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Abstract 20 

Gamma rhythms (~20-70 Hz) are abnormal in mental disorders such as autism and 21 

schizophrenia in humans, and Alzheimer’s disease (AD) models in rodents. However, the 22 

effect of normal aging on these oscillations is unknown, especially for elderly subjects in 23 

whom AD is most prevalent. In a first large-scale (236 subjects; 104 females) 24 

electroencephalogram (EEG) study on gamma oscillations in elderly subjects (aged 50-88 25 

years), we presented full-screen visual Cartesian gratings that induced two distinct gamma 26 

oscillations (slow: 20-34 Hz and fast: 36-66 Hz). Power decreased with age for gamma, but 27 

not alpha (8-12 Hz). Reduction was more salient for fast gamma than slow. Center frequency 28 

also decreased with age for both gamma rhythms. The results were independent of 29 

microsaccades, pupillary reactivity to stimulus, and variations in power spectral density with 30 

age. Steady-state visual evoked potentials (SSVEPs) at 32 Hz also reduced with age. These 31 

results are crucial for developing gamma/SSVEP-based biomarkers of cognitive decline in 32 

elderly. 33 

 34 

Keywords: EEG, Gamma oscillations, Alpha oscillations, SSVEP, Aging, Alzheimer’s 35 

disease  36 

 37 

Abbreviations: AD: Alzheimer’s disease, CV: coefficient of variation, GABA: gamma-38 

aminobutyric acid, LFP: local field potentials, PSD: power spectral density, SD: standard 39 

deviation, SEM: standard error of the mean, SF: spatial frequency, SSVEP: steady-state 40 

visual evoked potentials. 41 

  42 



 

1. Introduction 43 

Gamma rhythms are narrow-band oscillations often observed in the electrical activity of 44 

the brain, with center frequency occupying ~20-70 Hz frequency range. Previous studies have 45 

proposed involvement of these rhythms in certain higher cognitive functions like feature 46 

binding (Gray et al., 1989), attention (Chalk et al., 2010; Gregoriou et al., 2009) and working 47 

memory (Pesaran et al., 2002). Further, some studies have shown that these rhythms may be 48 

abnormal in neuropsychiatric disorders such as schizophrenia (Hirano et al., 2015; Tada et 49 

al., 2014), autism (An et al., 2018; Uhlhaas and Singer, 2007; Wilson et al., 2007) and 50 

Alzheimer’s disease (Mably and Colgin, 2018; AD; Palop and Mucke, 2016). 51 

Gamma rhythms can be induced in the occipital areas by presenting appropriate visual 52 

stimuli such as bars and gratings, and their magnitude and center frequency critically depend 53 

on the properties of the stimulus such as contrast, size, orientation, spatial frequency and drift 54 

rate (Jia et al., 2013; Murty et al., 2018; Ray and Maunsell, 2015). Recently, we showed that 55 

large (full-screen) gratings induce two distinct narrow-band gamma oscillations in local field 56 

potentials (LFP) in macaque area V1 and posterior electrodes in human EEG, which we 57 

termed slow (~20-40 Hz) and fast (~40-70 Hz) gamma (Murty et al., 2018). Fast gamma was 58 

not a harmonic of slow, but instead these rhythms were differently tuned to stimulus 59 

properties. Importantly, slow gamma was observed only when the grating size was 60 

sufficiently large (diameter >8º of visual angle for humans). Two distinct gamma rhythms 61 

have also been recently reported in human MEG (Pantazis et al., 2018) and in visual cortex 62 

(Veit et al., 2017) and hippocampus (Colgin et al., 2009) in rodents. These rhythms have been 63 

suggested to be generated from excitatory-inhibitory interactions of pyramidal cell and 64 

interneuron networks (Buzsáki and Wang, 2012), specifically involving parvalbumin and 65 

somatostatin interneurons (Cardin et al., 2009; Sohal et al., 2009; Veit et al., 2017). 66 



 

A recent study has reported parvalbumin interneuron dysfunction in parietal cortex of 67 

AD patients and transgenic models of mice (Verret et al., 2012); and aberrant gamma activity 68 

in parietal cortex in such mice. However, our knowledge about these rhythms in healthy 69 

aging in humans is limited. Studies in human MEG have observed that the center frequency 70 

of gamma oscillations is negatively correlated with age of healthy subjects in the range of 8-71 

45 years (Gaetz et al., 2012; Muthukumaraswamy et al., 2010; van Pelt et al., 2018), but our 72 

understanding of these rhythms in elderly humans (>49 years), which is clinically more 73 

relevant for studying diseases of abnormal aging like AD, is lacking.  74 

Further, visual stimulation of wild type and AD models of mice using light flickering at 75 

40 Hz rescued AD pathology in visual cortex (Iaccarino et al., 2016). Such stimulation is 76 

known to entrain brain rhythms and generate steady-state visual evoked potentials (SSVEPs) 77 

at 40 Hz. However, to our knowledge, no previous study has examined SSVEPs in gamma 78 

band in healthy elderly. Furthermore, a recent study has shown flattening of power spectral 79 

density (PSD) in 2-24 Hz range in elderly subjects compared to younger subjects (Voytek et. 80 

al., 2015).  However, how this flattening affects gamma rhythms in elderly has not been 81 

examined. 82 

In this study, we described the variation of the two gamma rhythms in healthy elderly 83 

subjects. We first used a battery of cognitive tests to identify a large cohort (236 subjects; 104 84 

females) of cognitively healthy elderly subjects aged between 50-88 years. For comparison, 85 

we also included 47 younger subjects (aged 20-48 years, 16 females). We induced gamma 86 

oscillations using full-screen static Cartesian gratings (images consisting of continuous dark 87 

and white bars alternating in the x-y plane) while we recorded EEG, and studied how slow 88 

and fast gamma and alpha oscillations, as well as slope of the PSD, varied with age in elderly 89 

subjects. We also examined SSVEPs in gamma frequency range (32 Hz) in a subset of 90 

subjects. As induced gamma band responses were suggested to be affected by microsaccades 91 



 

(Yuval-Greenberg et al., 2008), we monitored subjects’ eye movements and microsaccades 92 

during analysis. We also examined pupil size, as this is a biological factor that varies 93 

physiologically with age (senile miosis) and could affect the overall luminance of the grating 94 

by controlling the amount of light incident upon the retina.   95 



 

2. Materials and Methods 96 

2.1. Human subjects 97 

We recruited 236 elderly subjects (104 females) aged 50-88 years from the Tata 98 

Longitudinal Study of Aging cohort from urban communities in Bangalore through 99 

awareness talks on healthy aging and dementia. Recruitment was done by trained 100 

psychologists, who also collected their demographic details. Psychiatrists and neurologists at 101 

National Institute of Mental Health and Neurosciences (NIMHANS), Bangalore and M S 102 

Ramaiah Hospital, Bangalore assessed the cognitive function of these subjects using a 103 

combination of Clinical Dementia Rating scale (CDR), Addenbrook’s Cognitive 104 

Examination-III (ACE-III), Hindi Mental State Examination (HMSE), and other structured 105 

and semi-structured interviews. We considered only those subjects who were labelled as 106 

cognitively healthy for this study. Out of 236 cognitively healthy subjects thus recruited, we 107 

discarded data of 9 subjects (3 females) due to noise (see Artifact Rejection subsection (2.5) 108 

below for details). We were thus left with 227 subjects (101 females) aged 50-88 years 109 

(mean±SD: 66.8±8.2 years) for analysis. 110 

Further, we also recruited 47 younger subjects (16 females) aged 20-48 years 111 

(mean±SD: 30.4±7.1 years) from the student and staff community of Indian Institute of 112 

Science. We screened them orally for any history of neurological/psychiatric illness. We had 113 

presented data from 10 of these younger subjects in an earlier study (Murty et al., 2018). 114 

In this study, we have used the words ‘gender’ and ‘sex’ interchangeably, denoting 115 

biological sex of the subjects. All subjects had reportedly normal or corrected-to-normal 116 

vision, although visual acuity was not tested explicitly. They participated in the study 117 

voluntarily and against monetary compensation. We obtained informed consent from all 118 

subjects for performing the experiment. The Institute Human Ethics Committees of Indian 119 



 

Institute of Science, NIMHANS, Bangalore and M S Ramaiah Hospital, Bangalore approved 120 

all procedures. 121 

2.2. EEG recordings 122 

Experimental setup, EEG recordings and analysis were similar to what we had 123 

described in our previous study (Murty et al., 2018). We recorded raw EEG signals from 64 124 

active electrodes (actiCAP) using BrainAmp DC EEG acquisition system (Brain Products 125 

GmbH). We placed the electrodes according to the international 10-10 system. We filtered 126 

raw signals online between 0.016 Hz (first-order filter) and 1000 Hz (fifth-order Butterworth 127 

filter), sampled at 2500 Hz and digitized at 16-bit resolution (0.1 μV/bit). We rejected 128 

electrodes whose impedance was more than 25 KΩ. This led to a rejection of 3.9% of 129 

electrodes in elderly age-group (1.1% in younger subjects). However, most of these 130 

electrodes were frontal/central, and specifically, none were the ten parieto-occipital/occipital 131 

electrodes used for analyses (see Data Analysis subsection (2.6)). Impedance of the final set 132 

of electrodes was 5.5±4.2 KΩ (mean±SD) for elderly subjects and 3.7±3.4 KΩ for younger 133 

subjects. We referenced EEG signals to FCz during acquisition (unipolar reference scheme).  134 

