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Abstract 25 

Brain signals such as electroencephalogram (EEG) often show oscillations at various 26 

frequencies, which are represented as distinct “bumps” in the power spectral density (PSD) of 27 

these signals. In addition, the PSD also shows a distinct reduction in power with increasing 28 

frequency, which pertains to aperiodic activity and is often termed as the “1/f” component. 29 

While a change in periodic activity in brain signals with healthy aging and mental disorders 30 

has been reported, recent studies have shown a reduction in the slope of the aperiodic activity 31 

with these factors as well. However, these studies only analysed PSD slopes over a limited 32 

frequency range (<100 Hz). To test whether the PSD slope is affected over a wider frequency 33 

range with aging and mental disorder, we collected EEG data with high sampling rate (2500 34 

Hz) from a large population of elderly subjects (>49 years) who were healthy (N=217) or had 35 

mild cognitive impairment (MCI; N=11) or Alzheimer’s Disease (AD; N=5), and analysed 36 

the PSD slope till 800 Hz. Consistent with previous studies, the 1/f slope up to ~150 Hz 37 

reduced with healthy aging. Surprisingly, we found the opposite at higher frequencies (>200 38 

Hz): the slope increased with age. This result was observed in all electrodes, for both eyes 39 

open and eyes closed conditions, and for different reference schemes. Slopes were not 40 

significantly different in MCI/AD subjects compared to age and gender matched healthy 41 

controls. Overall, our results constrain the biophysical mechanisms that are reflected in the 42 

PSD slopes in healthy and pathological aging.   43 
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Significance Statement 44 

Aperiodic activity in the brain is characterized by measuring the slope of the power spectrum 45 

of brain signals. This slope has been shown to flatten with healthy aging, suggesting an 46 

increase in some sort of “neural noise”. However, this flattening has been observed only over 47 

a limited frequency range (<150 Hz). We found that at higher frequencies (>200 Hz), the 48 

opposite happens: the slope steepens with age. This occurs at all electrodes, irrespective of 49 

state and referencing techniques. However, the slope is unchanged in subjects with early 50 

Alzheimer’s Disease (AD) and their controls. Our results shed new light on the properties of 51 

neural noise and the neurophysiological processes affecting AD and the aperiodic activity. 52 
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Introduction 53 

Neural signals such as electroencephalography (EEG), magnetoencephalography (MEG), 54 

electrocorticography (ECoG) and local field potential (LFP) provide critical insights into the 55 

physiological processes underlying key aspects of human cognition and neurodevelopment. 56 

These signals often reveal oscillations at different frequencies, which are represented as 57 

“bumps” in the power spectral density (PSD), and have been extensively studied as an 58 

objective measure for cognitive phenotyping (Klimesch, 1999; Schutter and Knyazev, 2012), 59 

biomarkers for age (Başar, 2013; Murty et al., 2020) as well as neurological disorders 60 

(Newson and Thiagarajan, 2018; Murty et al., 2021). In addition, the aperiodic background 61 

activity in the signals, often known as the ‘1/f component’ or ‘scale-free activity’, is 62 

characterized by the slope or exponent of the PSD (on a log-log scale) in a specified 63 

frequency band  (He, 2014).  64 

The PSD slope has garnered interest in recent years, as has been shown to be one of the key 65 

features of signal variability (Ribeiro and Castelo-Branco, 2022) and has been related to 66 

N900 lexical prediction (Dave et al., 2018), working memory (Donoghue et al., 2020b), 67 

grammar learning (Cross et al., 2022), sleep changes (Bódizs et al., 2021), anaesthesia 68 

(Kreuzer et al., 2020) and EEG fingerprinting (Demuru and Fraschini, 2020). The slope has 69 

been suggested to depend on multiple factors that include excitation-inhibition balance 70 

(Freeman and Zhai, 2009; Gao et al., 2017), dendritic response to an input (Voytek and 71 

Knight, 2015), tissue properties (Bédard et al., 2006a), temporal dynamics of the synaptic 72 

processes triggered by Poisson spiking (Milstein et al., 2009) and ionic diffusion processes 73 

across the extracellular membrane (Bédard and Destexhe, 2009). More recently, it has been 74 

linked to the “neural noise” hypothesis ((Voytek et al., 2015); more details in the Discussion 75 

section). 76 
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 Change in aperiodic activity is suggested to be a plausible biomarker for some neurological 77 

and psychiatric diseases like schizophrenia (Molina et al., 2020), attention deficit 78 

hyperactivity disorder (ADHD; (Robertson et al., 2019; Ostlund et al., 2021)) and Fragile X 79 

Syndrome (Wilkinson and Nelson, 2021), although the aperiodic activity was unchanged in 80 

other diseases such as Alzheimer’s Disease (AD) (Benwell et al., 2020; Springer et al., 2022). 81 

Recently, reduction in the slope with increasing age has been observed across several studies 82 

under different task paradigms (Voytek et al., 2015; Dave et al., 2018; Tran et al., 2020) or 83 

even in resting state conditions (Thuwal et al., 2021; Hill et al., 2022; Merkin et al., 2023). 84 

