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Abstract

Gamma rhythms (~20-70 Hz) are abnormal in mentabrders such as autism and
schizophrenia in humans, and Alzheimer’s diseade) (Aodels in rodents. However, the
effect of normal aging on these oscillations is nmkn, especially for elderly subjects in
whom AD is most prevalent. In a first large-scal23q subjects; 104 females)
electroencephalogram (EEG) study on gamma osottiatin elderly subjects (aged 50-88
years), we presented full-screen visual Cartesratings that induced two distinct gamma
oscillations (slow: 20-34 Hz and fast: 36-66 Hz)weer decreased with age for gamma, but
not alpha (8-12 Hz). Reduction was more salientdst gamma than slow. Center frequency
also decreased with age for both gamma rhythms. rEselts were independent of
microsaccades, pupillary reactivity to stimulusg aariations in power spectral density with
age. Steady-state visual evoked potentials (SSVEP32 Hz also reduced with age. These
results are crucial for developing gamma/SSVEPbdsemarkers of cognitive decline in

elderly.

Keywords. EEG, Gamma oscillations, Alpha oscillations, SSVEging, Alzheimer’s

disease

Abbreviations: AD: Alzheimer's disease, CV: coefficient of varan, GABA: gamma-
aminobutyric acid, LFP: local field potentials, PSbwer spectral density, SD: standard
deviation, SEM: standard error of the mean, SFtigp&equency, SSVEP: steady-state

visual evoked potentials.
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1. Introduction

Gamma rhythms are narrow-band oscillations oftesenled in the electrical activity of
the brain, with center frequency occupying ~20-Z0ftéquency range. Previous studies have
proposed involvement of these rhythms in certaighéi cognitive functions like feature
binding (Gray et al., 1989), attention (Chalk et 2010; Gregoriou et al., 2009) and working
memory (Pesaran et al., 2002). Further, some sudige shown that these rhythms may be
abnormal in neuropsychiatric disorders such aszephirenia (Hirano et al., 2015; Tada et
al., 2014), autism (An et al.,, 2018; Uhlhaas andg&i, 2007; Wilson et al., 2007) and

Alzheimer’s disease (Mably and Colgin, 2018; ADIdpaand Mucke, 2016).

Gamma rhythms can be induced in the occipital aoggsresenting appropriate visual
stimuli such as bars and gratings, and their madaitaind center frequency critically depend
on the properties of the stimulus such as conts&#, orientation, spatial frequency and drift
rate (Jia et al., 2013; Murty et al., 2018; Ray Malnsell, 2015). Recently, we showed that
large (full-screen) gratings induce two distinctroa-band gamma oscillations in local field
potentials (LFP) in macaque area V1 and postefiectodes in human EEG, which we
termed slow (~20-40 Hz) and fast (~40-70 Hz) gan(ikharty et al., 2018). Fast gamma was
not a harmonic of slow, but instead these rhythnesewdifferently tuned to stimulus
properties. Importantly, slow gamma was observety amhen the grating size was
sufficiently large (diameter >8° of visual angle ftumans). Two distinct gamma rhythms
have also been recently reported in human MEG &anet al., 2018) and in visual cortex
(Veit et al., 2017) and hippocampus (Colgin et2009) in rodents. These rhythms have been
suggested to be generated from excitatory-inhipitoteractions of pyramidal cell and
interneuron networks (Buzsaki and Wang, 2012), ifipally involving parvalbumin and

somatostatin interneurons (Cardin et al., 2009a8ehal., 2009; Veit et al., 2017).
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A recent study has reported parvalbumin internewysfunction in parietal cortex of
AD patients and transgenic models of mice (Vertell.e¢ 2012); and aberrant gamma activity
in parietal cortex in such mice. However, our knedge about these rhythms in healthy
aging in humans is limited. Studies in human ME®ehabserved that the center frequency
of gamma oscillations is negatively correlated vage of healthy subjects in the range of 8-
45 years (Gaetz et al., 2012; Muthukumaraswamy.,e2@l10; van Pelt et al., 2018), but our
understanding of these rhythms in elderly humar®9 (yyears), which is clinically more

relevant for studying diseases of abnormal agk®gAD, is lacking.

Further, visual stimulation of wild type and AD nasl of mice using light flickering at
40 Hz rescued AD pathology in visual cortex (lacwaret al., 2016). Such stimulation is
known to entrain brain rhythms and generate stestalg visual evoked potentials (SSVEPS)
at 40 Hz. However, to our knowledge, no previouslgthas examined SSVEPs in gamma
band in healthy elderly. Furthermore, a recentystuas shown flattening of power spectral
density (PSD) in 2-24 Hz range in elderly subjexsipared to younger subjects (Voytek et.
al., 2015). However, how this flattening affec@ngna rhythms in elderly has not been

examined.

In this study, we described the variation of the tyamma rhythms in healthy elderly
subjects. We first used a battery of cognitivestéstidentify a large cohort (236 subjects; 104
females) of cognitively healthy elderly subjecteddpetween 50-88 years. For comparison,
we also included 47 younger subjects (aged 20-48syd 6 females). We induced gamma
oscillations using full-screen static Cartesiantiggs (images consisting of continuous dark
and white bars alternating in the x-y plane) while recorded EEG, and studied how slow
and fast gamma and alpha oscillations, as wellope ©f the PSD, varied with age in elderly
subjects. We also examined SSVEPs in gamma freguemge (32 Hz) in a subset of

subjects. As induced gamma band responses werestedgo be affected by microsaccades
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(Yuval-Greenberg et al., 2008), we monitored subjeeye movements and microsaccades
during analysis. We also examined pupil size, as i a biological factor that varies
physiologically with age (senile miosis) and coaftect the overall luminance of the grating

by controlling the amount of light incident uporetfretina.



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

2. Materials and M ethods

2.1. Human subijects

We recruited 236 elderly subjects (104 females)dage-88 years from the Tata
Longitudinal Study of Aging cohort from urban commities in Bangalore through
awareness talks on healthy aging and dementia. uReent was done by trained
psychologists, who also collected their demograpleizils. Psychiatrists and neurologists at
National Institute of Mental Health and Neuroscen¢NIMHANS), Bangalore and M S
Ramaiah Hospital, Bangalore assessed the cogritinetion of these subjects using a
combination of Clinical Dementia Rating scale (CDRAddenbrook’s Cognitive
Examination-Ill (ACE-IIl), Hindi Mental State Examation (HMSE), and other structured
and semi-structured interviews. We considered dahbse subjects who were labelled as
cognitively healthy for this study. Out of 236 cdgrely healthy subjects thus recruited, we
discarded data of 9 subjects (3 females) due teen@ee Artifact Rejection subsection (2.5)
below for details). We were thus left with 227 sddg (101 females) aged 50-88 years
(mean+SD: 66.8+8.2 years) for analysis.

Further, we also recruited 47 younger subjects fafales) aged 20-48 vyears
(meanzSD: 30.4t7.1 years) from the student and s@ihmunity of Indian Institute of
Science. We screened them orally for any historgeafrological/psychiatric illness. We had
presented data from 10 of these younger subjeets earlier study (Murty et al., 2018).

In this study, we have used the words ‘gender’ @’ interchangeably, denoting
biological sex of the subjects. All subjects hagorgéedly normal or corrected-to-normal
vision, although visual acuity was not tested eifyi. They participated in the study
voluntarily and against monetary compensation. \W&aioed informed consent from all

subjects for performing the experiment. The Ingittluman Ethics Committees of Indian
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Institute of Science, NIMHANS, Bangalore and M S1iRéah Hospital, Bangalore approved

all procedures.

2.2. EEG recordings

Experimental setup, EEG recordings and analysise weamilar to what we had
described in our previous study (Murty et al., 20MJe recorded raw EEG signals from 64
active electrodes (actiCAP) using BrainAmp DC EE€guasition system (Brain Products
GmbH). We placed the electrodes according to thernational 10-10 system. We filtered
raw signals online between 0.016 Hz (first-ord#er) and 1000 Hz (fifth-order Butterworth
filter), sampled at 2500 Hz and digitized at 16-t@solution (0.1uV/bit). We rejected
electrodes whose impedance was more than @5 HKiis led to a rejection of 3.9% of
electrodes in elderly age-group (1.1% in youngebjestis). However, most of these
electrodes were frontal/central, and specificallgne were the ten parieto-occipital/occipital
electrodes used for analyses (see Data Analysiestibn (2.6)). Impedance of the final set
of electrodes was 5.5+4.2(K(mean+SD) for elderly subjects and 3.7+3.@ ®r younger

subjects. We referenced EEG signals to FCz duagiaition (unipolar reference scheme).