 135 

2.3. Experimental setting and behavioral task 136 

All subjects sat in a dark room in front of an LCD screen with their head supported by a 137 

chin rest. The screen (BenQ XL2411) had a resolution of 1280 x 720 pixels and a refresh rate 138 

of 100 Hz. It was gamma-corrected and was placed at a mean±SD distance of 58.1±0.9 cm 139 

from the subjects (53.9-63.0 cm for all 274 subjects, 54.9-61.0 cm for the 227 elderly 140 

subjects) according to their convenience (thus subtending a width of at least 52º and height of 141 

at least 30º of visual field for full-screen gratings). We calibrated the stimuli to the viewing 142 

distance in all cases. 143 



 

Subjects performed a visual fixation task. Stimulus presentation was done by a custom 144 

software running on MAC OS that also controlled the task flow. Every trial started with the 145 

onset of a fixation spot (0.1°) shown at the center of the screen, on which the subjects were 146 

instructed to hold and maintain fixation. After an initial blank period of 1000 ms, a series of 147 

stimuli (2 to 3) were randomly shown for 800 ms each with an inter-stimulus interval of 700 148 

ms. Stimuli were sinusoidal luminance gratings presented full screen at full contrast. For the 149 

main “Gamma” experiment, these were presented at one of three spatial frequencies (SFs): 1, 150 

2, and 4 cycles per degree (cpd) and one of four orientations: 0°, 45°, 90° and 135°. We chose 151 

these stimulus parameters as these were shown to induce robust gamma previously (Murty et 152 

al., 2018). Stimuli were presented in pseudorandom order to prevent adaptation effects. 153 

Subjects performed this task during a single session that lasted for ~20 minutes, divided in 2-154 

3 blocks with 3-5 minute breaks in between, according to their comfort (total 597 blocks 155 

across 283 subjects). For an initial subset of subjects, stimuli with SF of 0.5 and/or 8 were 156 

also presented, but we discarded these SFs from further analysis to maintain uniformity. We 157 

also tested 32-Hz SSVEPs on a subset of the subjects who had analyzable data for the 158 

Gamma experiment (221/227 elderly and 46/47 younger subjects) according to their 159 

willingness. One grating with a single SF and orientation that showed high change in slow 160 

and fast gamma power was chosen from the Gamma experiment for each subject, after 161 

preliminary analysis done during the recording session (as explained in Data Analysis 162 

subsection (2.6) below). This grating was randomly presented in a trial either as a static 163 

grating or phase-reversal grating that counter-phased at 16 cycles per second (cps) in a 164 

similar stimulus presentation paradigm as the Gamma experiment (2-3 stimuli per trial, 165 

stimulus period: 800 ms, interstimulus interval: 700 ms). We chose 16 cps for two reasons. 166 

First, in a different study in which we recorded the responses of spikes and local field 167 

potential (LFP) obtained using microelectrode arrays implanted in the primary visual cortex 168 



 

of awake monkeys, we found that the SSVEP gain was highest between 12-16 cps (Salelkar 169 

and Ray, in press). Second, gratings counter-phasing at 16 Hz produced SSVEP responses at 170 

32 Hz, i.e. twice the counter-phasing frequency (as shown in Figure 8), which was between 171 

the two gamma bands of interest. Subjects performed this experiment for 3-5 minutes during 172 

the same session as the Gamma experiment. We presented each stimulus ~30-40 times for 173 

both the Gamma and SSVEP experiments according to the subjects’ comfort and willingness. 174 

Unless otherwise stated, stimulus presentation of a particular orientation and spatial 175 

frequency is referred to as a “stimulus repeat” in this paper. 176 

 177 

2.4. Eye position analysis 178 

We recorded eye signals (pupil position and diameter data) using EyeLink 1000 (SR 179 

Research Ltd., sampled at 500 Hz) during the entire trial for all but one subject. We 180 

calibrated the eye-tracker for pupil position and monitor distance for each subject before the 181 

start of the session. All the subjects were able to maintain fixation with a standard deviation 182 

of less than 0.6° (elderly, eye-data for Gamma experiment shown in Figure 7a) and 0.4° 183 

(young, data not shown). We defined fixation breaks as eye-blinks or shifts in eye-position 184 

outside a square window of width 5º centered on the fixation spot. We rejected stimulus 185 

repeats with fixation breaks during -0.5s to 0.75s of stimulus onset, either online (and 186 

repeated the stimulus thus discarded), or offline (we took a few additional trials to 187 

compensate for possible offline rejection), according to the subjects’ comfort. This led to 188 

rejection of 16.7±14.2% (mean±SD) and 16.7±15.1% stimulus repeats for elderly subjects 189 

(for Gamma and SSVEP experiments respectively), most of who preferred offline rejection. 190 

For younger subjects, for many of whom we used online eye-monitoring, the rate of rejection 191 

due to fixation breaks was low (4.9±5.7% and 4.2±7.0%). 192 

 193 



 

2.5. Artifact rejection 194 

We first estimated bad stimulus repeats for each unipolar electrode separately as 195 

described next. We applied a trial-wise thresholding process on both raw waveforms (high-196 

pass filtered at 1.6 Hz to eliminate slow trends if any) and multi-tapered PSD (computed 197 

between -500 ms to 750 ms of stimulus onset using the Chronux toolbox (Mitra and Bokil, 198 

2008, http://chronux.org/, RRID:SCR_005547)). Any stimulus repeat for which either the 199 

waveform or the PSD deviated by 6 times the standard deviation from the mean at any time 200 

bin (between -500 ms to 750 ms) or frequency point (between 0-200 Hz) was considered a 201 

bad repeat for that electrode. We then created a common set of bad repeats across all 64 202 

unipolar electrodes by first discarding those electrodes that had more than 30% of all repeats 203 

marked as bad, and subsequently assigning any repeat as bad if it occurred in more than 10% 204 

of total number of remaining electrodes. Finally, any repeat that was marked bad in any of the 205 

ten unipolar electrodes used for analysis (P3, P1, P2, P4, PO3, POz, PO4, O1, Oz, and O2; 206 

see Data Analysis subsection (2.6)) was unconditionally included in the common bad repeats 207 

list, providing a final list of common bad repeats for each block for each subject. In spite of 208 

these stringent conditions, these led to a rejection of less than 20% of data (18.4±6.4% and 209 

17.0±5.1% for elderly and younger subjects). 210 

In addition, we calculated slopes (see Data Analysis subsection (2.6)) of PSD (calculated 211 

with 1 taper and averaged across repeats, after removal of bad repeats) for each block in 56 212 

Hz to 84 Hz range (to include the fast gamma range) for each unipolar electrode. Previous 213 

studies have shown that in clean electrophysiological data, PSD slopes are typically between 214 

0.5 to 4.5 (Muthukumaraswamy and Liley, 2018; Podvalny et al., 2015; Sheehan et al., 2018; 215 

Shirhatti et al., 2016). We therefore discarded those electrodes (5.0±5.9% for elderly and 216 

5.2±7.7% for younger subjects) that had PSD slopes less than 0. We further discarded any 217 

block (53/497 and 5/100 for elderly and younger subjects) that did not have at least a single 218 



 

clean bipolar electrode pair in any of the three groups of bipolar electrodes used for analysis 219 

(depicted in Figure 3d, see Data Analysis subsection (2.6) for details): PO3-P1, PO3-P3, 220 

POz-PO3 (left anterolateral group); PO4-P2, PO4-P4, POz-PO4 (right anterolateral group) 221 

and Oz-POz, Oz-O1, Oz-O2 (posteromedial group). We then pooled data across all good 222 

blocks for every subject separately for final analysis. Those subjects who did not have any 223 

analyzable blocks (9/236 and 0/47 for elderly and younger subjects respectively) were 224 

discarded from further analysis, leaving 227 elderly (aged 50-88 years, mean±SD: 66.8±8.2 225 

years, females: 101) and 47 young subjects (aged 20-48 years, mean±SD: 30.4±7.1 years, 226 

females: 16) for analysis. The total number of repeats per electrode that were finally analyzed 227 

were 276.2±87.2 for elderly subjects and 270.4±67.4 for younger subjects. 228 

We applied a similar artifact rejection procedure for SSVEP experiment. Out of subjects 229 

with analyzable blocks for the Gamma experiment, 197 elderly (mean±SD: 66.8±7.8 years, 230 

females: 93) and 43 young subjects (mean±SD: 30.4±7.3 years, females: 15) had analyzable 231 

blocks (242/270) for SSVEP experiment. Using similar selection criteria as before, we 232 

rejected 7.7±5.2% of repeats for elderly subjects and 6.6±4.1% for younger subjects. The 233 

total number of analyzed repeats per electrode for counter-phasing condition were 30.2±6.9 234 

and 29.7±6.6 for elderly and younger subjects respectively. 235 

 236 

2.6. EEG data analysis  237 

Our primary emphasis was to characterize gamma and other spectral signatures as a 238 

function of age within the elderly population (>49 years), for which we divided these subjects 239 

into two groups: 50-64 years (95 subjects; 51 female) and >64 years (141 subjects, 53 240 

female). For completeness, we also show results from a cohort of younger subjects aged 241 

between 20-49 years (47 subjects; 16 female). 242 



 

