its components never obstructed the monitor, 

and the entire monitor was always visible to the subjects. We calibrated the stimuli to the viewing 

distance for all subjects. We placed the eye-tracking camera below and at the center of the monitor. 

We instructed the subjects to wear spectacles, if prescribed.  

2. EEG recording 

On the day of the experiment, we requested subjects to wash their hair with shampoo prior to coming 

for the recording session. We also briefed the subjects about the procedure and took their written 

consent before starting. Electrodes were placed on the scalp according to the international 10–10 

system, using the electrode cap and gel as suggested by the manufacturer. We ensured that the gel 

under one electrode did not come in contact with the gel under another electrode. We also ensured 

that electrode impedances were less than 25 KΩ while applying gel, and rejected those electrodes 

that could not satisfy this criterion from analysis. After this process, we seated the subjects on the 

subject’s chair and calibrated the eye-tracker. We then presented a set of stimuli on the stimulus 

presentation monitor, while the subjects fixated on a small (0.1°) fixation point on the monitor. We 

acquired raw EEG signals by referencing all 64 electrodes to location ‘FCz’ on the scalp (see Figure 

5). We filtered these signals online between 0.016 Hz (first-order filter) and 1000 Hz (fifth-order 
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Butterworth filter), sampled at 2,500 Hz, and digitized at 16-bit resolution (0.1 μV/bit).  

3. Stimuli 

Stimuli were static achromatic images whose luminosity varied sinusoidally across space, giving a 

sense of continuous, alternating black-and-white bars on the monitor. Such images are called 

gratings. These gratings are characterized by spatial frequency and orientation: spatial frequency is 

the frequency of the sinusoid (expressed as cycles per degree [cpd] of the visual field), and 

orientation is the direction perpendicular to the direction of the sinusoid (0° being vertical gratings). 

Gratings could further be varied in terms of their size (diameter) and contrast. We had observed that 

gratings with spatial frequency 1–4 cpd, having a diameter larger than 16° of visual field, and at 100% 

of contrast elicited robust slow and fast gamma oscillations in humans (Murty et al., 2018). Video 1 

shows example full-screen stimuli (varied in spatial frequency and orientation) at 100% contrast.  

 

 

Video 1. Video showing example gratings and example trials. Each trial began with the 

appearance of a fixation point at the centre of the stimulus presentation screen. Within a trial, a 

series of gratings were presented (2 to 3 per trial) for 800 ms, with an interstimulus interval of 700 

ms. Gratings were achromatic sinusoidal Cartesian gratings, whose spatial frequency was randomly 

chosen from 1, 2, and 4 cpd. The orientation of the gratings was randomly chosen from 0°, 45°, 90°, 

and 135°. The fixation point was presented on the screen throughout the trial, and disappeared at 

the end of the trial. 

 

4. Stimulus presentation 

Details of stimulus presentation could be found in Murty et al. (2018, 2020, 2021). Example trials 

are shown in Video 1, and a video of a subject performing the task is shown in Video 2. Typically, 

the subjects fixated on the fixation point for 1,000 ms at the start of each trial. After this initial fixation 

period, we presented a series of gratings (2 to 3 per trial) for 800 ms, with an interstimulus interval 

of 700 ms. After the last stimulus of the trial was presented, the fixation point disappeared, and the 

subjects were allowed to rest their eyes by breaking fixation, while keeping their head stable. We 

performed each experiment in 1–2 blocks in a single session, according to the comfort of the subject. 
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We gave breaks between blocks, during which the subjects could relax by removing their head off 

the chin rest. However, the distance of the chin rest from the monitor was kept constant between 

blocks. For a few subjects reported in Murty et al. (2018, 2020), we performed the experiments in 

two sessions according to the comfort of the subjects. For each session, we repeated the entire 

procedure of eye-tracker and stimulus calibration for monitor-to-chin rest distance. 

 

 

Video 2. Video of a subject performing the task. Subjects had to fixate on the fixation point 

throughout the trial. The trial was aborted if they broke fixation during the trial. After the trial ended 

or aborted, they were allowed to rest their eyes by breaking fixation, but keeping their head stable. 

Sounds were played through in-built speakers on iMac (the stimulus presentation computer) that 

alerted the subjects at the start of the trial, as well as when the trial ended, or when they broke 

fixation during the trial. 

 

5. Data segmentation 

We first segmented EEG data between -1 to 2.2768 seconds around each stimulus onset time (total: 

8192 points), and generated a N x 8192 data matrix for each electrode, where N is the number of 

stimulus repeats. Each segment is abbreviated as a “repeat”.  

6. Artifact rejection 

We wanted to find a common set of bad repeats for all the electrodes, which would allow us to also 

do connectivity/causality analysis. In many cases, a small set of electrodes had a large number of 

bad repeats, so including those electrodes drastically reduced the total number of repeats for all 

electrodes. Therefore, we designed a fully automated artifact rejection pipeline to (i) find a set of 

bad electrodes, and (ii) a set of common bad repeats in the remaining good electrodes. 