2.3. Experimental setting and behavioral task

All subjects sat in a dark room in front of an LGEreen with their head supported by a
chin rest. The screen (BenQ XL2411) had a resailuwial 280 x 720 pixels and a refresh rate
of 100 Hz. It was gamma-corrected and was placedraean+SD distance of 58.1+0.9 cm
from the subjects (53.9-63.0 cm for all 274 sulge&4.9-61.0 cm for the 227 elderly
subjects) according to their convenience (thusesubhg a width of at least 52° and height of
at least 30° of visual field for full-screen gra®). We calibrated the stimuli to the viewing

distance in all cases.
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Subjects performed a visual fixation task. Stimybussentation was done by a custom
software running on MAC OS that also controlled thgk flow. Every trial started with the
onset of a fixation spot (0.1°) shown at the cepfethe screen, on which the subjects were
instructed to hold and maintain fixation. After iantial blank period of 1000 ms, a series of
stimuli (2 to 3) were randomly shown for 800 msteaadth an inter-stimulus interval of 700
ms. Stimuli were sinusoidal luminance gratings @nésd full screen at full contrast. For the
main “Gamma” experiment, these were presented@bbdthree spatial frequencies (SFs): 1,
2, and 4 cycles per degree (cpd) and one of faantations: 0°, 45°, 90° and 135°. We chose
these stimulus parameters as these were showduodarrobust gamma previously (Murty et
al.,, 2018). Stimuli were presented in pseudorandoder to prevent adaptation effects.
Subjects performed this task during a single sad$iat lasted for ~20 minutes, divided in 2-
3 blocks with 3-5 minute breaks in between, acecgydo their comfort (total 597 blocks
across 283 subjects). For an initial subset ofexibj stimuli with SF of 0.5 and/or 8 were
also presented, but we discarded these SFs frammefuainalysis to maintain uniformity. We
also tested 32-Hz SSVEPs on a subset of the ssbydod had analyzable data for the
Gamma experiment (221/227 elderly and 46/47 yourgydrjects) according to their
willingness. One grating with a single SF and aaéon that showed high change in slow
and fast gamma power was chosen from the Gammarieygue for each subject, after
preliminary analysis done during the recording ieesgas explained in Data Analysis
subsection (2.6) below). This grating was randopigsented in a trial either as a static
grating or phase-reversal grating that counter-gihast 16 cycles per second (cps) in a
similar stimulus presentation paradigm as the Ganexyeriment (2-3 stimuli per trial,
stimulus period: 800 ms, interstimulus interval0#s). We chose 16 cps for two reasons.
First, in a different study in which we recordeck tresponses of spikes and local field

potential (LFP) obtained using microelectrode asragplanted in the primary visual cortex
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of awake monkeys, we found that the SSVEP gainhigisest between 12-16 cps (Salelkar
and Ray, in press). Second, gratings counter-pbagii6 Hz produced SSVEP responses at
32 Hz, i.e. twice the counter-phasing frequencysfaswn in Figure 8), which was between
the two gamma bands of interest. Subjects perfortmedexperiment for 3-5 minutes during
the same session as the Gamma experiment. We f@éssach stimulus ~30-40 times for
both the Gamma and SSVEP experiments accordirfgeteubjects’ comfort and willingness.
Unless otherwise stated, stimulus presentation opadicular orientation and spatial

frequency is referred to as a “stimulus repeathia paper.

2.4. Eye position analysis

We recorded eye signals (pupil position and diamdé&ta) using EyelLink 1000 (SR
Research Ltd., sampled at 500 Hz) during the entied for all but one subject. We
calibrated the eye-tracker for pupil position andnmor distance for each subject before the
start of the session. All the subjects were ablm#&ntain fixation with a standard deviation
of less than 0.6° (elderly, eye-data for Gamma empt shown in Figure 7a) and 0.4°
(young, data not shown). We defined fixation breakseye-blinks or shifts in eye-position
outside a square window of width 5° centered onfitketion spot. We rejected stimulus
repeats with fixation breaks during -0.5s to 0.@Bsstimulus onset, either online (and
repeated the stimulus thus discarded), or offlime (took a few additional trials to
compensate for possible offline rejection), acaogdio the subjects’ comfort. This led to
rejection of 16.7+14.2% (mean+SD) and 16.7+15.1¥ndus repeats for elderly subjects
(for Gamma and SSVEP experiments respectively)t mowho preferred offline rejection.
For younger subjects, for many of whom we usednendlye-monitoring, the rate of rejection

due to fixation breaks was low (4.9+5.7% and 4.2%4).
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2.5. Artifact rejection

We first estimated bad stimulus repeats for eaclpaler electrode separately as
described next. We applied a trial-wise thresh@dwnocess on both raw waveforms (high-
pass filtered at 1.6 Hz to eliminate slow trendsnfy) and multi-tapered PSD (computed
between -500 ms to 750 ms of stimulus onset usirgChronux toolbox (Mitra and Bokil,
2008, http://chronux.org/, RRID:SCR_005547)). Artymsilus repeat for which either the
waveform or the PSD deviated by 6 times the stahdawiation from the mean at any time
bin (between -500 ms to 750 ms) or frequency pgietween 0-200 Hz) was considered a
bad repeat for that electrode. We then creatednaman set of bad repeats across all 64
unipolar electrodes by first discarding those etmts that had more than 30% of all repeats
marked as bad, and subsequently assigning anytrapéad if it occurred in more than 10%
of total number of remaining electrodes. Finallyy aepeat that was marked bad in any of the
ten unipolar electrodes used for analysis (P3,A21,P4, PO3, POz, PO4, O1, Oz, and O2;
see Data Analysis subsection (2.6)) was uncondilipimncluded in the common bad repeats
list, providing a final list of common bad repeéts each block for each subject. In spite of
these stringent conditions, these led to a rejeadioless than 20% of data (18.4+6.4% and
17.0£5.1% for elderly and younger subjects).

In addition, we calculated slopes (see Data Anslysbsection (2.6)) of PSD (calculated
with 1 taper and averaged across repeats, aftesvamof bad repeats) for each block in 56
Hz to 84 Hz range (to include the fast gamma rafgegach unipolar electrode. Previous
studies have shown that in clean electrophysiotgiata, PSD slopes are typically between
0.5 to 4.5 (Muthukumaraswamy and Liley, 2018; Pdalyvat al., 2015; Sheehan et al., 2018;
Shirhatti et al.,, 2016). We therefore discardeds¢éhelectrodes (5.0+5.9% for elderly and
5.2+7.7% for younger subjects) that had PSD sldpses than 0. We further discarded any

block (53/497 and 5/100 for elderly and youngerjeciis) that did not have at least a single
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clean bipolar electrode pair in any of the thresugs of bipolar electrodes used for analysis
(depicted in Figure 3d, see Data Analysis subsecdtib6) for details): PO3-P1, PO3-P3,

POz-PO3 (left anterolateral group); PO4-P2, PO4HRaz-PO4 (right anterolateral group)

and Oz-POz, 0Oz-0O1, 0z-0O2 (posteromedial group).tkém pooled data across all good
blocks for every subject separately for final asay Those subjects who did not have any
analyzable blocks (9/236 and 0/47 for elderly amiinger subjects respectively) were

discarded from further analysis, leaving 227 eldéalged 50-88 years, mean+SD: 66.8+8.2
years, females: 101) and 47 young subjects (agetB2@ars, meantSD: 30.4+7.1 years,
females: 16) for analysis. The total number of edép@er electrode that were finally analyzed
were 276.2+87.2 for elderly subjects and 270.4+63%.40unger subjects.