In this study, we wanted to employ methods that can be easily and readily employed for 243 

screening larger populations of patients. Hence, we used electrode-level (sensor-level) 244 

analyses instead of source space, for which the results depend on the availability of structural 245 

MRI data as well as the details of the source localization technique. For all analyses (unless 246 

otherwise mentioned), we used bipolar reference scheme. We re-referenced data at each 247 

electrode offline to its neighboring electrodes. We thus obtained 112 bipolar pairs out of 64 248 

unipolar electrodes (Murty et al., 2018, depicted in Figure 3e). We considered the following 249 

bipolar combinations for analysis, except for scalp maps: PO3-P1, PO3-P3, POz-PO3 (left 250 

anterolateral group); PO4-P2, PO4-P4, POz-PO4 (right anterolateral group) and Oz-POz, Oz-251 

O1, Oz-O2 (posteromedial group), depicted in Figure 3d. We discarded a bipolar electrode if 252 

either of its constituting unipolar electrodes was marked bad as described in the previous 253 

subsection (2.5). Data was pooled for the rest of the bipolar combinations in each of the 254 

electrode groups for further analysis. 255 

We analyzed all data using custom codes written in MATLAB (The MathWorks, Inc, 256 

RRID:SCR_001622). We computed PSD and the time-frequency power spectrograms using 257 

multi-taper method with a single taper using Chronux toolbox. We chose baseline period 258 

between -500 ms to 0 ms of stimulus onset, while stimulus period between 250 ms to 750 ms 259 

to avoid stimulus-onset related transients, yielding a frequency resolution of 2 Hz for the 260 

PSDs. We calculated time frequency power spectra using a moving window of size 250 ms 261 

and step size of 25 ms, giving a frequency resolution of 4 Hz. 262 

We calculated change in power in alpha rhythm and the two gamma rhythms as follows: 263 

∆����� = 10(����
∑ ��(�)�
∑ ��(�)�

) 

Where ST and BL are stimulus and baseline power spectra (across frequency f) averaged 264 

across repeats for all stimulus conditions and analyzable bipolar electrodes. For alpha, 265 

� ∈ �8 12� Hz, for slow gamma, � ∈ �20 34� Hz and for fast gamma, � ∈ �36 66� Hz. We 266 



 

estimated baseline absolute power (or power in baseline period) as 267 

����  !�"#$��(�)%&. We defined the center frequency for a gamma rhythm as the 268 

frequency at which the change in power (in these averaged PSDs) was maximum within that 269 

gamma range. 270 

Note that even though we presented stimuli of 12 different conditions (combinations of 271 

3 SFs and 4 orientations), we pooled across these conditions instead of analyzing these 272 

separately, because the primary motive of the current study was to study the variation of 273 

gamma with age and not stimulus characteristics (which we addressed in Murty et al., 2018). 274 

This yielded more than 250 stimulus repeats on average per subject for final analysis. For 275 

SSVEP experiment, we analyzed only the counter-phasing gratings and took the power at 32 276 

Hz (twice the counter-phasing frequency, i.e. 16 cps) for analysis. The static gratings that 277 

were presented mainly to prevent adaptation were discarded. 278 

We generated scalp maps using the topoplot.m function of EEGLAB toolbox (Delorme 279 

and Makeig, 2004, RRID:SCR_007292), modified to show each electrode as a colored disc, 280 

with color representing the change in power of slow gamma/fast gamma/SSVEP from 281 

baseline in decibels (dB). 282 

We calculated slopes for rejecting noisy electrodes (as described in Artifact Rejection 283 

subsection (2.5)) by fitting PSD across all analyzable repeats for each individual unipolar 284 

electrode with a power-law function as �(�) = (. �)*, where P is the PSD across 285 

frequencies � ∈ [56 84] Hz. A (scaling factor) and β (slope) are free parameters obtained 286 

using least square minimization using the program fminsearch in MATLAB. We similarly 287 

estimated slopes for PSDs averaged across analyzable unipolar or bipolar electrodes during 288 

baseline period (-0.5 to 0 ms) for Supplementary Figure 2. 289 

 290 

2.7. Microsaccades and pupil data analysis 291 



 

We detected microsaccades using a threshold-based method described earlier (Murty 292 

et al., 2018), initially proposed by (Engbert, 2006). In brief, we categorized eye movements 293 

with velocities that crossed a specified threshold for at least a specified duration of time as 294 

microsaccades. We set the velocity threshold between 3-6 times the standard deviation of 295 

eye-velocities and minimum microsaccade duration between 10-15 ms for every subject so as 296 

to maximize the correlation between peak velocity and amplitude of all microsaccades for 297 

that subject (also called a “main sequence”, see Engbert, 2006 for details), while maintaining 298 

the minimum microsaccade velocity at 10º/s and the microsaccade rate between 0.5/s and 299 

3.0/s.  300 

The above algorithm was applied for the analysis period of -0.5 s to 0.75 s of stimulus 301 

onset. After removing the microsaccade-containing repeats, there were 128.1±71.1 302 

(mean±SD, minimum 5) repeats for elderly subjects (n=226, excluding 1 subject for whom 303 

eye-data could not be collected) for anterolateral electrodes reported in Figure 7c. Results did 304 

not change when we discarded 13 elderly subjects with less than 30 repeats without 305 

microsaccades from analysis (data not shown). 306 

 EyeLink 1000 system recorded pupil data in arbitrary units for every subject since 307 

pupil data cannot be calibrated for this tracker. Hence, instead of directly comparing time-308 

series of pupil data, we used coefficient of variation (CV, ratio of standard deviation to mean) 309 

for every repeat as a measure of pupillary reactivity to stimulus of that repeat. This simple 310 

measure scales standard deviation of a distribution with respect to its mean. This allows 311 

comparison of variation in different distributions without getting affected by the mean of the 312 

distributions. We calculated CV for each analyzable trial separately and calculated mean CV 313 

across trials for every subject for comparison. 314 

 315 

2.8. Statistical analysis  316 



 

Our findings were based mainly on PSD plots and we used appropriate statistical 317 

methods (Pearson correlation, linear regression and ANOVA) to confirm our interpretations. 318 

We used one-way (or two-way, as necessary) ANOVA to compare means of bar plots in 319 

Figures 4c, 4d, 6a and 8c, although non-parametric tests on medians instead of means using 320 

Kruskal-Wallis test (not reported) yielded qualitatively similar results. For two-way ANOVA, 321 

we considered age-group and sex as independent factors although including their interaction 322 

effect in the model yielded qualitatively similar results (not reported). We used Bonferroni 323 

correction for multiple tests/comparisons wherever necessary. 324 

 325 

2.9. Data and code availability 326 

 The EEG data presented here is recorded as part of a large multi-investigator project 327 

that involved several other experiments and measurements like psychophysics, fMRI, PET, 328 

etc., some of which are still in progress. Hence, the data would be made publicly available at 329 

a later time according to the policies of the project. All spectral analyses were performed 330 

using Chronux toolbox (version 2.10), available at http://chronux.org. 331 

  332 



 

3. Results 333 

We recorded EEG from 236 elderly subjects aged 50-88 years and 47 subjects aged 334 

20-48 years while presenting full-screen sinusoidal grating stimuli on a computer monitor 335 

(see subsections 2.1 and 2.3 of Materials and Methods for details). Figure 1 shows the results 336 

of an example subject, a 53 years old female. Trial-averaged evoked potentials were plotted 337 

for electrodes P3, P1, P2, P4, PO3, POz, PO4, O1, Oz, O2 for unipolar reference (Figure 1a, 338 

left column) and PO3-P1, PO3-P3, POz-PO3, PO4-P2, PO4-P4, POz-PO4, Oz-POz, Oz-O1 339 

and Oz-O2 for bipolar reference (Figure 1a, right column). The bipolar channels are shown as 340 

dots in scalp maps in Figure 1c. These traces revealed a transient in the first 250 ms of 341 

stimulus onset and after the stimulus offset (i.e. after 800 ms). For the same set of electrodes, 342 

trial-wise power spectrograms were averaged to generate raw spectrogram and change in 343 

power spectrogram (w.r.t. a baseline period of -500 ms to 0 ms of stimulus onset). Although 344 

not noticeable in the evoked potential traces and raw spectrograms, these stimuli elicited 345 

prominent gamma band responses as seen in the change in power spectrograms. These 346 

responses were in slow gamma (~20-34 Hz) and fast gamma (~36-66 Hz) range. Consistent 347 

with previous results (Murty et al., 2018), these responses were seen during the stimulus 348 

period (after the onset-transient) and were best noticed for bipolar reference  as compared to 349 

unipolar reference. Also, slow gamma power showed a gradual build-up whereas fast gamma 350 

power showed a decreasing trend with stimulus duration (Figure 1a, bottom row). Alpha (8-351 