However, slope analysis in these studies has been restricted to frequency ranges below 125 85 

Hz, with most of them only up to 50 Hz. Indeed, very few reports have studied the PSD 86 

slopes in EEG at frequencies above 150 Hz (Dehghani et al., 2010; Moffett et al., 2017), but 87 

the effect of aging or mental disorder on the PSD slopes at these frequencies is unknown. 88 

However, the oscillations in high frequency range (300-500 Hz) also exhibit age dependant 89 

changes (Hume et al., 1982; Tanosaki et al., 1999), which prompted us to investigate the 90 

aperiodic activity in these frequency ranges. 91 

In this study, we explored aperiodic activity in the resting state EEG activity up to 800 Hz in 92 

healthy elderly subjects aged 50-88 years. We analysed the slopes in both eyes open and eyes 93 

closed states. Eyes closed state enabled us to minimize potential electromyography (EMG) 94 

artifacts that could be present in eyes open state. We further examined the dependence of 95 

slopes on the reference schemes. Finally, we compared the slopes in subjects with mild 96 

cognitive impairment (MCI) and early AD with their age and gender matched healthy 97 

controls.   98 
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Materials and Methods 99 

The details of experimental setup and data collection have been explained in detail in 100 

previous studies (Murty et al., 2020, 2021; Kumar et al., 2022); here, we summarize them 101 

briefly. 102 

Dataset 103 

We used the EEG dataset collected from 257 human subjects (109 females) aged 50-88 years 104 

(Murty et al., 2020, 2021) under Tata Longitudinal Study of Aging (TLSA) who were 105 

recruited from the urban communities of Bengaluru, Karnataka, India. They were clinically 106 

diagnosed by psychiatrists, psychologists and neurologists at National Institute of Mental 107 

Health and Neurosciences (NIMHANS), and M.S. Ramaiah Hospital, Bengaluru as 108 

cognitively healthy (N = 236), or with MCI (N = 15) or AD (N = 6), using a combination of 109 

tests such as Clinical Dementia Rating scale (CDR), Addenbrook’s Cognitive Examination-110 

III (ACE-III), and Hindi Mental State Examination (HMSE). Diagnosis of all MCI/AD 111 

subjects was reviewed by a panel of four experts who reclassified two MCI subjects as 112 

healthy. Data from these two subjects were not taken for analyses. Further, 11 (10 healthy 113 

and 1 MCI) subjects were discarded due to noise (See Artifact Rejection subsection). One 114 

AD patient was further discarded as there was no age and gender matched control. We further 115 

discarded another 10 subjects (9 healthy and 1 MCI) for whom data was collected using 32 116 

channels, leading to the usable 64-channel data of 233 subjects (217 healthy, 11 MCI and 5 117 

AD). The eyes closed data (see the next subsection) was not collected from 16 subjects (13 118 

healthy, 2 MCI and 1 AD) leading to a slightly smaller dataset for eyes closed condition. 119 
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Informed consent was obtained from the participants of the study and monetary compensation 120 

was provided. All the procedures were approved by The Institute Human Ethics Committees 121 

of Indian Institute of Science, NIMHANS, and M.S. Ramaiah Hospital, Bengaluru. 122 

Experimental Settings and Behavioural task 123 

Briefly, EEG was recorded from 64-channel active electrodes (actiCap) using BrainAmp DC 124 

EEG acquisition system (Brain Products GMbH). The electrodes were placed according to 125 

the international 10–10 system, referenced online at FCz. Raw signals were filtered online 126 

between 0.016 Hz (first-order filter) and 1 kHz (fifth-order Butterworth filter), sampled at 2.5 127 

kHz, and digitized at 16-bit resolution (0.1 μV/bit). The subjects were asked to sit in a dark 128 

room in front of a gamma corrected LCD monitor (BenQ XL2411; dimensions: 20.92 × 129 

11.77 inches; resolution: 1280 × 720 pixels; refresh rate: 100 Hz) with their heads supported 130 

by a chin rest. It was placed at (mean ± SD) 58 ± 0.7 cm from the subjects (range: 54.9–61.0 131 

cm) and subtended 52° × 30° of visual field for full screen gratings. Eye position was 132 

monitored using EyeLink 1000 (SR Research Ltd), sampled at 500 Hz. 133 

In the beginning of the experiment, the resting state EEG for the eyes closed condition was 134 

collected for 1-2 minutes. Then, the subjects performed a passive visual fixation task, 135 

including the full screen grating stimuli. The task consisted of a single session that lasted for 136 

~20 min, divided in 2–3 blocks with 3–5 min breaks in between, according to subjects’ 137 

comfort. Every trial started with the onset of a fixation spot (0.1°) shown at the centre of the 138 

screen, on which they were instructed to fixate. After an initial blank period of 1000 ms, 2–3 139 

full screen grating stimuli were presented for 800 ms with an interstimulus interval of 700 ms 140 

using a customized software running on MAC OS. The stimuli were full contrast sinusoidal 141 

luminance achromatic gratings with either of the 3 spatial frequencies (1, 2, and 4 cycles per 142 

degree (cpd)) and 4 orientations (0°, 45°, 90°, and 135°). Our analyses were restricted to 500 143 
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ms of the interstimulus period before the onset of the stimulus, referred as the baseline period 144 

in the previous studies (Murty et al., 2020, 2021). We refer to it as “eyes open” condition. 145 