We applied a similar artifact rejection procedure $SVEP experiment. Out of subjects
with analyzable blocks for the Gamma experimen?, éRlerly (meanzSD: 66.8+7.8 years,
females: 93) and 43 young subjects (meanzSD: 304y&ars, females: 15) had analyzable
blocks (242/270) for SSVEP experiment. Using simgalection criteria as before, we
rejected 7.7+5.2% of repeats for elderly subjectd 6.6£4.1% for younger subjects. The
total number of analyzed repeats per electrodedanter-phasing condition were 30.2+6.9

and 29.7+6.6 for elderly and younger subjects retopsly.

2.6. EEG data analysis

Our primary emphasis was to characterize gammao#mer spectral signatures as a
function of age within the elderly population (>y€ars), for which we divided these subjects
into two groups: 50-64 years (95 subjects; 51 fenand >64 years (141 subjects, 53
female). For completeness, we also show results faocohort of younger subjects aged

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



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

In this study, we wanted to employ methods thatlmeasily and readily employed for
screening larger populations of patients. Hence, used electrode-level (sensor-level)
analyses instead of source space, for which thétsedepend on the availability of structural
MRI data as well as the details of the source Ipatibn technique. For all analyses (unless
otherwise mentioned), we used bipolar referenceeraeh We re-referenced data at each
electrode offline to its neighboring electrodes. Wes obtained 112 bipolar pairs out of 64
unipolar electrodes (Murty et al., 2018, depictedrigure 3e). We considered the following
bipolar combinations for analysis, except for scagps: PO3-P1, PO3-P3, POz-PO3 (left
anterolateral group); PO4-P2, PO4-P4, POz-POA4t(egterolateral group) and Oz-POz, Oz-
01, 0z-02 (posteromedial group), depicted in FigdeWe discarded a bipolar electrode if
either of its constituting unipolar electrodes waarked bad as described in the previous
subsection (2.5). Data was pooled for the resthef ipolar combinations in each of the
electrode groups for further analysis.

We analyzed all data using custom codes writteNMATLAB (The MathWorks, Inc,
RRID:SCR_001622). We computed PSD and the timeifrqy power spectrograms using
multi-taper method with a single taper using Chromoolbox. We chose baseline period
between -500 ms to 0 ms of stimulus onset, whitawudus period between 250 ms to 750 ms
to avoid stimulus-onset related transients, yigdanfrequency resolution of 2 Hz for the
PSDs. We calculated time frequency power speciragus moving window of size 250 ms
and step size of 25 ms, giving a frequency resmiubif 4 Hz.

We calculated change in power in alpha rhythm &edwo gamma rhythms as follows:

APower = 10(log,, M)

YLrBL(f)
WhereST andBL are stimulus and baseline power spectra (acregsiéncyf) averaged
across repeats for all stimulus conditions and yaadlle bipolar electrodes. For alpha,

f € [812] Hz, for slow gammaf € [20 34] Hz and for fast gammg, € [36 66] Hz. We



267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

estimated baseline absolute power (or power in lipese period) as
logqo (mean(BL(f))).We defined the center frequency for a gamma rhytsnthe

frequency at which the change in power (in thessgaged PSDs) was maximum within that
gamma range.

Note that even though we presented stimuli of I2mint conditions (combinations of
3 SFs and 4 orientations), we pooled across thesditons instead of analyzing these
separately, because the primary motive of the onurseudy was to study the variation of
gamma with age and not stimulus characteristicscfwive addressed in Murty et al., 2018).
This yielded more than 250 stimulus repeats onaaeeper subject for final analysis. For
SSVEP experiment, we analyzed only the counteripbagatings and took the power at 32
Hz (twice the counter-phasing frequency, i.e. 16)dpr analysis. The static gratings that
were presented mainly to prevent adaptation weseadiled.

We generated scalp maps using the topoplot.m fomatf EEGLAB toolbox (Delorme
and Makeig, 2004, RRID:SCR_007292), modified toveleach electrode as a colored disc,
with color representing the change in power of slgamma/fast gamma/SSVEP from
baseline in decibels (dB).

We calculated slopes for rejecting noisy electro@ssdescribed in Artifact Rejection
subsection (2.5)) by fitting PSD across all anatyeaepeats for each individual unipolar
electrode with a power-law function a&(f) = A.f 8, where P is the PSD across
frequenciesf € [56 84] Hz.A (scaling factor) ang (slope) are free parameters obtained
using least square minimization using the progfemmsearch in MATLAB. We similarly
estimated slopes for PSDs averaged across anaymalgolar or bipolar electrodes during

baseline period (-0.5 to 0 ms) for Supplementagufa 2.

2.7. Microsaccades and pupil data analysis
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We detected microsaccades using a threshold-bast#itbdhdescribed earlier (Murty
et al., 2018), initially proposed by (Engbert, 2D06& brief, we categorized eye movements
with velocities that crossed a specified thresHoldat least a specified duration of time as
microsaccades. We set the velocity threshold betvwa6 times the standard deviation of
eye-velocities and minimum microsaccade duratidwéen 10-15 ms for every subject so as
to maximize the correlation between peak velocitg amplitude of all microsaccades for
that subject (also called a “main sequence”, segb&m, 2006 for details), while maintaining
the minimum microsaccade velocity at 10°/s andnherosaccade rate between 0.5/s and
3.0/s.

The above algorithm was applied for the analysrgodeof -0.5 s to 0.75 s of stimulus
onset. After removing the microsaccade-containirgpeats, there were 128.1+71.1
(meanzSD, minimum 5) repeats for elderly subjents2@6, excluding 1 subject for whom
eye-data could not be collected) for anterolateledtrodes reported in Figure 7c. Results did
not change when we discarded 13 elderly subjecth Veiss than 30 repeats without
microsaccades from analysis (data not shown).

EyeLink 1000 system recorded pupil data in arbjtrainits for every subject since
pupil data cannot be calibrated for this trackeenée, instead of directly comparing time-
series of pupil data, we used coefficient of vasra{CV, ratio of standard deviation to mean)
for every repeat as a measure of pupillary redgtiia stimulus of that repeat. This simple
measure scales standard deviation of a distributith respect to its mean. This allows
comparison of variation in different distributionsthout getting affected by the mean of the
distributions. We calculated CV for each analyzahkbd separately and calculated mean CV

across trials for every subject for comparison.

2.8. Statistical analysis
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Our findings were based mainly on PSD plots and used appropriate statistical
methods (Pearson correlation, linear regressionfa@VA) to confirm our interpretations.
We used one-way (or two-way, as necessary) ANOVAdmpare means of bar plots in
Figures 4c, 4d, 6a and 8c, although non-paramtgsis on medians instead of means using
Kruskal-Wallis test (not reported) yielded qualitaty similar results. For two-way ANOVA,
we considered age-group and sex as independentdadthough including their interaction
effect in the model yielded qualitatively similasults (not reported). We used Bonferroni

correction for multiple tests/comparisons whereveressary.

2.9. Data and code availability

The EEG data presented here is recorded as partanfie multi-investigator project
that involved several other experiments and measemés like psychophysics, fMRI, PET,
etc., some of which are still in progress. Henbe,data would be made publicly available at
a later time according to the policies of the projll spectral analyses were performed

using Chronux toolbox (version 2.10), availabl&t#p://chronux.org.
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3. Results

We recorded EEG from 236 elderly subjects aged&@ears and 47 subjects aged
20-48 years while presenting full-screen sinusogfating stimuli on a computer monitor
(see subsections 2.1 and 2.3 of Materials and Mstfar details). Figure 1 shows the results
of an example subject, a 53 years old female. -Bvaraged evoked potentials were plotted
for electrodes P3, P1, P2, P4, PO3, POz, PO4, @10 for unipolar reference (Figure 1a,
left column) and PO3-P1, PO3-P3, POz-PO3, PO4-P2-P4, POz-PO4, Oz-POz, 0Oz-0O1
and Oz-0O2 for bipolar reference (Figure 1a, rigittimn). The bipolar channels are shown as
dots in scalp maps in Figure 1c. These traces ledea transient in the first 250 ms of
stimulus onset and after the stimulus offset éfeer 800 ms). For the same set of electrodes,
trial-wise power spectrograms were averaged to rgémeaw spectrogram and change in
power spectrogram (w.r.t. a baseline period of -880to 0 ms of stimulus onset). Although
not noticeable in the evoked potential traces awl spectrograms, these stimuli elicited
prominent gamma band responses as seen in the echangower spectrograms. These
responses were in slow gamma (~20-34 Hz) and fashta (~36-66 Hz) range. Consistent
with previous results (Murty et al., 2018), thesesponses were seen during the stimulus
period (after the onset-transient) and were bestew for bipolar reference as compared to
unipolar reference. Also, slow gamma power showgdadual build-up whereas fast gamma
power showed a decreasing trend with stimulus adurgFigure 1la, bottom row). Alpha (8-
12 Hz) power suppression was very weak in thisesttbjWe also plotted power spectral
densities (PSD) in the baseline period (dottedkotemce in Figure 1b) and stimulus period
(250 ms to 750 ms; solid black trace in Figure atd change in power spectrum (blue trace
in Figure 1b). Prominent ‘bumps’ in the slow andtfgamma range were noticeable in PSD
in the stimulus period as well as change in spettidlso, no ‘bump’ was noticeable in the

baseline PSD in the alpha range for this subjeoes& changes were most prominent in the
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parieto-occipital and occipital electrodes, as Seetme scalp maps for the bipolar reference

case in Figure 1c.