12 Hz) power suppression was very weak in this subject. We also plotted power spectral 352 

densities (PSD) in the baseline period (dotted black trace in Figure 1b) and stimulus period 353 

(250 ms to 750 ms; solid black trace in Figure 1b) and change in power spectrum (blue trace 354 

in Figure 1b). Prominent ‘bumps’ in the slow and fast gamma range were noticeable in PSD 355 

in the stimulus period as well as change in spectrum. Also, no ‘bump’ was noticeable in the 356 

baseline PSD in the alpha range for this subject. These changes were most prominent in the 357 



 

parieto-occipital and occipital electrodes, as seen in the scalp maps for the bipolar reference 358 

case in Figure 1c.  359 

 360 

3.1. Baseline absolute power of slow and fast gamma, broadband myogenic activity and 361 

slopes of baseline PSDs did not differ across the elderly age-groups 362 

A recent study (Voytek et al., 2015) has suggested that PSDs of elderly subjects seem 363 

to be “rotated” around 15 Hz, with less power at frequencies lower than ~15 Hz and more 364 

power at higher frequencies, as compared to younger subjects. This rotation of PSDs with age 365 

could lead to flatter PSDs in elderly subjects and could potentially bias the estimation of 366 

change in power in slow and fast gamma range in subjects of different age groups. This is 367 

because higher baseline absolute power in these rhythms in older subjects may lead to lower 368 

estimates of change in power. Hence, we first checked whether there was any difference in 369 

baseline PSDs across age. We calculated mean baseline PSDs of 10 unipolar electrodes and 9 370 

bipolar electrodes separately, as mentioned above. We compared PSDs between 2-200 Hz in 371 

two elderly groups (50-64 years and >64 years groups) as well as the younger group (20-49 372 

years; Figures 2a and 2b for males and females), and males versus females (averaged across 373 

all ages; Figure 2c).  374 

Because our primary emphasis was on comparison within the elderly group, we first 375 

compared the PSDs between the two elderly subgroups (dark and light gray traces in Figures 376 

2a and 2b). The PSDs indeed appeared to become flatter with age (light gray trace was above 377 

the dark gray trace), but this effect was prominent only at frequencies above ~50 Hz. In the 378 

slow and fast gamma ranges (indicated by colored bars on the abscissa of plots in Figure 2), 379 

the two gray traces were largely overlapping. To quantify this, we performed a two-way 380 

ANOVA on baseline absolute powers of alpha, slow gamma and fast gamma (averaged 381 



 

across frequencies for each band) with age-group (50-64 or >64 years) and sex as factors and 382 

found that effect of age group was not significant for power in any band (p>0.05 in all cases 383 

except for fast gamma in the bipolar case where p=0.03, which was not significant at 384 

Bonferroni corrected significance level of 0.05/3 = 0.016). Results were not qualitatively 385 

different when we performed one-way ANOVA for baseline absolute power of 386 

alpha/slow/fast gamma across age-groups for males and females separately (p>0.05 for all 387 

cases except for fast gamma in females for bipolar case where p=0.03). 388 

We obtained similar trends for comparisons (one-way ANOVA separately for males 389 

and females) between younger (<50 years) and elderly subjects (50 years and above). 390 

Baseline absolute powers in alpha/slow/fast gamma ranges were not significantly different 391 

for younger and elderly male subjects in either reference schemes (Figure 2a, p>0.05 for all 392 

cases). However, elderly females had more baseline fast gamma power compared to younger 393 

females (F(1,115)=7.9, p=0.006) in bipolar case and lesser alpha power in both unipolar 394 

(F(1,115)=17.6, p=5.5*10-5) and bipolar (F(1,115)=6.5, p=0.012) cases (Figure 2b). These 395 

differences could be due to a small sample size of females in the younger age-group (n=16). 396 

Across genders, females had significantly higher baseline slow gamma power than 397 

males (Figure 2c, data pooled across all 274 subjects; one-way ANOVA across gender: 398 

F(1,272)=24.5/27.9, p=1.3*10-6/2.6*10-7 for unipolar/bipolar reference schemes) and higher 399 

alpha power (F(1,272)=4.6/8.4, p=0.03/0.004 for unipolar/bipolar conditions). However, 400 

baseline fast gamma power was not significantly different (p>0.05 for both reference 401 

schemes). Amongst the elderly subjects (n=227, data not shown), females had only higher 402 

slow gamma compared to males (F(1,225)=16.4/21.3, p=7.1*10-5/6.4*10-6 for 403 

unipolar/bipolar conditions for slow gamma, F(1,225)=5.3, p=0.022 for alpha in bipolar case 404 

and p>0.05 for all other cases). 405 



 

We next checked if there was any increased myogenic activity in elderly subjects due 406 

to factors like physical strain during the session. Stronger myogenic artefacts in these subjects 407 

could increase noise floor and decrease probability of detection of the gamma peaks. 408 

Whitham et al. (2008) suggested that myogenic activity affects higher frequencies (30-100 409 

Hz) in PSDs of electrodes located more peripherally than towards the center. We calculated 410 

baseline broadband power averaged across 30-100 Hz (excluding 50 Hz and 100 Hz peaks 411 

that represented line noise and monitor refresh rate) across all unipolar (Supplementary 412 

Figure 1a, left column) and bipolar electrodes (Supplementary Figure 1b, left column, plotted 413 

across three age-groups for males and females separately). We noticed that baseline 414 

broadband power was comparable for most electrodes across the three age-groups. We 415 

quantified this by performing one-way ANOVA on baseline absolute power at each electrode 416 

across the three age-groups (Supplementary Figures 1a and 1b, right column). We found very 417 

few electrodes that showed a significance level of 0.01 or less, for both unipolar and bipolar 418 

cases. Thus, we ruled out the possibility that elderly subjects had more myogenic activity in 419 

their EEG data than the younger subjects. 420 

To test for the rotation of PSDs with age as suggested by Voytek et al. (2015), we 421 

computed the slopes between 16-44 Hz (Supplementary Figure 2; see Data analysis 422 

subsection (2.6) for details; this range was chosen to avoid the bump in the alpha band at the 423 

lower end and the 50 Hz noise at the higher end). Two-way ANOVA with age (young and 424 

elderly) and sex (male and female) as factors showed no significant difference in the slopes 425 

between young and elderly subjects for either unipolar or bipolar reference scheme case 426 

(p>0.05). However, females had steeper slopes compared to males (F(1,271)=7.9, p=0.005 427 

and F(1,271)=31.4, p=5.1*10-8 for unipolar and bipolar cases respectively, Supplementary 428 

Figure 2a). Since females had higher baseline alpha power compared to males (Figures 2c), 429 

we tested whether any differences in baseline PSD slopes could be because of differences in 430 



 

baseline alpha power. We divided baseline PSDs of all subjects (young and elderly pooled 431 

together) into terciles based on alpha power (Figure 2d). Subjects who had higher baseline 432 

alpha power also had steeper PSD slopes. Regression of PSD slopes in 16-44 Hz frequency 433 

range with baseline alpha power was significant for both reference schemes (Supplementary 434 

Figure 2b). Further, when we performed partial correlation of slopes with age and baseline 435 

alpha power, slopes were significantly correlated with alpha power (rho=0.57, p=5.4*10-25 436 

and rho=0.58, p=3.1*10-26 for unipolar and bipolar cases respectively) but not with age 437 

(rho=0.07 and -0.12 for unipolar and bipolar, p>0.05 for both). Thus, PSD slope was not 438 

influenced by age, but by baseline alpha power. We discuss these results in the context of the 439 

findings of Voytek and colleagues in the Discussion. 440 

 441 

3.2. Gamma was observed in more than 80% of subjects 442 

As reported in our earlier study (Murty et al., 2018) and as in Figure 1, gamma was 443 

best observed, as a response to full-screen 100% contrast Cartesian visual gratings, in bipolar 444 

referencing scheme compared to unipolar. Hence, we limited further analysis to bipolar 445 

referencing. We divided the 9 bipolar electrodes mentioned above into 3 groups (Figure 3d): 446 

PO3-P1, PO3-P3, POz-PO3 (left anterolateral group); PO4-P2, PO4-P4, POz-PO4 (right 447 

anterolateral group) and Oz-POz, Oz-O1, Oz-O2 (posteromedial group). For each subject, we 448 

chose the electrode group that had maximum change in power in slow and fast gamma ranges 449 

added together. We labelled a subject as having either of the gamma rhythms if the change in 450 

power in these rhythms during stimulus period (calculated from data pooled across electrodes 451 

chosen for the subject) exceeded an arbitrarily chosen threshold of 0.5 dB from baseline. 452 

Figure 3a shows scatter plot of slow versus fast gamma change in power for all subjects. 453 

Based on our threshold, ~84% of subjects had at least one gamma (slow: ~77% and fast: 454 



 

~64%), while ~57% of subjects had both the gammas, which could be observed as distinct 455 