As mentioned above, we rejected data offline from those electrodes whose impedance was more 

than 25 KΩ. We further rejected repeats with fixation breaks (defined as eye-blinks or shifts in eye-

position outside a square window of width 5º, centered on the fixation spot) during 0.5s–0.75s of 

stimulus onset. We preprocessed the recorded data as follows (also described in Murty et al., 2020): 

a. For each unipolar electrode (Figure 2): We considered data for each electrode into smaller 
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segments from -500 ms to 750 ms of stimulus onset. We then applied trial-wise thresholds in 

both time and frequency domain, as follows: 

i. For raw waveforms (time-domain): We first high-pass filtered the signal for each repeat 

at 1.6 Hz, to eliminate slow trends if any. We filtered the signal only for the purpose of 

artefact rejection, but not for final data analysis. Any stimulus repeat for which the filtered 

waveform deviated by six times the standard deviation (SD) from the mean at any time bin 

was considered as a bad repeat for that electrode. 

ii. For Power Spectral Density (PSD; frequency-domain): We estimated multi-tapered 

PSDs from 0 to 200 Hz for each trial separately, with five tapers (time-bandwidth product or 

TW=3), using Chronux toolbox [(Mitra and Bokil, 2008), http://chronux.org/, 

RRID:SCR_005547]. Any stimulus repeat, for which the PSD deviated by 6 SD from the 

mean at any frequency point, was considered as a bad repeat for that electrode.  

 

 

Figure 2. Flowchart for separating bad repeats for each unipolar electrode. 

 

b. Common set of bad repeats (Figure 3): We next created a common set of bad repeats across 

all 64 unipolar electrodes, as follows:  

i. We first discarded those electrodes that had more than 30% of all repeats marked as bad 

(from step a). 

ii. We then created a common set of bad repeats, by including in it any repeat (that was marked 

as bad in step a) in any of the ten unipolar electrodes used for analysis (P3, P1, P2, P4, 

PO3, POz, PO4, O1, Oz, and O2).  
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iii. Next, we included in this set any repeat (that was marked as bad in step a), if it occurred in 

more than 10% of the total number of remaining electrodes. This was the final set of bad 

repeats that we discarded, so the rest of the stimulus repeats were used for analysis.  

 

 

Figure 3. Flowchart for creating a common set of bad repeats across all analyzable unipolar 

electrodes. 

 

c. Further rejection of electrodes (Figure 4): As mentioned above, we discarded those 

electrodes that had impedance more than 25 KΩ, or those that had more than 30% of all repeats 

marked as bad. Occasionally, we observed electrodes for which the PSD tended to flatten out 

(which could happen if it hit a noise floor, for example). We therefore added another pipeline to 

reject such electrodes. To this end, we calculated PSD slopes for each unipolar electrode, as 

follows: 

i. We estimated PSDs for each analyzable repeat using one taper (TW=1) and averaged the 

resulting PSDs. 

ii. We fitted a power-law function, 𝑃(𝑓) = 𝐴. 𝑓 −𝛽  to these trial-averaged PSDs, where A 

(scaling factor), and β (slope) are free parameters obtained using least square minimization 

(using the fminsearch function in MATLAB), and P is the PSD across frequencies 𝑓 ∈

[56 84] Hz. 

We discarded those electrodes that had slopes less than 0. We did this separately for each 

block. 
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Figure 4. Flowchart for discarding bad unipolar electrodes. 

 

For any block, if there were no analyzable bipolar electrodes (see Data Analysis subsection below), we 

discarded that block for that subject, and pooled the data across the rest of the blocks for data analysis. 

For minor differences in rejection of blocks for Murty et al. (2020, 2021), kindly refer to the respective 

articles. 

 

Data analysis 

 

1. Selection of electrodes 

We re-referenced data at each electrode offline to its neighboring electrodes (a reference scheme 

called bipolar reference), as shown in Figure 5 (Murty et al., 2020). This was done because we 

found that gamma oscillations were much more prominent in the bipolar referencing scheme (see 

Figure 1 of Murty et al., 2020). Specifically, we considered the following nine bipolar electrodes for 

analysis: PO3-P1, PO3-P3, POz-PO3, PO4-P2, PO4-P4, POz-PO4, Oz-POz, Oz-O1, and Oz-O2. 

We discarded a bipolar electrode if either of its constituting unipolar electrodes was marked bad 

during artifact rejection. 
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Figure 5. Schematic showing bipolar montage. The colored electrodes are physical electrodes 

placed on the scalp, as per the International 10-10 System (Easycap GmbH, Germany). These 

electrodes are referenced online to FCz (unipolar reference scheme). Ground is at AFz. Data from 

adjacent physical electrodes are referenced offline with respect to each other (bipolar reference 

scheme). Bipolar electrodes are shown in red. Each bipolar electrode is virtually placed in between 

the two constituent unipolar electrodes. We analyzed 112 such electrodes in our studies. 