3.1. Baseline absolute power of slow and fast ganmn@adband myogenic activity and

slopes of baseline PSDs did not differ across litherky age-groups

A recent study (Voytek et al., 2015) has suggesiadtPSDs of elderly subjects seem
to be “rotated” around 15 Hz, with less power a&gfrencies lower than ~15 Hz and more
power at higher frequencies, as compared to yowsggects. This rotation of PSDs with age
could lead to flatter PSDs in elderly subjects andld potentially bias the estimation of
change in power in slow and fast gamma range ifestgbof different age groups. This is
because higher baseline absolute power in theskemisyin older subjects may lead to lower
estimates of change in power. Hence, we first cb@ckhether there was any difference in
baseline PSDs across age. We calculated meanreaB&8Ds of 10 unipolar electrodes and 9
bipolar electrodes separately, as mentioned ateecompared PSDs between 2-200 Hz in
two elderly groups (50-64 years and >64 years gpap well as the younger group (20-49
years; Figures 2a and 2b for males and femaled)raates versus females (averaged across

all ages; Figure 2c).

Because our primary emphasis was on comparisonniitle elderly group, we first
compared the PSDs between the two elderly subgr@apsk and light gray traces in Figures
2a and 2b). The PSDs indeed appeared to becorter flath age (light gray trace was above
the dark gray trace), but this effect was promiratly at frequencies above ~50 Hz. In the
slow and fast gamma ranges (indicated by coloresl twa the abscissa of plots in Figure 2),
the two gray traces were largely overlapping. Tamiy this, we performed a two-way

ANOVA on baseline absolute powers of alpha, slownge and fast gamma (averaged
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across frequencies for each band) with age-grodgb4or >64 years) and sex as factors and
found that effect of age group was not significemtpower in any band (p>0.05 in all cases
except for fast gamma in the bipolar case where.q8;0which was not significant at
Bonferroni corrected significance level of 0.05/30:9016). Results were not qualitatively
different when we performed one-way ANOVA for basel absolute power of
alpha/slow/fast gamma across age-groups for maldsfeanales separately (p>0.05 for all

cases except for fast gamma in females for bipzzlae where p=0.03).

We obtained similar trends for comparisons (one-WilOVA separately for males
and females) between younger (<50 years) and gldribjects (50 years and above).
Baseline absolute powers in alpha/slow/fast gamangeas were not significantly different
for younger and elderly male subjects in eitheensfice schemes (Figure 2a, p>0.05 for all
cases). However, elderly females had more basklstegamma power compared to younger
females F(1,115)=7.9, p=0.006) in bipolar case and lessphalpower in both unipolar
(F(1,115)=17.6, p=5.5*10) and bipolar £(1,115)=6.5, p=0.012) cases (Figure 2b). These

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

Across genders, females had significantly higheselae slow gamma power than
males (Figure 2c, data pooled across all 274 stihjeme-way ANOVA across gender:
F(1,272)=24.5/27.9, p=1.3*1%2.6*10" for unipolar/bipolar reference schemes) and higher
alpha power K(1,272)=4.6/8.4, p=0.03/0.004 for unipolar/bipolewnditions). However,
baseline fast gamma power was not significantlyfed#int (p>0.05 for both reference
schemes). Amongst the elderly subjects (n=227, datashown), females had only higher
slow gamma compared to malesF(X,225)=16.4/21.3, p=7.1*106.4*10° for
unipolar/bipolar conditions for slow gamntg1,225)=5.3, p=0.022 for alpha in bipolar case

and p>0.05 for all other cases).
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We next checked if there was any increased myogatieity in elderly subjects due
to factors like physical strain during the sessBimonger myogenic artefacts in these subjects
could increase noise floor and decrease probabdftydetection of the gamma peaks.
Whitham et al. (2008) suggested that myogenic igtaffects higher frequencies (30-100
Hz) in PSDs of electrodes located more periphetalyn towards the center. We calculated
baseline broadband power averaged across 30-10@xdlding 50 Hz and 100 Hz peaks
that represented line noise and monitor refresk) ratross all unipolar (Supplementary
Figure 1a, left column) and bipolar electrodes (Beqmentary Figure 1b, left column, plotted
across three age-groups for males and females adelyjr We noticed that baseline
broadband power was comparable for most electredesss the three age-groups. We
guantified this by performing one-way ANOVA on bkase absolute power at each electrode
across the three age-groups (Supplementary Figarasd 1b, right column). We found very
few electrodes that showed a significance levé).0f or less, for both unipolar and bipolar
cases. Thus, we ruled out the possibility that rlgjdmubjects had more myogenic activity in

their EEG data than the younger subjects.

To test for the rotation of PSDs with age as suiggeby Voyteket al. (2015), we
computed the slopes between 16-44 Hz (Supplemerfagyre 2; see Data analysis
subsection (2.6) for details; this range was chasavoid the bump in the alpha band at the
lower end and the 50 Hz noise at the higher endp-Wway ANOVA with age (young and
elderly) and sex (male and female) as factors stiaveesignificant difference in the slopes
between young and elderly subjects for either daipor bipolar reference scheme case
(p>0.05). However, females had steeper slopes cauga malesK(1,271)=7.9, p=0.005
and F(1,271)=31.4, p=5.1*18 for unipolar and bipolar cases respectively, Semmgntary
Figure 2a). Since females had higher baseline gholmeer compared to males (Figures 2c),

we tested whether any differences in baseline H§fes could be because of differences in
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baseline alpha power. We divided baseline PSDdI agfudjects (young and elderly pooled
together) into terciles based on alpha power (lEdid). Subjects who had higher baseline
alpha power also had steeper PSD slopes. RegressP8D slopes in 16-44 Hz frequency
range with baseline alpha power was significantbfoth reference schemes (Supplementary
Figure 2b). Further, when we performed partial elation of slopes with age and baseline
alpha power, slopes were significantly correlatdéthwalpha power (rho=0.57, p=5.4*10
and rho=0.58, p=3.1*18 for unipolar and bipolar cases respectively) bat with age
(rho=0.07 and -0.12 for unipolar and bipolar, p£0for both). Thus, PSD slope was not
influenced by age, but by baseline alpha powerdWeuss these results in the context of the

findings of Voytek and colleagues in the Discussion

3.2. Gamma was observed in more than 80% of sgbject

As reported in our earlier study (Murty et al., 8)And as in Figure 1, gamma was
best observed, as a response to full-screen 100%asb Cartesian visual gratings, in bipolar
referencing scheme compared to unipolar. Hence limiged further analysis to bipolar
referencing. We divided the 9 bipolar electrodesitioaed above into 3 groups (Figure 3d):
PO3-P1, PO3-P3, POz-PO3 (left anterolateral gro®®)4-P2, PO4-P4, POz-PO4 (right
anterolateral group) and Oz-POz, Oz-O1, Oz-O2 guostedial group). For each subject, we
chose the electrode group that had maximum changewer in slow and fast gamma ranges
added together. We labelled a subject as havihgredf the gamma rhythms if the change in
power in these rhythms during stimulus period (alalied from data pooled across electrodes
chosen for the subject) exceeded an arbitrarilysehahreshold of 0.5 dB from baseline.
Figure 3a shows scatter plot of slow versus fastrga change in power for all subjects.