“bumps” in the change in PSD from baseline (Figure 3b). Figure 3c shows the percentage of 456 

subjects in each age-group who had no/slow/fast/both gammas based on our threshold. The 457 

percentage of subjects who had only fast gamma or both gammas was highest in 20-49 years 458 

age-group and lowest in >64 years age-group. 459 

Figure 3e shows change in power in slow (top row) and fast (bottom row) gamma 460 

rhythms across all electrodes (plotted as disks) for the young (left column) and the two 461 

elderly age-groups (middle and right columns). Both gamma rhythms were best observed in 462 

the same 9 bipolar electrodes mentioned above and depicted in Figures 3d and 3e. Further, 463 

power in both gamma bands appeared to decrease with age across the two elderly age-groups, 464 

although the results were more prominent for fast gamma. 465 

 466 

3.3. Change in gamma power was negatively correlated with age 467 

To quantify this difference, we tested how gamma oscillations correlated with age in 468 

these electrode groups. We tested for anterolateral and posteromedial groups separately 469 

(Figure 4 and Supplementary Figure 3 respectively). For Figure 4, out of the left and right 470 

anterolateral groups, we chose that group which had maximum slow and fast gamma power 471 

change summed together. Figures 4a and 4b show mean change in spectrograms and PSDs 472 

respectively for the three age-groups separately for males and females. These plots highlight 473 

all the major results discussed later. First, both slow and fast gamma power reduced with age. 474 

This was observed between young and elderly groups (black versus the other two traces), and 475 

also within the two elderly sub-groups (dark and light gray traces). Second, peak frequencies 476 

of both slow and fast gamma reduced with age. Third, alpha suppression (change in 8-12 Hz 477 



 

power from baseline) in the stimulus period was more pronounced in young versus elderly, 478 

but there was no difference between the two elderly sub-groups. 479 

The first observation was also reflected in the gamma power computed within the pre-480 

specified ranges (as shown in the bar plots shown in Figure 4c and 4d), but there were some 481 

caveats. We computed the total power within a pre-specified band by simply summing the 482 

absolute power values within the band, which typically has larger contribution from lower 483 

frequencies because the absolute power is larger compared to that in higher frequencies 484 

within the band. This is not reflected in Figure 4b because it only shows the change in power 485 

with respect to the baseline period. Consequently, if the traces are overlapping at lower 486 

frequencies within the band and diverge at higher frequencies, which was the case in the slow 487 

gamma range for both males and females (Figure 4b), the total power in the band may not be 488 

significantly different. In particular, for young females, the power at the start of the slow 489 

gamma band (20-26 Hz) was slightly lower than the elderly subgroups (Figure 4b, bottom 490 

plot, black versus gray traces), but became higher at higher frequencies within the slow 491 

gamma band (28-34 Hz). However, because the absolute power is higher between 20-26 Hz 492 

than 28-34 Hz, the total slow gamma power was actually lower for young females compared 493 

to elderly (Figure 4c, black versus gray bars). These issues can be partially addressed by 494 

changing the frequency range over gamma is computed (dependent on age and potentially 495 

even across subjects), but then the results are dependent on the level of customization of 496 

ranges, which we wanted to minimize. We observed that younger subjects had significantly 497 

more fast but not slow gamma than elderly subjects (two-way ANOVA with age-group (20-498 

49 and >49 years) and sex as factors, F(1,271)=1.3/35.6, p=0.2/7.6*10-9 for slow/fast gamma 499 

across age-groups). Also, females had more slow and fast gamma than males (same two-way 500 

ANOVA, F(1,271)=4.7/37.9,    p=0.03/2.5*10-9 for slow/fast gamma).  501 



 

Among the elderly subjects, visual inspection of change in spectrograms and spectra 502 

revealed that both slow and fast gamma power was less in subjects of >64 years age-group 503 

compared to 50-64 years age-group. This trend was also noticeable in the bar plots in Figures 504 

4c and 4d for both genders. As before, it was significant only for fast gamma (two-way 505 

ANOVA with age-group (50-64 and >64 years) and gender as factors; F(1,224)=2.4/11.4, 506 

p=0.12/8.4*10-4 for slow/fast gamma across age-group). Females had higher slow and fast 507 

gamma compared to males (same two-way ANOVA, F(1,224)=7.4/21.7, p=0.007/5.4*10-6 508 

for slow/fast gamma across gender). We further quantified this observation by regressing 509 

change in slow and fast gamma power across age (scatter plots in Figures 4c and 4d). When 510 

the regression was done separately for males and females, the slopes were always negative 511 

(males: β=-0.008/-0.018 and females: β=-0.018/-0.016 for slow/fast gamma) but did not 512 

reach significance except for fast gamma in elderly males (p=2.4*10-4). When we pooled data 513 

across both genders, the results were significant (linear regression, β=-0.02, R2=0.02, p=0.022 514 

and β=-0.02, R2=0.08, p=1.4*10-5 for slow and fast gamma respectively). These trends did 515 

not differ when we included power in baseline period in the linear regression model (βAge=-516 

0.017, βBaselinePower=0.024, R2=0.02, p=0.021 for slow gamma and βAge=-0.022, βBaselinePower=-517 

0.11, R2=0.08, p=1.4*10-5 for fast gamma). Partial correlation of stimulus-induced change in 518 

power with age and baseline absolute power indicated that the effect of age on change in 519 

power was significant (rho=-0.15, p=0.02 and rho=-0.27, p=2.9*10-5 for slow and fast gamma 520 

respectively) but not the effect of baseline power (p>0.05 for both gamma). Similar, albeit 521 

weaker results were observed in the posteromedial group of electrodes for slow gamma 522 

(Supplementary Figure 3c; linear regression, β=-0.016, R2=0.02, p=0.04) as well as fast 523 

gamma (Supplementary Figure 3d; β=-0.02, R2=0.04, p=0.001).  524 

 525 

 526 



 

3.4. Center frequency of slow and fast gamma was negatively correlated with age 527 

Gamma peak center frequency was shown to decrease with age in an age group 528 

between 8-45 years (Gaetz et al., 2012; Muthukumaraswamy et al., 2010). This was observed 529 

in our data as well as noted above. To examine the change in center frequency of slow and 530 

fast gamma rhythms in elderly in more detail, we plotted the change in power spectra 531 

(frequencies mentioned on abscissa) vs age (on ordinate, arranged in increasing order from 532 

top to bottom) of all 227 elderly subjects, separately for anterolateral (left column) and 533 

posteromedial (right column) group of electrodes (Supplementary Figure 4a). We defined 534 

center frequency for each gamma as the frequency that had maximum change in power in the 535 

frequency range of that gamma, provided the total change in power in that gamma band was 536 

greater than our threshold of 0.5 dB (represented by circles and triangles for slow and fast 537 

gamma in Supplementary Figure 4a; number of subjects having slow and fast gamma power 538 

change above this threshold is mentioned in Figure 5). Figure 5 shows the same result as 539 

scatter plots of center frequencies of slow (left column) and fast gamma (right column) 540 

plotted against the age of the subjects for anterolateral group of electrodes. Solid line in 541 

Figure 5 indicates regression fit of center frequencies against age, showing a decreasing trend 542 

which was significant for both slow and fast gamma (linear regression for center frequency vs 543 

age: β=-0.08, R2=0.04, p=0.008 for slow gamma and β=-0.16, R2=0.06, p=0.008 for fast 544 

gamma). Similar, albeit weaker results were observed for the posteromedial group 545 

(Supplementary Figure 4b; fast gamma: β=-0.17, R2=0.06, p=0.008; slow gamma: β=-0.06, 546 

R2=0.02, p=0.052). Note that because our analysis was done over 500 ms of data, the 547 

frequency resolution was 2 Hz, which limited our ability to observe small shifts in the peak 548 

frequency. 549 

 550 



 

3.5. Frequency of peak alpha suppression reduced with age in elderly subjects, but not change 551 

in alpha power 552 

We noticed prominent alpha suppression for younger as well as elderly subjects, as 553 

noted above. Alpha suppression was stronger in younger subjects compared to elderly 554 

subjects (data for anterolateral group is shown in Figure 6a; two-way ANOVA with age-555 

groups (20-49 and >49 years) and gender as factors; F(1,271)=33.2, p=2.2*10-8 across age-556 

groups), but did not differ significantly between genders (F(1,271)=0.5, p=0.49 across 557 

gender). To rule out the potential contribution of baseline absolute alpha power to these 558 

results, we performed two-way ANOVA of alpha suppression with age-groups as a 559 

categorical variable and baseline absolute alpha power as a continuous variable. While 560 

baseline absolute power proved to be a significant factor as expected (F(1,271)=49.5, 561 

p=1.6*10-11), we found that age-group (younger or elderly) also had a significant effect on 562 

alpha suppression (F(1,271)=27.7, p=2.8*10-7).   563 

Amongst elderly subjects however, alpha suppression did not differ across age-groups 564 

(50-64 and >64 years) and gender (two-way ANOVA, p>0.05 for both age-group and 565 

gender). We further confirmed this observation by regressing alpha suppression across age 566 

for all the elderly subjects (scatter plot in Figure 6a). Alpha suppression was not significantly 567 

correlated with age for either gender or for data pooled across genders (p>0.05 for all cases). 568 