 146 

Artifact Rejection  147 

For eyes open data, we used the artifact rejection framework as described in (Murty et al., 148 

2020, 2021; Murty and Ray, 2022) and the steps are summarised here. 149 

(a) Eye-blinks or change in eye position outside a 5° fixation window during −0.5 s to 0.75 s 150 

from stimulus onset were noted as fixation breaks and removed offline. This led to a 151 

rejection of 14.6 ± 2.8% (mean ± SD) repeats.  152 

(b) All the electrodes with impedance >25 kΩ were rejected. Impedance of final set of 153 

electrodes was (mean � SD) 5.48 � 1.83 kΩ.  154 

(c) In the remaining electrodes, outliers were detected as repeats with deviation from the 155 

mean signal in (i) time or (ii) frequency domains by more than 6 standard deviations, and 156 

subsequently electrodes with more than 30% outliers were discarded.  157 

(d) Further, repeats that were deemed bad in the visual electrodes (P3, P1, P2, PO3, POz, 158 

PO4, O1, Oz and O2) or in more than 10% of the other electrodes were considered bad, 159 

eventually yielding a set of common bad repeats for each subject. 160 

 Overall, this led us to reject (mean ± SD) 15.58 ± 5.48% repeats.  161 

(e) We computed slopes for the power spectrum between 56 Hz and 84 Hz range for each 162 

unipolar electrode and rejected electrodes whose slopes were less than 0.  163 

Overall, it led to a rejection of (19.45 � 14.64%) electrodes.  164 
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(f) We found that a small fraction of electrodes/stimulus repeats had either very small or very 165 

large signals that were not getting discarded using the pipeline above. Therefore, in 166 

addition to the artifact detection pipeline that was used in the previous studies, for each 167 

electrode, we computed the root mean square value (RMS) of the time series for all the 168 

remaining trials (after removing common bad repeats using the above criteria), and 169 

declared repeats having RMS values lower than 1.25 µV or higher than 35 µV as new 170 

outliers. We then rejected the electrodes that had more than 30% new outliers. Further, 171 

any new outlier if it belonged to the visual electrodes or was common in more than 10% 172 

of other electrodes was considered a bad repeat and appended to the existing list of bad 173 

repeats.  174 

This led to rejection of additional 1.24 � 1.72 electrodes and 0.16 � 1.05% repeats. This 175 

condition was added mainly to improve power spectral density (PSD) plots unlike the 176 

previous studies (Murty et al., 2020, 2021; Kumar et al., 2022) that dealt mainly with 177 

change in power. The main results remained similar even without applying this new 178 

criterion. 179 

(g) We further discarded the blocks which did not have at least a single good unipolar 180 

electrode in the left visual anterolateral (P3, P1, PO3, O1), right visual anterolateral (P2, 181 

P4, PO4, O2) and posteromedial (POz, Oz) electrode groups. We then pooled data across 182 

all good blocks for every subject separately for final analysis. 183 

Those subjects who did not have any analyzable blocks (10/237 healthy and 1/15 MCI) 184 

were discarded for further analysis. 185 

The eyes closed EEG data was segmented into non-overlapping 2s epochs, resulting in a 186 

higher resolution of 0.5 Hz. Each segment was then treated as a “stimulus repeat” and 187 

subjected to the same artifact rejection pipeline as the eyes open data, with minor changes as 188 
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described below. We only considered subjects who were deemed good for the eyes open 189 

condition. Then, we started with step (b) above, yielding the average impedance of 5.47  190 

� 1.77 kΩ. We then applied the RMS criteria in place of deviation from mean signal in time 191 

domain in (c). Since, we were applying RMS criteria at an initial step on the raw data 192 

containing the outliers, we had to increase the lower cut off to 2.5 µV and keep the upper cut 193 

off same. We repeated the remaining steps for artifact rejection done for eyes open from c (ii) 194 

– (e), i.e., detection of outliers from standard deviation in frequency domain to rejection of 195 

electrodes with slopes less than 0 as described above. It led to exclusion of (3.11% � 4.87%) 196 

repeats and (18.86% � 13.10%) electrodes. No additional subject was rejected when we 197 

applied the criteria in (g) for eyes closed data. 198 

After discarding all the bad repeats, (293.42 � 67.22) and (39.35 � 7.75) repeats were 199 

available for eyes open and eyes closed conditions, respectively. 200 

EEG Data Analysis 201 

Our primary emphasis was to characterize slope of the aperiodic activity in the PSD as a 202 

function of age within the elderly population (>49 years), for which we divided these subjects 203 

into two groups: 50–64 years (Mid) and >64 years (Old), as depicted in Table 1. We also 204 

compared the slopes in subjects with AD/MCI (termed “cases”) with their healthy, age and 205 

gender matched controls. As in our previous studies (Murty et al., 2021; Kumar and Ray, 206 