Based on our threshold, ~84% of subjects had at le@e gamma (slow: ~77% and fast:
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~64%), while ~57% of subjects had both the gammdmsch could be observed as distinct

“bumps” in the change in PSD from baseline (Figiog Figure 3c shows the percentage of
subjects in each age-group who had no/slow/fast/atnmas based on our threshold. The
percentage of subjects who had only fast gammaitbr gammas was highest in 20-49 years

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

Figure 3e shows change in power in slow (top romd #ast (bottom row) gamma
rhythms across all electrodes (plotted as disks)tlie young (left column) and the two
elderly age-groups (middle and right columns). Bgaimma rhythms were best observed in
the same 9 bipolar electrodes mentioned above apittdd in Figures 3d and 3e. Further,
power in both gamma bands appeared to decreasagathcross the two elderly age-groups,

although the results were more prominent for fashiga.

3.3. Change in gamma power was negatively coricblatth age

To quantify this difference, we tested how gammeillasions correlated with age in
these electrode groups. We tested for anterolatandl posteromedial groups separately
(Figure 4 and Supplementary Figure 3 respectivélgy. Figure 4, out of the left and right
anterolateral groups, we chose that group whichrmagimum slow and fast gamma power
change summed together. Figures 4a and 4b show am@ange in spectrograms and PSDs
respectively for the three age-groups separatelynfles and females. These plots highlight
all the major results discussed later. First, [sbdv and fast gamma power reduced with age.
This was observed between young and elderly gr(hlpsk versus the other two traces), and
also within the two elderly sub-groups (dark amghiigray traces). Second, peak frequencies

of both slow and fast gamma reduced with age. Thilgha suppression (change in 8-12 Hz
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power from baseline) in the stimulus period was en@monounced in young versus elderly,

but there was no difference between the two eldrrbrgroups.

The first observation was also reflected in the iga@npower computed within the pre-
specified ranges (as shown in the bar plots showkigure 4c and 4d), but there were some
caveats. We computed the total power within a pesiied band by simply summing the
absolute power values within the band, which tylhychas larger contribution from lower
frequencies because the absolute power is largapaed to that in higher frequencies
within the band. This is not reflected in Figureldxrause it only shows the change in power
with respect to the baseline period. Consequeiiftl{he traces are overlapping at lower
frequencies within the band and diverge at highegufencies, which was the case in the slow
gamma range for both males and females (Figuretddé)otal power in the band may not be
significantly different. In particular, for youngihales, the power at the start of the slow
gamma band (20-26 Hz) was slightly lower than tliery subgroups (Figure 4b, bottom
plot, black versus gray traces), but became highenigher frequencies within the slow
gamma band (28-34 Hz). However, because the alesptwver is higher between 20-26 Hz
than 28-34 Hz, the total slow gamma power was #ygtleaver for young females compared
to elderly (Figure 4c, black versus gray bars). SEhessues can be partially addressed by
changing the frequency range over gamma is complkeplendent on age and potentially
even across subjects), but then the results arendept on the level of customization of
ranges, which we wanted to minimize. We observatl younger subjects had significantly
more fast but not slow gamma than elderly subjéets-way ANOVA with age-group (20-
49 and >49 years) and sex as factb(&,271)=1.3/35.6, p=0.2/7.6*I0for slow/fast gamma
across age-groups). Also, females had more slowastdjamma than males (same two-way

ANOVA, F(1,271)=4.7/37.9, p=0.03/2.5*2dor slow/fast gamma).
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Among the elderly subjects, visual inspection cdrgdie in spectrograms and spectra
revealed that both slow and fast gamma power wsssitesubjects of >64 years age-group
compared to 50-64 years age-group. This trend Vgasnaticeable in the bar plots in Figures
4c and 4d for both genders. As before, it was Sgant only for fast gamma (two-way
ANOVA with age-group (50-64 and >64 years) and @genas factorsF(1,224)=2.4/11.4,
p=0.12/8.4*10" for slow/fast gamma across age-group). Femaleshigtter slow and fast
gamma compared to males (same two-way ANOY,,224)=7.4/21.7, p=0.007/5.4*£0
for slow/fast gamma across gender). We further tfiioh this observation by regressing
change in slow and fast gamma power across aggegispéots in Figures 4c and 4d). When
the regression was done separately for males andlds, the slopes were always negative
(males: p=-0.008/-0.018 and female$=-0.018/-0.016 for slow/fast gamma) but did not
reach significance except for fast gamma in elderdes (p=2.4*10). When we pooled data
across both genders, the results were signifidareat regressior=-0.02,R*=0.02, p=0.022
and p=-0.02, R*=0.08, p=1.4*10 for slow and fast gamma respectively). These satid
not differ when we included power in baseline perio the linear regression mod@hg.=-
0.017,Beaseinepower0-024,R?=0.02, p=0.021 for slow gamma afighe=-0.022, Paaseinepowsr-
0.11,R?=0.08, p=1.4*1C for fast gamma). Partial correlation of stimulaskiced change in
power with age and baseline absolute power indicttat the effect of age on change in
power was significant (rho=-0.15, p=0.02 and rho270Qp=2.9*1@ for slow and fast gamma
respectively) but not the effect of baseline po@er0.05 for both gamma). Similar, albeit
weaker results were observed in the posteromed@ipgof electrodes for slow gamma
(Supplementary Figure 3c; linear regressipr;0.016, R°=0.02, p=0.04) as well as fast

gamma (Supplementary Figure $&-0.02,R?=0.04, p=0.001).
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3.4. Center frequency of slow and fast gamma wgathely correlated with age

Gamma peak center frequency was shown to decredBeage in an age group
between 8-45 years (Gaetz et al., 2012; Muthukusmamy et al., 2010). This was observed
in our data as well as noted above. To examinehla@ge in center frequency of slow and
fast gamma rhythms in elderly in more detail, wetteld the change in power spectra
(frequencies mentioned on abscissa) vs age (omaig]iarranged in increasing order from
top to bottom) of all 227 elderly subjects, sepaaffor anterolateral (left column) and
posteromedial (right column) group of electrodeap{@ementary Figure 4a). We defined
center frequency for each gamma as the frequemtyhtid maximum change in power in the
frequency range of that gamma, provided the tdtahge in power in that gamma band was
greater than our threshold of 0.5 dB (representedittles and triangles for slow and fast
gamma in Supplementary Figure 4a; number of subjeaving slow and fast gamma power
change above this threshold is mentioned in Fig)ra~igure 5 shows the same result as
scatter plots of center frequencies of slow (leftumn) and fast gamma (right column)
plotted against the age of the subjects for ardéemdl group of electrodes. Solid line in
Figure 5 indicates regression fit of center freques against age, showing a decreasing trend
which was significant for both slow and fast gam(limeear regression for center frequency vs
age: p=-0.08, R?*=0.04, p=0.008 for slow gamma afe-0.16, R?=0.06, p=0.008 for fast
gamma). Similar, albeit weaker results were obskryer the posteromedial group
(Supplementary Figure 4b; fast gamnia:0.17, R*=0.06, p=0.008; slow gamm@=-0.06,
R*=0.02, p=0.052). Note that because our analysis dae over 500 ms of data, the
frequency resolution was 2 Hz, which limited ouiligbto observe small shifts in the peak

frequency.
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3.5. Frequency of peak alpha suppression redudidage in elderly subjects, but not change

in alpha power

We noticed prominent alpha suppression for yourgewell as elderly subjects, as
noted above. Alpha suppression was stronger in g@uisubjects compared to elderly
subjects (data for anterolateral group is showirigure 6a; two-way ANOVA with age-
groups (20-49 and >49 years) and gender as fadt(t271)=33.2, p=2.2*18 across age-
groups), but did not differ significantly betweernglers F(1,271)=0.5, p=0.49 across
gender). To rule out the potential contributionbafseline absolute alpha power to these
results, we performed two-way ANOVA of alpha sumgsien with age-groups as a
categorical variable and baseline absolute alphaepas a continuous variable. While
baseline absolute power proved to be a signifidantor as expectedF(1,271)=49.5,
p=1.6*10"%, we found that age-group (younger or elderlypaisd a significant effect on

alpha suppressiofr(1,271)=27.7, p=2.8*10).