Performing partial correlation of alpha suppression with age and baseline absolute power did 569 

not improve the trends we described above for age. Finally, the trends were not qualitatively 570 

different when we repeated the analysis for the posteromedial group of electrodes. This is 571 

also observed in the scalp maps shown in Figure 6b.  572 

Finally, we tested for frequency of peak alpha suppression in the elderly, since 573 

previous studies have shown that alpha peak frequency reduces with age (see for example, 574 



 

Ishii et al., 2017; Kropotov, 2016; and Figure 1 of Sahoo et al., 2020). We interpret our 575 

results with caution because we were left out with only 3 frequency points in the alpha range 576 

(8, 10 and 12 Hz) due to the limited  frequency resolution (2 Hz) of our PSDs. We limited the 577 

analysis to subjects for whom the alpha suppression was 0.5 dB or more (N=45 for 50-64 578 

years age group, N=58 for >64 years), as done for gamma analysis above. We found that 579 

frequency of peak alpha suppression in anterolateral electrodes was significantly smaller in 580 

>64 years age-group (mean±SEM: 10.38±0.12 Hz, N =58) compared to 50-64 years age-581 

group (mean±SEM: 10.98±0.10 Hz, N=45). One-way ANOVA revealed significant effect of 582 

age-group on frequency of peak alpha suppression (F(1,101)=5.7, p=0.02, data not shown). 583 

Trends were qualitatively similar for posteromedial group of electrodes. Therefore, in spite of 584 

the poor frequency resolution, we found significant reduction in alpha peak frequency with 585 

age, consistent with previous studies. 586 

 587 

3.6. Microsaccades and pupillary reactivity did not contribute to negative correlation between 588 

change in gamma power and age 589 

Next, we studied the potential contribution of eye-movement (including 590 

microsaccades) and pupillary diameter on our results. Figure 7a shows mean eye-position for 591 

each of the elderly age-groups in horizontal (top row) and vertical (middle row) directions 592 

(n=226, eye data was unavailable in one subject; thickness represent SEM). Eye-position did 593 

not vary in the two age-groups in either direction. Further, we extracted microsaccades for 594 

every analyzed trial for every subject in the two age-groups (see subsection 2.7 of Materials 595 

and Methods). The two groups had comparable microsaccade rates (0.80±0.05/s and 596 

0.88±0.05/s). Figure 7b shows a scatter plot of peak velocity versus maximum displacement 597 

for each microsaccade (a plot called “main sequence”, see Engbert, 2006). These 598 



 

microsaccade clouds were highly overlapping for these two groups. Histograms of 599 

microsaccade rate during -0.5 – 0.75 s of stimulus onset for both the elderly age-groups were 600 

also highly overlapping (Figure 7a, bottom row), although we see a trend of slightly higher 601 

microsaccade rate for subjects aged >64 years compared to 50-64 years age-group. We then 602 

computed power after removing trials containing microsaccades (see subsection 2.7 of 603 

Materials and Methods for details), and could replicate the results in Figure 4: change in both 604 

slow and fast gamma power decreased with age significantly (β=-0.02, R2=0.03, p=0.015 for 605 

slow gamma and β=-0.02, R2=0.08, p=2.7*10-5 for fast gamma, Figure 7c).  606 

We next tested if pupillary reactivity to stimulus presentation affected change in 607 

gamma power with age. We calculated mean coefficient of variation (CV) of pupil diameter 608 

across every analyzable trial for all 226 subjects (eye data was unavailable in one subject). 609 

We observed that mean CV decreased significantly with age in the elderly subjects, possibly 610 

because of senile miosis (Pearson correlation, r=-0.24, p=3.5*10-4, Figure 7d top row). 611 

However, neither slow nor fast gamma power varied with mean CV of pupil diameter 612 

(slow/fast: r=0.07/0.1, p=0.31/0.14 and r=0.09/0.12, p=0.19/0.06 for anterolateral (Figure 7d 613 

middle and bottom rows) and posteromedial electrodes respectively (data not shown)). 614 

 615 

3.7. SSVEP power at 32 Hz was negatively correlated with age 616 

Finally, we checked whether SSVEPs in the gamma range were affected by healthy 617 

aging. Specifically, we tested 32-Hz SSVEPs elicited by gratings counter-phasing at 16 cps. 618 

Figure 8a and 8b show change in power spectrograms and spectra respectively for males and 619 

females separately for the two elderly and the younger age-groups for the anterolateral group 620 

of electrodes, with same conventions as in Figure 4. We saw clear peaks at 32 Hz in both 621 

change in power spectrograms and PSDs. Insets in Figure 8b show a zoomed-in image of the 622 



 

respective change in PSDs to show the difference in these peaks for the three age-groups. 623 

Amongst the elderly age-groups, the mean SSVEP change in power was less in the >64 years 624 

age-group compared to 50-64 years age-group in both males and females. We regressed the 625 

SSVEP power change with age (scatter plot in Figure 8c bottom row, shown separately for 626 

males and females). Change in SSVEP power at 32 Hz decreased significantly with age for 627 

both males and females separately (males: β=-0.17, R2=0.09, p=0.002 and females: β=-0.18, 628 

R2=0.08, p=0.007) as well as when the data were pooled across genders (β=-0.19, R2=0.11, 629 

p=1.4 X 10-6, regression fit indicated by black line in bottom row of Figure 8c).  630 

We repeated this analysis for posteromedial group of electrodes and noticed similar 631 

results (regression of change in 32 Hz SSVEP power versus age for males: β=-0.16, R2=0.11, 632 

p=0.0008, females: β=-0.14, R2=0.06, p=0.02 and for data pooled across gender: β=-0.17, 633 

R2=0.11, p=1.5 X 10-6). We noticed this decrease of 32 Hz SSVEP power with age also in the 634 

mean scalp maps for all analyzable electrodes across all subjects in the three age-groups, as 635 

depicted in Figure 8d.  636 



 

4. Discussion 637 

We tested for age-dependent variation of stimulus-induced change in power and 638 

center frequency of narrow-band gamma oscillations in both slow and fast gamma frequency 639 

ranges in healthy elderly subjects aged 50-88 years. We observed a decrease in power of both 640 

slow and fast gamma oscillations with age, although the decrease in fast gamma was more 641 

salient than slow gamma. On the other hand, level of alpha suppression did not change with 642 

age in elderly subjects. Finally, center frequency of both gamma rhythms as well as alpha 643 

suppression decreased with age in these subjects. As there was no significant change in 644 

baseline slow/fast gamma power, eye-position and microsaccade rate across age, we ruled out 645 

the possibility that the age-related variations in gamma could be because of such factors. 646 

Further, we also studied variation of 32 Hz SSVEP power with age and observed a negative 647 

correlation. We also analyzed these results in a cohort of younger subjects (aged 20-48) for 648 

comparison.  649 

As noted earlier, Gaetz et al (2012) had demonstrated a decrease of center frequency 650 

(and not power) of fast gamma with age in younger subjects in MEG. We extended these 651 

results to elderly subjects, in addition to conclusively demonstrating, for the first time, a 652 

decrease of both slow and fast gamma power with age. 653 

 654 

4.1. Baseline absolute alpha power and stimulus-induced relative alpha suppression 655 

Previous studies have suggested reduction in baseline alpha power in elderly subjects 656 

compared to younger subjects (Babiloni et al., 2006). Also, task-related modulation of alpha 657 

power was seen to be reduced in older adults compared to younger subjects (Vaden et al., 658 

2012). Our results were similar to these previous reports: baseline alpha power was 659 

significantly higher in younger females versus elderly (Figure 2b) and showed a decreasing 660 



 

trend with age in males (although not significant, Figure 2a). Similarly, stimulus-induced 661 

alpha suppression was stronger for younger subjects compared to elderly subjects (Figure 6a). 662 

This is notwithstanding the different recording paradigms from previous studies: in our study, 663 

baseline alpha was recorded during eyes-open state (as opposed to resting, eyes-closed state 664 

in Babiloni and colleagues, (2006)) and alpha suppression was measured during passive 665 

fixation (as opposed to an active memory task in Vaden and colleagues (2012)). Among the 666 

elderly subjects, however, neither baseline alpha power (Figures 2a and 2b) nor alpha 667 

suppression (Figure 6a) varied with age. Different results for alpha suppression versus 668 

stimulus-induced change in gamma power (which decreased with age) in elderly subjects 669 

suggest different biophysical mechanisms of these oscillations. 670 

 671 

4.2. Baseline PSD slopes 672 

Some authors have suggested that power-law distribution ( 1/�*, where β is the PSD 673 

slope) of brain electrical activity represents broadband scale-free activity of brain that is 674 

dependent on behavioral states (He, 2014; He et al., 2010; Podvalny et al., 2015) and 675 

cognitive abilities (Sheehan et al., 2018; Voytek et al., 2015). Specifically, Voytek and 676 

colleagues had suggested that flattening of PSD slopes might be a hallmark of senile 677 

physiological cognitive decline. In our study however, we did not notice any significant 678 

correlation between baseline PSD slopes and age in the unipolar reference scheme (as used 679 

by Voytek and colleagues), especially for elderly subjects. There are several reasons that 680 

could have led to this discrepancy. First, we estimated broadband slopes in the range of 16-44 681 