2023), for each case, we averaged the relevant metrics for all age (� 1 year) and gender 207 

matched controls to yield a single control data point for each case, yielding 16 (13) pairs for 208 

eyes open (eyes closed) analyses (Table 1). 209 

All the data analyses were done using custom codes written in MATLAB (MathWorks. Inc; 210 

RRID:SCR_001622). Similar to the previous studies (Murty et al., 2020, 2021; Kumar et al., 211 
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2022) on this dataset, we chose [−500 0] ms as the eyes open period, yielding a resolution of 212 

2 Hz. The analyses were performed using unipolar reference scheme, unless otherwise 213 

specified. Power spectrum was obtained using the Chronux Toolbox ((Bokil et al., 2010), 214 

RRID:SCR_005547) for individual trials and then averaged across the trials for each 215 

electrode. 216 

Slope Analysis 217 

The slope of the 1/f aperiodic component of the spectral distribution was computed using the 218 

Matlab wrapper for Fitting Oscillations and One Over f (FOOOF) toolbox (Donoghue et al., 219 

2020b). In FOOOF, the power spectrum P(f) for frequency f is modelled as a combination of 220 

aperiodic AP(f) and oscillatory components and can be expressed as: 221 

�
�� � ��
�� � � ��
��
�

. 

 The AP(f) is given by  222 

��
�� � 10���� ,  

where � is the exponent or ‘slope’ and b is the offset. Each oscillatory contribution ��
�� is 223 

modelled as a Gaussian peak: 224 

�� 
�� � �� exp �� 
� � ����

2 �
�

! ,  

with �� as the peak height, �� as the centre frequency and  � as the width of each 225 

component. The settings chosen for FOOOF model parameters were: peak width limits: [4 8] 226 

for eyes open and [1 8] for eyes closed (different values were used to account for differences 227 
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in frequency resolution in the two datasets); maximum number of peaks: 5; minimum peak 228 

height: 0.2; peak threshold: 2.0; and aperiodic mode: ‘fixed’.  229 

In our data, peaks in the PSD were only evident in the alpha range (8-12 Hz) and line noise 230 

(50 Hz) and its harmonics. By taking a frequency range which did not include these 231 

oscillatory frequencies (or by not considering these frequencies for analysis), the slope  can 232 

also be estimated by simply fitting a straight line to log(P(f)) versus log(f) plot, as done in a 233 

previous study (Shirhatti et al., 2016). We employed least square minimization using the 234 

program fminsearch in Matlab to obtain the slope, which gave similar results to the slopes 235 

estimated using FOOOF.  236 

Since the slope does not remain constant throughout the full frequency range (Shirhatti et al., 237 

2016), we fitted the PSD segments in frequency ranges from 4 to 1000 Hz in steps of 20 Hz 238 

with centre frequency between 40 Hz and 960 Hz, having the frequency width of 100 Hz. The 239 

PSD segments with the lowest and highest centre frequencies had slightly smaller frequency 240 

range width owing to frequency limit of 4-1000 Hz. We also fitted a single slope in the low 241 

frequency range (LFR) (64-140 Hz) and the high frequency range (HFR) (230-430 Hz) to 242 

verify that the trend in slope is not attributable to a particular frequency range width and 243 

length of PSD segments. Note that FOOOF has a limitation that if the frequency range to be 244 

fitted has peaks at its ends, the evaluated slope is inappropriate (Gerster et al., 2022). To 245 

overcome this limitation, we declared �4 "# around the peaks corresponding to the line 246 

noise at 50 Hz and its harmonics as “noise peaks”, and avoided frequency ranges for which 247 

these noise peaks lay near their end points. We also did not use slopes that were less than 248 

0.01, which may be due to poor fitting.  249 

Linear Regression 250 
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The slope was modelled to vary linearly with age. We used fitlm function in Matlab that 251 

generates the model parameters $1, $2 corresponding to % � $1 � $2 & ', R-squared ((�� 252 

and p-value using t-statistics. 253 

Electrode Grouping 254 

Scalp maps were generated using the topoplot function of EEGLAB toolbox ((Delorme and 255 

Makeig, 2004), RRID:SCR_007292) with standard Acticap 64 unipolar montage of the 256 

channels. We divided the electrodes into 5 groups as occipital (O1, Oz, O2, PO3, PO4, PO7, 257 

PO8, PO9, PO10, POz), centro-parietal (CP1, CP2, CP3, CP4, CP5, CP6, CPz, P1, P2, P3, 258 

P4, P5, P6, P7, P8, Pz), fronto-central (FC1, FC2, FC3, FC4, FC5, FC6, C1, C2, C3, C4, C5, 259 

C6, Cz), frontal (Fp1, Fp2, F1, F2, F3, F4, F5, F6, F7, F8, Fz, AF3, AF4, AF7, AF8) and 260 

temporal (T7, T8, TP7, TP8, TP9, TP10, FT7, FT8, FT9, FT10). FCz and Fpz were used as 261 

the reference and the ground respectively. In our previous studies (Murty et al., 2020, 2021; 262 