Amongst elderly subjects however, alpha suppresditmot differ across age-groups
(50-64 and >64 years) and gender (two-way ANOVAQ.p5 for both age-group and
gender). We further confirmed this observation bgressing alpha suppression across age
for all the elderly subjects (scatter plot in Figa). Alpha suppression was not significantly
correlated with age for either gender or for daial@d across genders (p>0.05 for all cases).
Performing partial correlation of alpha suppressigiin age and baseline absolute power did
not improve the trends we described above for Boplly, the trends were not qualitatively
different when we repeated the analysis for theguomedial group of electrodes. This is

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

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

previous studies have shown that alpha peak freyusrduces with age (see for example,
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Ishii et al., 2017; Kropotov, 2016; and Figure 13dhoo et al., 2020). We interpret our
results with caution because we were left out witly 3 frequency points in the alpha range
(8, 10 and 12 Hz) due to the limited frequencyhatson (2 Hz) of our PSDs. We limited the
analysis to subjects for whom the alpha suppressas 0.5 dB or more (N=45 for 50-64
years age group, N=58 for >64 years), as done donnga analysis above. We found that
frequency of peak alpha suppression in anterolagdeatrodes was significantly smaller in
>64 years age-group (meantSEM: 10.38+0.12 Hz, N) <&8npared to 50-64 years age-
group (mean+SEM: 10.98+0.10 Hz, N=45). One-way ANONvealed significant effect of

age-group on frequency of peak alpha suppress$ith101)=5.7, p=0.02, data not shown).
Trends were qualitatively similar for posteromedjedup of electrodes. Therefore, in spite of
the poor frequency resolution, we found significesduction in alpha peak frequency with

age, consistent with previous studies.

3.6. Microsaccades and pupillary reactivity did cottribute to negative correlation between

change in gamma power and age

Next, we studied the potential contribution of eyevement (including
microsaccades) and pupillary diameter on our resklgure 7a shows mean eye-position for
each of the elderly age-groups in horizontal (tow)rand vertical (middle row) directions
(n=226, eye data was unavailable in one subjekribss represent SEM). Eye-position did
not vary in the two age-groups in either directibarther, we extracted microsaccades for
every analyzed trial for every subject in the tvge-@roups (see subsection 2.7 of Materials
and Methods). The two groups had comparable micoaske rates (0.80+0.05/s and
0.88+0.05/s). Figure 7b shows a scatter plot okpegocity versus maximum displacement

for each microsaccade (a plot called “main sequensee Engbert, 2006). These
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microsaccade clouds were highly overlapping fors¢héwo groups. Histograms of
microsaccade rate during -0.5 — 0.75 s of stimahset for both the elderly age-groups were
also highly overlapping (Figure 7a, bottom row}haugh we see a trend of slightly higher
microsaccade rate for subjects aged >64 years gexhpa 50-64 years age-group. We then
computed power after removing trials containing nosaccades (see subsection 2.7 of
Materials and Methods for details), and could gk the results in Figure 4: change in both
slow and fast gamma power decreased with age ignify (3=-0.02, R*=0.03, p=0.015 for

slow gamma anfl=-0.02,R?*=0.08, p=2.7*10 for fast gamma, Figure 7c).

We next tested if pupillary reactivity to stimulygsesentation affected change in
gamma power with age. We calculated mean coeffi@érariation (CV) of pupil diameter
across every analyzable trial for all 226 subjéetge data was unavailable in one subject).
We observed that mean CV decreased significantly age in the elderly subjects, possibly
because of senile miosis (Pearson correlation,.24;0p=3.5*1¢, Figure 7d top row).
However, neither slow nor fast gamma power varigth wnean CV of pupil diameter
(slow/fast: r=0.07/0.1, p=0.31/0.14 and r=0.09/04:20.19/0.06 for anterolateral (Figure 7d

middle and bottom rows) and posteromedial elecsaodspectively (data not shown)).

3.7. SSVEP power at 32 Hz was negatively correlafign age

Finally, we checked whether SSVEPs in the gammgearere affected by healthy
aging. Specifically, we tested 32-Hz SSVEPs elitibg gratings counter-phasing at 16 cps.
Figure 8a and 8b show change in power spectrogeatispectra respectively for males and
females separately for the two elderly and the geumge-groups for the anterolateral group
of electrodes, with same conventions as in Figure/éd saw clear peaks at 32 Hz in both

change in power spectrograms and PSDs. Insetgurd-Bb show a zoomed-in image of the
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respective change in PSDs to show the differenah@se peaks for the three age-groups.
Amongst the elderly age-groups, the mean SSVEPgehanpower was less in the >64 years
age-group compared to 50-64 years age-group inmnalbes and females. We regressed the
SSVEP power change with age (scatter plot in Fi@ardottom row, shown separately for
males and females). Change in SSVEP power at 3@edreased significantly with age for
both males and females separately (mglesd.17,R?=0.09, p=0.002 and female$=-0.18,
R*=0.08, p=0.007) as well as when the data were poateoss gender$%-0.19, R°=0.11,

p=1.4 X 10°, regression fit indicated by black line in bottoow of Figure 8c).

We repeated this analysis for posteromedial grduglextrodes and noticed similar
results (regression of change in 32 Hz SSVEP peemus age for malep=-0.16,R°=0.11,
p=0.0008, females$=-0.14, R?=0.06, p=0.02 and for data pooled across gerfe.17,
R’=0.11, p=1.5 X 10). We noticed this decrease of 32 Hz SSVEP powtr age also in the
mean scalp maps for all analyzable electrodes s@bsubjects in the three age-groups, as

depicted in Figure 8d.
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4. Discussion

We tested for age-dependent variation of stimuhdsiced change in power and
center frequency of narrow-band gamma oscillatiortsoth slow and fast gamma frequency
ranges in healthy elderly subjects aged 50-88 y&desobserved a decrease in power of both
slow and fast gamma oscillations with age, althotighdecrease in fast gamma was more
salient than slow gamma. On the other hand, levalpha suppression did not change with
age in elderly subjects. Finally, center frequentyoth gamma rhythms as well as alpha
suppression decreased with age in these subjestdhéke was no significant change in
baseline slow/fast gamma power, eye-position armlasaccade rate across age, we ruled out
the possibility that the age-related variationsgamma could be because of such factors.
Further, we also studied variation of 32 Hz SSVIEBRgr with age and observed a negative
correlation. We also analyzed these results intertaf younger subjects (aged 20-48) for

comparison.

As noted earlier, Gaetz et al (2012) had demorstratdecrease of center frequency
(and not power) of fast gamma with age in youngdgjects in MEG. We extended these
results to elderly subjects, in addition to conslely demonstrating, for the first time, a

decrease of both slow and fast gamma power with age

4.1. Baseline absolute alpha power and stimulugeied relative alpha suppression

Previous studies have suggested reduction in Inaselpha power in elderly subjects
compared to younger subjects (Babiloni et al., 208&o0, task-related modulation of alpha
power was seen to be reduced in older adults cadpar younger subjects (Vaden et al.,
2012). Our results were similar to these previoaports: baseline alpha power was

significantly higher in younger females versus gidéFigure 2b) and showed a decreasing
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trend with age in males (although not significafigure 2a). Similarly, stimulus-induced
alpha suppression was stronger for younger subjectpared to elderly subjects (Figure 6a).
This is notwithstanding the different recordingaaigms from previous studies: in our study,
baseline alpha was recorded during eyes-open (staitepposed to resting, eyes-closed state
in Babiloni and colleagues, (2006)) and alpha sesgion was measured during passive
fixation (as opposed to an active memory task ideraand colleagues (2012)). Among the
elderly subjects, however, neither baseline alpbwep (Figures 2a and 2b) nor alpha
suppression (Figure 6a) varied with age. Differesgults for alpha suppression versus
stimulus-induced change in gamma power (which dsae with age) in elderly subjects

suggest different biophysical mechanisms of thesdlations.