 

2. Analysis of EEG data 

We analyzed all data using custom codes written in MATLAB (The MathWorks, Inc., 

RRID:SCR_001622), as described in Murty et al. (2020). We computed PSD and the time-frequency 

power spectrograms using a multi-taper method with a single DPSS taper (TW=1), using the 

Chronux toolbox as described below. We averaged raw PSDs and raw spectrograms across all 

analyzable stimulus repeats for the final analysis. Further, we generated scalp maps using the 

topoplot.m function of EEGLAB toolbox (Delorme and Makeig, 2004, RRID:SCR_007292), modified 

to show each electrode as a colored disc. 

a. Computation of raw PSD and change in PSD: We calculated power at each frequency (at a 

resolution of 2 Hz) separately for the baseline period (−500 ms and 0 ms of stimulus onset), and 

stimulus period (250 ms and 750 ms, avoiding stimulus onset-related transients between 0 and 

250 ms). For change in PSD from baseline to stimulus periods (expressed in dB), we used the 

following equation: 

 

𝛥𝑃(𝑓) = 10 (𝑙𝑜𝑔10

𝑃𝑠𝑡(𝑓)

𝑃𝑏𝑙 (𝑓)
) 
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where P(f) is the power at the frequency f. Figure 6a shows the raw PSD (black line) for stimulus 

(solid line), and baseline (dashed line) periods, as well as the change in PSD (blue solid line) 

for an example subject. Discernible gamma oscillations are observed as ‘bumps’ in 20-34 Hz 

(slow gamma), and 36-66 Hz (fast gamma) frequency ranges. 

b. Computation of raw and change in time-frequency power spectrograms: We estimated raw time-

frequency power spectrograms during -500 ms and 1,200 ms of stimulus onset. We chose a 

moving window of 250 ms, and a step size of 25 ms, giving a frequency resolution of 4 Hz. For 

computation of change in the power spectrogram (expressed in dB), we subtracted the power 

averaged across the baseline period of the raw spectrogram from the entire raw spectrogram, 

for each frequency. In other words, we used the following formula: 

 

𝛥𝑆(𝑡, 𝑓) = 10 (𝑙𝑜𝑔10

𝑆(𝑡, 𝑓)

𝑆𝑏𝑙(𝑓)
) 

 

where 𝑆𝑏𝑙(𝑓) is the baseline power at frequency (f) (averaged from -0.5 to 0 s). Figure 6b shows 

a raw spectrogram (top row) and a change in power spectrogram (bottom row), for the same 

example subject as in Figure 6a. Both slow and fast gamma oscillations are robustly observed 

in the change in power spectrogram. 

c. Computation of raw power in different frequency bands: To estimate raw power in frequency 

bands of interest (i.e., alpha, slow gamma and fast gamma) during baseline and stimulus 

periods, we summed the power at individual frequency bins in the respective frequency bands 

as estimated in the PSDs. In other words, we used the following equation:  

 

𝑅𝑎𝑤 𝑝𝑜𝑤𝑒𝑟 = ∑ 𝑃(𝑓)

𝑏

𝑓=𝑎

 

 

where P(f) is the power at the frequency f, and a and b are the lower and upper limits of the 

frequency band of interest. 

d. Computation of stimulus-induced change in power in different frequency bands: To estimate the 

change in power during the stimulus period compared to the baseline period, we used the 

following equation for each frequency band: 

 

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑝𝑜𝑤𝑒𝑟 = 10 (𝑙𝑜𝑔10

𝑅𝑎𝑤 𝑝𝑜𝑤𝑒𝑟𝑠𝑡

𝑅𝑎𝑤 𝑝𝑜𝑤𝑒𝑟𝑏𝑙

) 
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Figure 6. Spectra and spectrograms in an example subject. a) Plot showing raw PSD (left axis) 

in the stimulus (black solid line) and baseline (black dashed line) periods, averaged across nine 

bipolar electrodes (PO3-P1, PO3-P3, POz-PO3, PO4-P2, PO4-P4, Poz-PO4, Oz-Poz, Oz-O1, and 

Oz-O2), and expressed on a log10 scale. On the axis on the right side, the change in PSD (solid blue 

line) from stimulus to baseline periods is shown on a dB scale. Slow gamma (20–34 Hz) and fast 

gamma (36–66 Hz) bands are shown in vertical violet and orange lines respectively. b) A plot 

showing raw (top panel) and change in power time-frequency spectrograms (bottom panel), for the 

same data as in a. Gamma bands are shown in solid white (slow gamma), and dashed (fast gamma) 

lines. Vertical black dashed lines indicate the time when stimulus was presented to the subjects (0–

0.8 s), whereas red vertical dashed lines indicate the stimulus period considered for spectral 

analysis (0.25–0.75 s).  

 

Codes for these analyses are available at: https://github.com/supratimray/TLSAEEGProjectPrograms. 

Codes for artifact rejection pipeline: https://github.com/supratimray/CommonPrograms under 

ReadData/findBadTrialsEEG. 
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