Hz as opposed to 2-24 Hz (as in Voytek et al.). This is to avoid the contribution of baseline 682 

alpha power (8-12 Hz), against which we were testing for slopes (Figure 2d and 683 

Supplementary Figure 2b). Second, the sample size of Voytek and colleagues was small (11 684 



 

young and 13 elderly) with a larger proportion of females in the younger group (male:female 685 

= 4:7 and 8:5 in young and elderly groups). Because females had steeper slopes than males 686 

(Figure 2c), underrepresentation of females in the elderly group could have led to flatter 687 

PSDs in their data. Finally, we found that PSD slopes were correlated with baseline alpha 688 

power (which was higher in younger versus elderly), but there was no dependence of slope on 689 

age when controlled for baseline alpha power (using partial correlation). Note that a similar 690 

correlation of slopes with alpha power in human MEG and EEG as well as monkey ECoG 691 

has also been reported by Muthukumaraswamy and Liley (2018).  692 

We note, however, that the PSDs did tend to become flatter with age, albeit at a higher 693 

frequency range (>50 Hz; Figure 2a and 2b), consistent with the ECoG results of Voytek and 694 

colleagues and consistent with the neural noise hypothesis proposed by them. Further, our 695 

“spontaneous activity” used for PSD computation was during the fixation task itself, and 696 

PSDs were computed using segments of 500 ms, much less than the 2 second segments used 697 

by Voytek and colleagues. Consequently, the frequency resolution was 4 times higher in the 698 

study of Voytek and colleagues, which could have led to the identification of small changes 699 

in slopes better than ours. Longer stimulus-free epochs (at least 2 seconds or more), 700 

preferentially in both eyes closed and eyes open conditions are required to test whether the 701 

flattening of PSD slope occurs at lower frequencies as well.   702 

 703 

4.3. Possible confounds from ocular factors 704 

Broadband induced gamma responses have been proposed to be correlated with 705 

occurrence of microsaccades (Yuval-Greenberg et al., 2008). However, in our previous study, 706 

we did not note any effect of microsaccades on orientation tuning of narrow-band slow and 707 

fast gamma oscillations in macaques (Murty et al., 2018). Consistently, we did not find any 708 



 

effect of microsaccades on age-dependent decrease of slow and fast gamma power in this 709 

study. 710 

It is possible that retinal illuminance is reduced due to senile pupillary miosis, which 711 

is indirectly reflected in the reduced pupillary reactivity to stimulus presentation across age 712 

(Figure 7c). Other abnormalities of peripheral visual system like age-related increase in 713 

density of crystalline lens, age-related macular degeneration, etc. could have had affected our 714 

results (Owsley, 2011). The subjects did not undergo a thorough ophthalmic examination due 715 

to time limitations. However, we argue that the results presented here are likely due to 716 

neurophysiological effects of aging on two grounds. First, in addition to a reduction in 717 

gamma power, there is a reduction in gamma center frequency with age, which is harder to 718 

explain based on the abnormalities listed above. Second, slow/fast gamma power was not 719 

dependent on pupillary reactivity to stimulus (Figure 7d). Nonetheless, we observed that the 720 

percentage of variance in the gamma power/frequency or SSVEP power explained by age is 721 

very less. Maximum R2 among all cases was 0.11 (for decrease in SSVEP power across age 722 

in posteromedial electrodes). Hence, we recognize that age is one of the many possible 723 

factors that influence gamma power/frequency and do not completely rule out the possibility 724 

that any hidden physiological variables could have had contributed to this variance. 725 

 726 

4.4. Possible mechanisms of age-related reductions in gamma frequency and change in power 727 

It is suggested that gamma rhythms are generated by excitatory-inhibitory interactions 728 

in the brain (Buzsáki and Wang, 2012). Such interactions could be influenced by many 729 

factors, such as axonal length/diameter (affecting axonal conduction velocity, see Buzsáki et 730 

al., 2013), myelination (Buzsáki et al., 2013),  gene expression of synaptic proteins related to 731 

GABAergic mechanisms, etc. How such structural and microscopic differences and 732 



 

maturation across aging influence gamma recorded over scalp is unknown. Previous studies 733 

in MEG had reported significant positive correlations between (fast) gamma frequency and 734 

cortical thickness as well as volume of cuneus (Gaetz et al., 2012) and thickness of 735 

pericalcarine area (Muthukumaraswamy et al., 2010), measured through structural MRI. 736 

Further, (fast) gamma peak frequency has  been positively correlated with brain GABA levels 737 

(Edden et al., 2009; Muthukumaraswamy et al., 2009). However, such results failed 738 

replication (Cousijn et al., 2014) and have been shown to be confounded by age (Robson et 739 

al., 2015) which stands as a common factor that influences both macroscopic structure as well 740 

as synaptic function. For example,  age-related decreases in cortical volume, thickness and/or 741 

surface area were observed in various regions of the brain like precuneus, cuneus, lingual, 742 

pericalcarine and lateral occipital areas of the occipital cortex (Lemaitre et al., 2012; Salat et 743 

al., 2004; van Pelt et al., 2018). Similarly, synaptic expression of certain proteins related to 744 

GABAergic transmission has been shown to be influenced by age (Pinto et al., 2010). 745 

Many non-neural factors have also been postulated to influence gamma power 746 

recorded at the sensor and scalp level, such as the distance between active cortex and 747 

electrode (Butler et al., 2019). These authors noticed a strong negative correlation of change 748 

in gamma power with skull thickness and showed that gamma peak frequency is more 749 

immune to such morphological factors. Further, Sumner et al. (2018) observed that gamma 750 

activity could be influenced by circulating gonadal hormones. They suggested that such 751 

influences cause differences in gamma activity across menstrual cycle. While we did not 752 

explicitly ask for menstrual history from our female volunteers (which is a limitation of our 753 

study), most of them were aged above 55 years and hence were in the post-menopausal 754 

period of life. Moreover, our results did not differ when we considered male and female 755 

participants separately (Figures 4, 6 and 8). Hence, we speculate that age might have had 756 

influenced gamma activity in our study independent of sex-hormonal factors. However, as 757 



 

described above, there could be a myriad of mechanisms through which age could have had 758 

influenced gamma activity in our study, which are difficult to be delineated and hence remain 759 

elusive and unanswered. 760 

5. Conclusion 761 

Our study throws light on various features of baseline spectra (like baseline alpha 762 

power and its relation to PSD slopes) and spectral responses to Cartesian gratings (alpha 763 

suppression, slow and fast gamma) in a large cohort of healthy elderly. Our study could thus 764 

act as normative for future gamma and SSVEP studies in the elderly age-group. Further, 765 

based on observations in previous rodent studies (Iaccarino et al., 2016; for example, Verret 766 

et al., 2012) as described before, some authors have suggested a causative role of (fast) 767 

gamma disruption in neurodegenerative disorders of aging such as AD (Palop and Mucke, 768 

2016). Alternatively, our results suggest that gamma and SSVEPs suffer reduction in power 769 

with age even in the absence of cognitive decline. Interestingly, such reduction in gamma 770 

power with aging has also been observed in motor areas (Gaetz et al., 2020), suggesting that 771 

this could be a generic phenomenon across different brain areas. These studies taken together, 772 

decrease in gamma/SSVEP power may represent a continuum of healthy aging – preclinical 773 

cognitive decline – dementia spectrum and may act as a harbinger to senile or pathological 774 

cognitive decline, a hypothesis that needs to be tested in future studies. 775 
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Figure legends 953 

Figure 1. Slow and fast gamma in an example elderly subject.  a) Trial-averaged EEG 954 

trace (1st row, blue); time-frequency spectrograms of raw power (2nd row) and change in 955 

power from baseline (3rd row); and change in power with time (4th row) in alpha (8-12 Hz, 956 

violet), slow (20-34 Hz, pink) and fast gamma (36-66 Hz, orange) bands averaged across 10 957 

unipolar (left column) and 9 bipolar (right column) electrodes. Vertical dashed lines represent 958 

actual stimulus duration (0-0.8 s, black) and period used for analysis within stimulus duration 959 

(0.25-0.75 s, red). Horizontal lines represent baseline (-0.5-0 s, black) and stimulus (0.25-960 

0.75 s, red) analysis periods. White lines in spectrograms represent slow (solid) and fast 961 

(dashed) gamma frequency ranges. b) Right ordinate shows raw power spectral densities 962 

(PSDs, black traces) vs frequency in baseline (dotted) and stimulus (solid) periods averaged 963 

across 10 unipolar electrodes (left column) and 9 bipolar (right column) electrodes; left 964 

ordinate shows the same for change in PSD (in dB, solid blue trace) in stimulus period from 965 

baseline. Solid pink lines and dashed orange lines represent slow and fast gamma bands 966 

respectively. c) Scalp maps showing 112 bipolar electrodes (represented as disks). Color of 967 

each disk represents change in slow (left) and fast (right) gamma power. 9 electrodes used in 968 

1a and 1b (right column) are marked with dots. 969 

  970 



 