4.2. Baseline PSD slopes

Some authors have suggested that power-law ditib(1/f#, wherep is the PSD
slope) of brain electrical activity represents lofoend scale-free activity of brain that is
dependent on behavioral states (He, 2014; He et2@l0; Podvalny et al., 2015) and
cognitive abilities (Sheehan et al.,, 2018; Voytakak, 2015). Specifically, Voytek and
colleagues had suggested that flattening of PSIpeslanight be a hallmark of senile
physiological cognitive decline. In our study howgvwe did not notice any significant
correlation between baseline PSD slopes and afeeinnipolar reference scheme (as used
by Voytek and colleagues), especially for eldenpjscts. There are several reasons that
could have led to this discrepancy. First, we estisdd broadband slopes in the range of 16-44
Hz as opposed to 2-24 Hz (as in Voytek et al.)sT&ito avoid the contribution of baseline
alpha power (8-12 Hz), against which we were tgstior slopes (Figure 2d and

Supplementary Figure 2b). Second, the sample $i¥®ytek and colleagues was small (11
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young and 13 elderly) with a larger proportion emfales in the younger group (male:female
= 4:7 and 8:5 in young and elderly groups). Becdas®ales had steeper slopes than males
(Figure 2c), underrepresentation of females in dlterly group could have led to flatter
PSDs in their data. Finally, we found that PSD eomere correlated with baseline alpha
power (which was higher in younger versus eldetdy},there was no dependence of slope on
age when controlled for baseline alpha power (up@ugial correlation). Note that a similar
correlation of slopes with alpha power in human M&@l EEG as well as monkey ECoG

has also been reported by Muthukumaraswamy ang (21@18).

We note, however, that the PSDs did tend to bedtatier with age, albeit at a higher
frequency range (>50 Hz; Figure 2a and 2b), cosrsisvith the ECoG results of Voytek and
colleagues and consistent with the neural noisethgsis proposed by them. Further, our
“spontaneous activity” used for PSD computation wasing the fixation task itself, and
PSDs were computed using segments of 500 ms, negshthan the 2 second segments used
by Voytek and colleagues. Consequently, the frequeesolution was 4 times higher in the
study of Voytek and colleagues, which could hawkttethe identification of small changes
in slopes better than ours. Longer stimulus-freeckp (at least 2 seconds or more),
preferentially in both eyes closed and eyes opemnlitons are required to test whether the

flattening of PSD slope occurs at lower frequenasvell.

4.3. Possible confounds from ocular factors

Broadband induced gamma responses have been pdopmsee correlated with
occurrence of microsaccades (Yuval-Greenberg ,e2@0D8). However, in our previous study,
we did not note any effect of microsaccades omtateon tuning of narrow-band slow and

fast gamma oscillations in macaques (Murty etZ8118). Consistently, we did not find any
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effect of microsaccades on age-dependent decrdadevo and fast gamma power in this

study.

It is possible that retinal illuminance is reduacke to senile pupillary miosis, which
is indirectly reflected in the reduced pupillaryacévity to stimulus presentation across age
(Figure 7c). Other abnormalities of peripheral wisgystem like age-related increase in
density of crystalline lens, age-related maculayederation, etc. could have had affected our
results (Owsley, 2011). The subjects did not unale@r¢horough ophthalmic examination due
to time limitations. However, we argue that theutess presented here are likely due to
neurophysiological effects of aging on two grounBigst, in addition to a reduction in
gamma power, there is a reduction in gamma cergguéncy with age, which is harder to
explain based on the abnormalities listed aboveoi®® slow/fast gamma power was not
dependent on pupillary reactivity to stimulus (Fgy7d). Nonetheless, we observed that the
percentage of variance in the gamma power/frequen&§SVEP power explained by age is
very less. MaximunR® among all cases was 0.11 (for decrease in SSVERmMacross age
in posteromedial electrodes). Hence, we recogriiz¢ &ge is one of the many possible
factors that influence gamma power/frequency andatacompletely rule out the possibility

that any hidden physiological variables could hiaad contributed to this variance.

4.4. Possible mechanisms of age-related reducitmongmma frequency and change in power

It is suggested that gamma rhythms are generateddatory-inhibitory interactions
in the brain (Buzsaki and Wang, 2012). Such intevas could be influenced by many
factors, such as axonal length/diameter (affectixgnal conduction velocity, see Buzsaki et
al., 2013), myelination (Buzséki et al., 2013),ng&xpression of synaptic proteins related to

GABAergic mechanisms, etc. How such structural androscopic differences and
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maturation across aging influence gamma recorded scalp is unknown. Previous studies
in MEG had reported significant positive correlasabetween (fast) gamma frequency and
cortical thickness as well as volume of cuneus (fGa¢ al., 2012) and thickness of
pericalcarine area (Muthukumaraswamy et al.,, 20bhfgasured through structural MRI.
Further, (fast) gamma peak frequency has beemiymgicorrelated with brain GABA levels
(Edden et al.,, 2009; Muthukumaraswamy et al., 2008wever, such results failed
replication (Cousijn et al., 2014) and have beeswshto be confounded by age (Robson et
al., 2015) which stands as a common factor thaientes both macroscopic structure as well
as synaptic function. For example, age-relatededeses in cortical volume, thickness and/or
surface area were observed in various regionsebthin like precuneus, cuneus, lingual,
pericalcarine and lateral occipital areas of theiptal cortex (Lemaitre et al., 2012; Salat et
al., 2004; van Pelt et al., 2018). Similarly, syi@expression of certain proteins related to

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

Many non-neural factors have also been postulatednfluence gamma power
recorded at the sensor and scalp level, such aglitence between active cortex and
electrode (Butler et al., 2019). These authorscedtia strong negative correlation of change
in gamma power with skull thickness and showed tiehma peak frequency is more
immune to such morphological factors. Further, Seinmet al. (2018) observed that gamma
activity could be influenced by circulating gonadairmones. They suggested that such
influences cause differences in gamma activity ssnmenstrual cycle. While we did not
explicitly ask for menstrual history from our feraalolunteers (which is a limitation of our
study), most of them were aged above 55 years andehwere in the post-menopausal
period of life. Moreover, our results did not diffe’then we considered male and female
participants separately (Figures 4, 6 and 8). Hemeespeculate that age might have had

influenced gamma activity in our study independeinsex-hormonal factors. However, as
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described above, there could be a myriad of mesh@through which age could have had
influenced gamma activity in our study, which ar@i@llt to be delineated and hence remain

elusive and unanswered.

5. Conclusion

Our study throws light on various features of biasekpectra (like baseline alpha
power and its relation to PSD slopes) and specgsponses to Cartesian gratings (alpha
suppression, slow and fast gamma) in a large caidréalthy elderly. Our study could thus
act as normative for future gamma and SSVEP studidbe elderly age-group. Further,
based on observations in previous rodent studes#lino et al., 2016; for example, Verret
et al.,, 2012) as described before, some authore baggested a causative role of (fast)
gamma disruption in neurodegenerative disorderagafg such as AD (Palop and Mucke,
2016). Alternatively, our results suggest that ganmand SSVEPs suffer reduction in power
with age even in the absence of cognitive declinerestingly, such reduction in gamma
power with aging has also been observed in moeasa(Gaetz et al., 2020), suggesting that
this could be a generic phenomenon across diffénei areas. These studies taken together,
decrease in gamma/SSVEP power may represent angontiof healthy aging — preclinical
cognitive decline — dementia spectrum and may s harbinger to senile or pathological

cognitive decline, a hypothesis that needs to stedein future studies.
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Figure 1. Slow and fast gamma in an example elderly subject. a) Trial-averaged EEG
trace (' row, blue); time-frequency spectrograms of raw o2 row) and change in
power from baseline Brow); and change in power with time"(4ow) in alpha (8-12 Hz,
violet), slow (20-34 Hz, pink) and fast gamma (3%+bz, orange) bands averaged across 10
unipolar (left column) and 9 bipolar (right columelectrodes. Vertical dashed lines represent
actual stimulus duration (0-0.8 s, black) and pmeteed for analysis within stimulus duration
(0.25-0.75 s, red). Horizontal lines represent lresg-0.5-0 s, black) and stimulus (0.25-
0.75 s, red) analysis periods. White lines in gpgecams represent slow (solid) and fast
(dashed) gamma frequency ranges. b) Right ordiglatsvs raw power spectral densities
(PSDs, black traces) vs frequency in baseline éddtand stimulus (solid) periods averaged
across 10 unipolar electrodes (left column) andigblar (right column) electrodes; left
ordinate shows the same for change in PSD (in dBJ blue trace) in stimulus period from
baseline. Solid pink lines and dashed orange Inepsesent slow and fast gamma bands
respectively. ¢) Scalp maps showing 112 bipolactedeles (represented as disks). Color of
each disk represents change in slow (left) and(fagtt) gamma power. 9 electrodes used in