Kumar et al., 2022), power analysis was done on electrodes for which strong gamma power 263 

was observed (P3, P1, P2, PO3, POz, PO4, O1, Oz and O2), which were termed as “high 264 

priority” electrodes. We performed slope analysis on this group as well. 265 

Statistical Analysis  266 

The statistical analysis was done for slope comparison. Kruskal-Wallis (K-W) test, Wilcoxon 267 

rank sum (WRS) test were used to compare the medians across groups. The standard error of 268 

median (SEM) was computed after bootstrapping over 10,000 iterations. 269 

To remove false alarms created by low p-values at certain frequencies, we applied cluster 270 

correction (Cohen, 2014). We used bwconncomp function of Image Processing toolbox in 271 

matlab to identify the frequency clusters having p-values less than 0.05 and 0.01. We called a 272 

cluster significant if at least three consecutive frequency bins were significant. 273 
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Data and Code Availability  274 

All spectral analyses were performed using Chronux toolbox (version 2.10), available at 275 

http://chronux.org. Slopes were obtained using matlab wrapper for FOOOF 276 

(https://github.com/fooof-tools/fooof_mat). Raw data will be made available to readers upon 277 

reasonable request and made publicly available at a later time.  278 
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Results 279 

We examined EEG data for 237 healthy adults aged between 50 and 88 years, grouped as 280 

Mid (50-64 years; N=90) and Old (>64 years; N=127). The subjects sat with their eyes closed 281 

for 1-2 minutes before performing a fixation task in which full-screen gratings were 282 

presented for 800 ms with an inter-stimulus interval of 700 ms. We computed the PSD of 500 283 

ms segments of data during interstimulus period to get the “eyes open” condition, yielding a 284 

frequency resolution of 2 Hz. To overcome the plausible electromyography (EMG) artifacts 285 

in eyes open state, we also analysed the eyes closed data with segments of 2 s each, which 286 

yielded a higher resolution of 0.5 Hz. We computed the slopes using Matlab wrapper for 287 

Fitting Oscillations and One Over f (FOOOF) toolbox (Donoghue et al., 2020b), in steps of 288 

20 Hz between 4 and 1000 Hz with centre frequencies from 40 Hz to 960 Hz by taking PSD 289 

segments of � 50 Hz around each centre frequency. The first and the last PSD segments were 290 

slightly smaller owing to frequency limit of 4-1000 Hz.  Slopes less than 0.01 were not 291 

considered for analysis. (See materials and methods). We have shown the PSDs and slopes up 292 

to 800 Hz to avoid the influence of filter roll off caused by a fifth order Butterworth filter at 293 

1000 Hz. 294 

Slopes vary differently with age in low and high frequency regimes 295 

Figure 1A shows the median PSDs and slopes with frequencies for the mid and old groups for 296 

the eyes open condition for the “high-priority” electrode group (see Methods for details). 297 

Like the slope variation in LFP data in monkeys (Shirhatti et al., 2016), for both age groups, 298 

slope was high initially due to the presence of oscillatory activities and decreased beyond ~60 299 

Hz until ~140 Hz. It then increased again after a “knee” at ~175 Hz (see bottom plot in Fig. 300 

1A). The PSDs flattened out for old subjects than mid aged subjects from ~50 Hz until ~140 301 

Hz, resulting in lower slopes for the former in the low frequency range (LFR) 64-140 Hz, as 302 
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highlighted by yellow boxes. This is in consensus with the results reported previously 303 

(Voytek et al., 2015; Merkin et al., 2023). However, beyond ~200 Hz the trend reversed and 304 

the PSDs for old subjects became steeper, resulting in steeper slopes beyond ~200 Hz up to 305 

~700 Hz. The high frequency range (HFR) at 230-430 Hz, marked in orange, highlights the 306 

prominent region of higher slopes for the old group.  307 

Since the frequency resolution for the eyes open condition was 2 Hz, and there could be some 308 

EMG activity related to maintenance of fixation, we also studied the slopes when eyes were 309 

closed for which longer segments of data were used to get a frequency resolution of 0.5 Hz 310 

(Fig. 1B). This condition revealed a more prominent alpha peak as compared to the eyes open 311 

condition, and also showed a well-known slowing of the alpha wave with aging (Scally et al., 312 

2018; Merkin et al., 2023), with the centre frequency reducing from 9.72�0.11 in mid to 313 

9.41�0.09 in old aged group (p=0.008, WRS test). Importantly, the flattening of slope in 314 

LFR and steepening in HFR with age was also observed in this dataset (Fig. 1B, bottom 315 

panel).  316 

To better quantify the factors that could lead to the change in PSDs, we first compared the 317 

change in PSD between mid and old groups by subtracting the log PSD plots for the two 318 

conditions shown in Figures 1A and 1B (and multiplying by 10 to get units of decibels; 319 