Figure 2. Baseline PSDs, slopes and alpha power. Baseline PSDs (averaged across 10 971 

unipolar or 9 bipolar electrodes) for three age-groups on a log-log scale for unipolar (left) and 972 

bipolar (right) reference, plotted for males (2a) and females (2b). Thickness of traces indicate 973 

SEM across subjects. Age-group limits and the number of subjects in the respective age-974 

groups are indicated on the left plot. c) Same as in 2a and 2b, but for males and females, 975 

pooled across all age-groups. d) Mean baseline PSDs for three ranges of baseline absolute 976 

alpha power (8-12 Hz, power ranges for respective traces indicated on the plots) pooled 977 

across all age-groups. Thickness of traces and numbers indicate SEM across subjects and 978 

number of subjects in respective alpha power ranges. Colored bars on the abscissa indicate 979 

alpha (8-12 Hz, violet), slow (20-34 Hz, pink) and fast gamma (36-66 Hz, orange) frequency 980 

bands.  981 

 982 

Figure 3. Slow and fast gamma in younger and elderly subjects. a) Scatter plot showing 983 

change in slow (abscissa) and fast (ordinate) gamma power. Dotted lines represent 0.5 dB 984 

threshold. Points represent subjects with no gamma (dark blue), only slow gamma (light 985 

blue), only fast gamma (green) and both gamma rhythms (yellow) with change in power 986 

above 0.5 dB threshold. b) Change in PSDs vs frequency averaged across subjects (numbers 987 

denoted by n) as categorized in 3a. Thickness of traces indicate SEM. Solid pink and dashed 988 

lines represent slow and fast gamma ranges respectively. c) Bar plot showing percentage of 989 

subjects in three age-groups (marked by respective colors) categorized as in 3a. d) Schematic 990 

showing placements of left and right anterolateral and posteromedial group of bipolar 991 

electrodes used for analysis on the scalp, as well as ground (Gnd) and online reference (Ref) 992 

electrodes. e) Average scalp maps of 112 bipolar electrodes (disks) for three age-groups for 993 

slow (top row) and fast (bottom row) gamma. Color of disks represents change in respective 994 

gamma power. Electrode groups represented as in 3d. 995 



 

Figure 4. Change in gamma power vs age for anterolateral group of electrodes. Mean 996 

time-frequency change in power spectrograms (4a) and change in power spectra vs frequency 997 

(4b) for three age-groups separately for males (top row) and females (bottom row). Thickness 998 

of traces and numbers in 4b indicate SEM and number of subjects respectively. Solid and 999 

dashed lines indicate slow and fast gamma frequency ranges respectively. c) Left column: bar 1000 

plots showing mean change in slow gamma power for three age-groups separately for males 1001 

and females. Number of subjects for respective age-groups are indicated on top. Error bars 1002 

indicate SEM. Right column: scatter plot for change in slow gamma power vs age for all 1003 

elderly subjects (>49 years age-group, n=227), plotted separately for males (in orange) and 1004 

females (in yellow). Orange, yellow and black solid lines indicate regression fits for males, 1005 

females and data pooled across gender respectively. p-values of the regression fits are 1006 

indicated in respective colors. d) Same as in 4c but for fast gamma.  1007 

 1008 

Figure 5. Center frequency of slow and fast gamma vs age for elderly subjects for 1009 

anterolateral group of electrodes. Scatter plots showing center frequency vs age for slow 1010 

and fast gamma, for anterolateral electrodes, for those subjects who have change in power in 1011 

respective gamma range above 0.5 dB (numbers indicated on the plots). Solid lines indicate 1012 

regression fits for center frequency vs age. p-values for these fits are as indicated.  1013 

 1014 

Figure 6. Change in alpha power vs age. a) Left column: bar plots showing mean change in 1015 

alpha power across anterolateral group of electrodes for three age-groups separately for males 1016 

and females. Number of subjects for respective age-groups are indicated at bottom. Right 1017 

column: scatter plot for change in alpha power vs age for all elderly subjects (>49 years age-1018 

group, n=227), plotted separately for males (in orange) and females (in yellow). Same format 1019 



 

as in Figure 4c. b) Scalp maps for 112 electrodes (disks) averaged across all subjects 1020 

separately for three age-groups. Color indicates change in alpha power for each electrode, 1021 

same format as in Figure 3e. 1022 

 1023 

Figure 7. Eye position, microsaccades and pupillary reactivity across age for elderly 1024 

subjects. a) Eye-position in horizontal (top row) and vertical (middle row) directions; and 1025 

histogram showing microsaccade rate (bottom row) vs time (-0.5-0.75 s of stimulus onset) for 1026 

elderly subjects (n=226). Number of subjects in each age-group is indicated on top. 1027 

Thickness indicates SEM. b) Main sequence showing peak velocity and maximum 1028 

displacement of all microsaccades (number indicated by n) extracted for both elderly age-1029 

groups. Average microsaccade rate (mean±SEM) across all subjects for each elderly age-1030 

group is also indicated. c) Scatter plot showing change in power vs age for slow (top row) 1031 

and fast (bottom row) gamma for all elderly subjects with analyzable data after removal of 1032 

trials containing microsaccades. Solid lines indicate regression fits. Numbers of subjects with 1033 

analyzable data in each age-group is indicated on top. d) Scatter plots for coefficient of 1034 

variation (CV) of pupil diameter vs age (top row), change in slow (middle row) and fast 1035 

(bottom row) gamma power. Pearson correlation coefficients (r) and p-values are also 1036 

indicated. 1037 

 1038 

Figure 8. Change in SSVEP power vs age for anterolateral group of electrodes. Time-1039 

frequency change in power spectrograms (8a) and change in power spectra vs frequency (8b) 1040 

for three age-groups separately for males (top row) and females (bottom row). Thickness of 1041 

traces in 8b indicates SEM. Insets in 8b display zoomed-in images of respective main plots, 1042 

showing clear SSVEP peaks at 32 Hz. c) Top row: bar plots showing mean change in SSVEP 1043 



 

power for three age-groups separately for males and females; Numbers of subjects in each 1044 

age-group is indicated on top. Error bars indicate SEM. Bottom row: scatter plot for change 1045 

in SSVEP power vs age for all elderly subjects (>49 years age-group, n=197), plotted 1046 

separately for males (in orange) and females (in yellow). Orange, yellow and black solid lines 1047 

indicate regression fits for males, females and data pooled across gender respectively. p-1048 

values of the regression fits are indicated in respective colors. d) Scalp maps for 112 1049 

electrodes (disks) averaged across all subjects separately for three age-groups. Color indicates 1050 

change in SSVEP power at 32 Hz for each electrode. 1051 

  1052 



 

Supplementary figure legends 1053 

 1054 

Supplementary Figure 1. Scalp maps for broadband (30-100 Hz) baseline absolute 1055 

power.  1056 

Scalp maps showing broadband (30-100 Hz) baseline absolute power (left column) for 1057 

unipolar (a) and bipolar (b) reference schemes, averaged across subjects separately for three 1058 

age-groups. Data for males and females plotted separately (upper and lower rows). Right 1059 

column in each row represents p-values for every electrode, for one-way ANOVA performed 1060 

over broadband baseline power across three age-groups, separately for males and females. 1061 

Dark filled circles: p>0.01; red filled circles: p<0.01. 1062 

 1063 

Supplementary Figure 2. PSD slopes (16-44 Hz) across age-groups, gender and baseline 1064 

absolute alpha power 1065 

a) Bar plots showing mean slopes of baseline PSDs for three age-groups separately for males 1066 

and females in 16-44 Hz range for unipolar (left) and bipolar (right) reference. Error bars 1067 

indicate SEM. Numbers on top indicate number of subjects. b) Scatter plot showing baseline 1068 

slopes in 16-44 Hz range vs alpha power, for unipolar (left) and bipolar (right) reference for 1069 

all 274 subjects used for analysis (227 elderly and 47 younger). Lines indicate regression fits. 1070 

Pearson correlation coefficients (r) and p-values are also indicated. 1071 

 1072 

Supplementary Figure 3. Change in gamma power vs age for posteromedial group of 1073 

electrodes. Same format as in Figure 4. 1074 

 1075 



 

Supplementary Figure 4. Center frequency of slow and fast gamma for elderly subjects. 1076 

a) Change in power vs frequency for 227 elderly subjects arranged in ascending order of age. 1077 

Age for each subject is indicated on ordinate. Color represents change in power in dB for 1078 

each frequency. Circles and triangles represent center frequency of slow and fast gamma 1079 

rhythms respectively, indicated only for those subjects who have change in power in 1080 

respective gamma range above 0.5 dB. Left and right columns show analysis for anterolateral 1081 

and posteromedial group of electrodes respectively. b) Scatter plots showing center frequency 1082 

vs age for slow (top row) and fast (bottom row) gamma for posteromedial electrodes, for 1083 

those subjects who have change in power in respective gamma range above 0.5 dB (numbers 1084 

indicated on the plots). Solid lines in both (a) and (b) panels indicate regression fits for center 1085 

frequency vs age. p-values for these fits are as indicated in (b). 1086 


