la and 1b (right column) are marked with dots.
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Figure 2. Basdline PSDs, slopes and alpha power. Baseline PSDs (averaged across 10
unipolar or 9 bipolar electrodes) for three agedgsoon a log-log scale for unipolar (left) and
bipolar (right) reference, plotted for males (2a)l &&males (2b). Thickness of traces indicate
SEM across subjects. Age-group limits and the nunadfbesubjects in the respective age-
groups are indicated on the left plot. c) Samena2a and 2b, but for males and females,
pooled across all age-groups. d) Mean baseline R&Dhree ranges of baseline absolute
alpha power (8-12 Hz, power ranges for respectigees indicated on the plots) pooled
across all age-groups. Thickness of traces and ersrmibdicate SEM across subjects and
number of subjects in respective alpha power rangekred bars on the abscissa indicate
alpha (8-12 Hz, violet), slow (20-34 Hz, pink) aagt gamma (36-66 Hz, orange) frequency

bands.

Figure 3. Slow and fast gamma in younger and elderly subjects. a) Scatter plot showing
change in slow (abscissa) and fast (ordinate) gamoneer. Dotted lines represent 0.5 dB
threshold. Points represent subjects with no gar(aagk blue), only slow gamma (light
blue), only fast gamma (green) and both gamma rhytlyellow) with change in power
above 0.5 dB threshold. b) Change in PSDs vs frequaveraged across subjects (numbers
denoted by n) as categorized in 3a. Thicknessaoet indicate SEM. Solid pink and dashed
lines represent slow and fast gamma ranges resplctc) Bar plot showing percentage of
subjects in three age-groups (marked by respectilars) categorized as in 3a. d) Schematic
showing placements of left and right anterolateaatl posteromedial group of bipolar
electrodes used for analysis on the scalp, asasajround (Gnd) and online reference (Ref)
electrodes. e) Average scalp maps of 112 bipokutreldes (disks) for three age-groups for
slow (top row) and fast (bottom row) gamma. Colbdisks represents change in respective

gamma power. Electrode groups represented as in 3d.
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Figure 4. Change in gamma power vs age for anterolateral group of electrodes. Mean
time-frequency change in power spectrograms (4a)change in power spectra vs frequency
(4b) for three age-groups separately for malesr@@p and females (bottom row). Thickness
of traces and numbers in 4b indicate SEM and nurbaubjects respectively. Solid and
dashed lines indicate slow and fast gamma frequearayes respectively. c) Left column: bar
plots showing mean change in slow gamma powerhi@et age-groups separately for males
and females. Number of subjects for respectivegagaps are indicated on top. Error bars
indicate SEM. Right column: scatter plot for changeslow gamma power vs age for all
elderly subjects (>49 years age-group, n=227) tedloseparately for males (in orange) and
females (in yellow). Orange, yellow and black sdiites indicate regression fits for males,
females and data pooled across gender respectipehplues of the regression fits are

indicated in respective colors. d) Same as in 4ddsfast gamma.

Figure 5. Center frequency of sow and fast gamma vs age for elderly subjects for
anterolateral group of electrodes. Scatter plots showing center frequency vs age ltw s
and fast gamma, for anterolateral electrodes,Hosé subjects who have change in power in
respective gamma range above 0.5 dB (humbers tedian the plots). Solid lines indicate

regression fits for center frequency vs age. peslor these fits are as indicated.

Figure 6. Changein alpha power vs age. a) Left column: bar plots showing mean change in
alpha power across anterolateral group of electréalethree age-groups separately for males
and females. Number of subjects for respectivegagaps are indicated at bottom. Right
column: scatter plot for change in alpha powergs far all elderly subjects (>49 years age-

group, n=227), plotted separately for males (imgeg and females (in yellow). Same format
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as in Figure 4c. b) Scalp maps for 112 electrodkskg) averaged across all subjects
separately for three age-groups. Color indicatesgé in alpha power for each electrode,

same format as in Figure 3e.

Figure 7. Eye position, microsaccades and pupillary reactivity across age for elderly
subjects. a) Eye-position in horizontal (top row) and veati¢middle row) directions; and
histogram showing microsaccade rate (bottom rovi)me (-0.5-0.75 s of stimulus onset) for
elderly subjects (n=226). Number of subjects inheage-group is indicated on top.
Thickness indicates SEM. b) Main sequence showiegkpvelocity and maximum
displacement of all microsaccades (humber indicateah) extracted for both elderly age-
groups. Average microsaccade rate (meantSEM) aaibssibjects for each elderly age-
group is also indicated. c) Scatter plot showingngfe in power vs age for slow (top row)
and fast (bottom row) gamma for all elderly sulgewith analyzable data after removal of
trials containing microsaccades. Solid lines intigagression fits. Numbers of subjects with
analyzable data in each age-group is indicatedopn d) Scatter plots for coefficient of
variation (CV) of pupil diameter vs age (top rowjange in slow (middle row) and fast
(bottom row) gamma power. Pearson correlation effts (r) and p-values are also

indicated.

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

frequency change in power spectrograms (8a) anaigehi power spectra vs frequency (8b)
for three age-groups separately for males (top @vd) females (bottom row). Thickness of
traces in 8b indicates SEM. Insets in 8b displagnzed-in images of respective main plots,

showing clear SSVEP peaks at 32 Hz. ¢) Top rowphats showing mean change in SSVEP
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power for three age-groups separately for malesfamdles; Numbers of subjects in each
age-group is indicated on top. Error bars indicEM. Bottom row: scatter plot for change
in SSVEP power vs age for all elderly subjects (3#&ars age-group, n=197), plotted
separately for males (in orange) and females (ilowg Orange, yellow and black solid lines
indicate regression fits for males, females ana geioled across gender respectively. p-
values of the regression fits are indicated in eeSpe colors. d) Scalp maps for 112
electrodes (disks) averaged across all subjectsatgy for three age-groups. Color indicates

change in SSVEP power at 32 Hz for each electrode.
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Supplementary figurelegends

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

power .

Scalp maps showing broadband (30-100 Hz) baselhs®late power (left column) for
unipolar (a) and bipolar (b) reference schemesiagesl across subjects separately for three
age-groups. Data for males and females plottedratgha (upper and lower rows). Right
column in each row represents p-values for evergtedde, for one-way ANOVA performed
over broadband baseline power across three agegreeparately for males and females.

Dark filled circles: p>0.01; red filled circles: p<01.

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

absolute alpha power

a) Bar plots showing mean slopes of baseline P8Dthfee age-groups separately for males
and females in 16-44 Hz range for unipolar (leftyl ipolar (right) reference. Error bars
indicate SEM. Numbers on top indicate number ofesttb. b) Scatter plot showing baseline
slopes in 16-44 Hz range vs alpha power, for uaip(eft) and bipolar (right) reference for
all 274 subjects used for analysis (227 elderly 4ngounger). Lines indicate regression fits.

Pearson correlation coefficients (r) and p-valuesadso indicated.

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

electrodes. Same format as in Figure 4.
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Supplementary Figure 4. Center frequency of slow and fast gamma for elderly subjects.

a) Change in power vs frequency for 227 elderlyjesttb arranged in ascending order of age.
Age for each subject is indicated on ordinate. €oépresents change in power in dB for

each frequency. Circles and triangles representecdrequency of slow and fast gamma

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

respective gamma range above 0.5 dB. Left and cdglimns show analysis for anterolateral

and posteromedial group of electrodes respectigl$catter plots showing center frequency
vs age for slow (top row) and fast (bottom row) gaanfor posteromedial electrodes, for

those subjects who have change in power in resfgegimma range above 0.5 dB (numbers
indicated on the plots). Solid lines in both (a§l #b) panels indicate regression fits for center

frequency vs age. p-values for these fits are @isarted in (b).
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