Figure 1C). Since power is subtracted on a log scale, it is simply the log of the ratio of 320 

powers, and therefore, represents the scaling factor that must be applied on the PSD for the 321 

mid group to obtain the PSD for the old group. This log ratio was negative (scaling factor <1) 322 

below ~50 Hz, and subsequently became positive with a peak between 100-200 Hz. This ratio 323 

was smaller for the eyes closed condition in the LFR but comparable in the HFR. 324 

We also considered an additive noise hypothesis in which noise was added to the signal 325 

obtained from the mid group to get the signal for the old group. If the noise at any frequency 326 
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is independent of the signal, the power is additive, such that the power of the required noise 327 

can be obtained by simply subtracting the PSDs but on a linear (rather than log as done in 328 

Fig. 1C) scale (Fig. 1D). This also yielded a shallow “bump” between 50 Hz – 500 Hz 329 

peaking at around ~100 Hz (values below ~50 Hz are negative due to a reduction of alpha 330 

and beta power with aging). As in Figure 1C, noise power was lower in LFR for eyes closed 331 

than eyes open condition, potentially reflecting some contribution of EMG which is 332 

prominent between 40-200 Hz (Muthukumaraswamy, 2013; McManus et al., 2020). 333 

However, this “noise” was comparable in HFR range for the two conditions.  334 

Age variation of slope in LFR and HFR is observed in all electrodes 335 

Next, we compared the slopes for different sensors, for which the electrodes were grouped in 336 

five categories as mentioned in Materials and Methods. Figure 2A shows the PSDs and 337 

slopes in all the electrode groups for eyes open condition. Interestingly, the PSD slopes 338 

varied considerably depending on electrode location over the entire frequency range. Figure 339 

2C shows the fitted slopes in LFR and HFR. In particular, in HFR, the slopes increased 340 

radially from the central area.  341 

In spite of the differences in absolute slope values, the difference in slope between old and 342 

mid aged groups showed consistent trends (Fig. 2B). The difference in slopes between old 343 

and mid groups in LFR (Fig. 2C; top plot) and HFR (Fig. 2C; bottom plot) were consistently 344 

negative and positive, respectively. The electrodes for which the differences were significant 345 

(p<0.05, Wilcoxon rank sum (WRS) test; red dots in Fig. 2C) were more concentrated in the 346 

posterior and occipital electrodes. Figure 2D shows the median value of the slopes in two age 347 

groups in LFR (top) and HFR (bottom), which were significantly different in all electrode 348 

groups (p-values are shown in the plots). The results were similar when the analysis was 349 

restricted to only males or females (data not shown). Similar analyses were performed for 350 
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eyes closed state as shown in Figure 3. The results in eyes closed state were similar to the 351 

eyes open state, although the differences in slopes between the age groups (Fig. 3C) were less 352 

prominent and only significant in the occipital area for HFR (Figs. 3C and D). 353 

Slope variation across electrodes is independent of the reference scheme 354 

In HFR, the slopes were lower for the central electrodes and increased across frontal, 355 

temporal and occipital areas (Figs. 2C and 3C; bottom panels). In our recording setup, the 356 

reference and ground electrodes were near the centre, and therefore, the radial increase in 357 

slopes in HFR could be due to an increase with the distance of the electrode from the 358 

reference electrode. To test the dependence of HFR slope on the reference scheme, we re-359 

referenced all signals using a bipolar referencing scheme in which each electrode was 360 

referenced with respect to a neighbouring electrode to yield a virtual bipolar electrode at the 361 

mid-point of the two electrodes, yielding 112 bipolar-referenced electrodes (for more details, 362 

see (Murty et al., 2020)). Figure 4 shows the same results as Figure 2C after computing the 363 

slopes for the bipolar signals. The results after bipolar referencing remained similar, thus, 364 

repudiating the variation across electrodes as an artifact, although the absolute slopes for 365 

bipolar reference scheme were slightly lower than unipolar reference scheme, as also shown 366 

previously (Shirhatti et al., 2016). 367 

Slopes do not vary between AD/MCI patients and their controls 368 

We compared the PSDs and slopes in AD/MCI subjects with their age and gender matched 369 

healthy controls. As in our previous studies (Murty et al., 2021; Kumar and Ray, 2023), we 370 

averaged the PSDs/slopes across all controls for a given case subject to match the number of 371 

cases and controls. Figure 5 shows the results for the eyes closed condition (N=13). The 372 

PSDs revealed a significant reduction in beta power (15-35 Hz) in cases compared to controls 373 

in all the electrode groups as reported in other studies (Ranasinghe et al., 2022). For example, 374 
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it reduced from 12.14�1.56 �*� and 11.18�1.32 �*� in controls to 5.83�1.16 �*� and 5.78 375 

�1.24 �*� in cases in occipital and temporal electrodes (p=0.0048 and 0.0066, WRS test), 376 

respectively. This reduction was observed in the eyes open condition also (N=16), although it 377 

did not reach significance (data not shown). However, there was no significant change in 378 

slopes between controls and cases in either LFR or HFR in either eyes open and eyes closed 379 

conditions (eyes closed: Fig. 5B-D), consistent with previous studies which also did not find 380 

any changes in PSD slope with MCI/AD (Benwell et al., 2020; Springer et al., 2022). 381 

Variation in slope with age is confirmed using regression analysis  382 

To confirm the variation in slope across subjects without grouping them in predefined groups, 383 

we regressed the slopes in the high priority electrode group with age (See Material and 384 

Methods for details) for the two frequency ranges and the two conditions, as shown in Figure 385 

6. Consistent with previous results, we observed a negative relationship in LFR (slope=-0.010 386 

for eyes open and -0.013 for eyes closed) and a positive relationship in HFR (slope=0.017 for 387 

eyes open and 0.016 for eyes closed). Interestingly, slope magnitude in HFR was higher than 388 

LFR, indicating a faster change of slope with age in HFR. Also, (� was higher in HFR (0.53 389 

eyes open, 0.46 eyes closed) than LFR (0.36 eyes open, 0.30 eyes closed). All the changes 390 

were significant (LFR: p=0.0007 eyes open, p=0.0001 eyes closed; HFR: p=0.0002 eyes 391 

open, p=0.0001 eyes closed). There was nearly equal distribution of AD/MCI cases, shown as 392 

pink dots, around the regression line indicating the indifference of their slopes with healthy 393 

subjects in both LFR and HFR for eyes open as well as eyes closed conditions. 394 

395 
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Discussion 396 

We investigated age and MCI/AD related changes in the resting state aperiodic activity by 397 

studying the variation in the slope of the PSD over a broad frequency range (up to 800 Hz). 398 

In a task where subjects maintained fixation on the screen while visual stimuli were presented 399 

(Murty et al., 2020, 2021), we computed the PSDs during the inter-stimulus interval period. 400 

Consistent with previous studies, PSD slope flattened with age up to ~150 Hz. However, the 401 

slope showed a surprising increase with age at frequencies beyond 200 Hz. This age-related 402 

distinct behaviour of slopes at low and high frequency ranges was observed in all sensors, 403 

although, the slopes varied with sensor location. These results were confirmed using another 404 

dataset from the same subjects when they sat quietly with their eyes closed, for which PSDs 405 

could be obtained at higher frequency resolution. This ruled out the possibility of potential 406 

EMG artifacts related to open eyes or poor frequency resolution in the eyes open data 407 

affecting our results. The results remained similar when we used a bipolar reference scheme 408 

instead of the original unipolar reference scheme. Further, although we observed a reduction 409 

in beta power in subjects with MCI or AD compared to their age and gender matched healthy 410 

controls, we did not find any significant change in slopes. 411 

Previous studies on PSD slope changes with age  412 

Voytek and colleagues first showed the reduction in the slope of the PSD in older (60-70 413 

years) participants compared to younger (20-30 years) in a visual working memory task 414 

(Voytek et al., 2015), which has now been confirmed in several studies involving a task 415 

paradigm (Dave et al., 2018; Tran et al., 2020; Ribeiro and Castelo-Branco, 2022) as well as 416 

in resting state data (Hill et al., 2022; Merkin et al., 2023). However, all these studies dealt 417 

with frequencies less than 120 Hz, for example, 2-24 Hz (Voytek et al., 2015), 2-20 Hz (Tran 418 

et al., 2020), 1-40 Hz (Hill et al., 2022) and 2-40 Hz (Merkin et al., 2023). In our data, PSDs 419 
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were largely overlapping up to ~50 Hz (Fig. 1), potentially because our analysis was limited 420 

to the elderly population between 50-90 years, as opposed to a wider gap in age groups in 421 

other studies (for example, 20-30 versus 60-70 in (Voytek et al., 2015) and 18-35 versus 50-422 

86 years in (Merkin et al., 2023)). We therefore chose a slightly higher frequency range of 423 

64-140 Hz (LFR) in which the PSD flattening could be easily observed in the PSDs, and 230-424 

430 Hz (HFR) in which steepening of PSD was easily noticed. 425 

Neural mechanisms underlying PSD slope changes 426 

Although precise generative mechanisms underlying aperiodic activity is unknown, a 427 

multitude of factors have been suggested to describe the slopes, that include tissue properties 428 

(Bédard et al., 2006a), self-organized criticality (SOC) (He et al., 2010; Chaudhuri et al., 429 

2018), filtering properties of dendrites and extracellular medium (Bédard et al., 2006b; 430 

Logothetis et al., 2007; Bédard and Destexhe, 2009) and excitation-inhibition (E/I) balance 431 

(Gao et al., 2017; Naskar et al., 2021). In addition, the PSD slopes depend on simple factors 432 

such as the reference scheme used for recording the data (Shirhatti et al., 2016). 433 

Recently, a “neural noise” hypothesis has been proposed to explain the reduction in the PSD 434 

slope, which is related with increased asynchronous background neuronal firing (Voytek et 435 

al., 2015) or an increase in E/I ratio (Gao et al., 2017). Specifically, Gao and colleagues 436 

developed a model in which Poisson distributed spikes arriving at excitatory and inhibitory 437 

neurons generated a change in excitatory and inhibitory conductance that were modelled as a 438 

difference-of-exponentials due to rise and decay time constants associated with AMPA and 439 

GABAA receptors. Both these conductance profiles produced a low-pass effect, but slower 440 

kinetics of GABAA caused a steeper roll-off with frequency compared to the AMPA 441 

conductance (see Fig. 1 of (Gao et al., 2017)). Consequently, reduction in inhibition (increase 442 

in E/I ratio), potentially due to dysfunctional inhibitory circuitry with aging, led to shallower 443 
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slopes. This hypothesis has been supported by experiments in which the PSD slope was 444 

modulated by administration of drugs that led to either increased inhibition (e. g., propofol) 445 

or increased excitation (ketamine)  (Gao et al., 2017; Lendner et al., 2020; Waschke et al., 446 

2021). Our results could be consistent with this hypothesis, provided we modify the 447 

characteristics of this neural noise, which was band-pass as shown in Figure 1D.  448 

Interestingly, surface EMG signals have energy between 40-200 Hz, peaking around ~100 449 

Hz, which could explain at least part of the slope changes in the LFR (Muthukumaraswamy, 450 

2013; McManus et al., 2020). On the other hand, this cannot explain the effect in steepening 451 

of the slope in HFR, since the noise was similar whether eyes were open or closed and 452 

occurred at a higher frequency range than EMG activity. Indeed, the noise need not be 453 

myogenic but instead generated by the brain. As the timescales of fundamental neural 454 

processes like synaptic neurotransmitter diffusion time and timing of spike propagation lie 455 

below 10 ms (Sabatini and Regehr, 1996; Shepherd, 2004), high frequency activity (>100 456 

Hz) contains a wealth of information about neural processing and integration. Hence, the 457 

increase in slope in old group in HFR  could be a reflection of age-related changes in these 458 

neural processes. In addition, it could be due to age-related alteration of physiological 459 

properties in brain tissue (Aalami et al., 2003; Lee and Kim, 2022), cortical thickness (Lillie 460 

et al., 2016) and skin conductance (Lim et al., 1996; Venables and Mitchell, 1996), which 461 

could determine the amplitude of this high-frequency signal measured from the scalp. 462 

Variation in PSDs slopes with frequency and electrode location 463 

The PSD slopes in our study varied considerably depending on the frequency range (Fig. 1), 464 

similar to what we observed in LFP data in a previous study (see Fig. 1 of (Shirhatti et al., 465 

2016)). We discuss some of these reasons below. 466 
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The initial high slope below 60 Hz as shown in Figures 1, 2, 3 and 5 may be due to the 467 

presence of the oscillatory activity that may have persisted even after accounting for the 468 

oscillatory power using FOOOF. The periodic activity in theta and alpha frequency range has 469 

been shown to be correlated with the aperiodic activity computed in the similar frequency 470 

range (Donoghue et al., 2020a). Also, researchers have stressed upon the need of removing 471 

the oscillations before computing the slopes indicating disruption of aperiodic activity in the 472 

low frequency ranges (Merkin et al., 2023). At lower frequencies, the slopes are also heavily 473 

dependent on the reference scheme (Shirhatti et al., 2016). 474 

The dip in slope between 100-200 Hz and subsequent increase beyond 200 Hz reflects the 475 

presence of a “knee” in the PSD. This “knee” has been observed in previous studies as well, 476 

albeit at a different frequency. Miller and colleagues (Miller et al., 2009) found a knee in 477 

their ECoG PSD at ~75 Hz and attributed it to post-synaptic potential current of a particular 478 

timescale. In our data, the knee was present at ~175 Hz in all the electrode groups except the 479 

frontal group (where it was at ~100 Hz) and was prominent in occipital and temporal regions. 480 

This resulted in a timescale of ~5ms, computed as 1/2,�����, ����� being the knee frequency. 481 

This timescale of ~5ms may be due to post-synaptic current, tissue low pass filter (Miller et 482 

al., 2009) or characteristic initial adaptation period of pyramidal neurons (Rauch et al., 2003). 483 

The surprising result of the dependence of the PSD slope on electrode location at high 484 

frequencies, which has been observed previously (Dehghani et al., 2010), could be due to 485 

inhomogeneity of skull thickness or conductivity (Law, 1993; McCann et al., 2019). Future 486 

measurement of regional conductivity and its relation to PSD slope would be helpful to shed 487 

light on this issue. 488 

PSD slope changes with neurological disorders 489 
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Previous studies have shown a reduction in low-frequency oscillatory activity as well as 490 

stimulus-induced gamma activity in MCI/AD subjects (Benwell et al., 2020; Murty et al., 491 

2021; Ranasinghe et al., 2022), which we also found in our dataset. Since neurological 492 

disorders are often associated with E/I imbalance (Lauterborn et al., 2021), and E/I ratio 493 

affects PSD slopes (Gao et al., 2017), we expected a change in PSD slope in MCI/AD 494 

subjects as well, but we found a null result. It could be due to a small sample size, although 495 

we found significant differences in power at both low-frequencies (Figure 5) and in the 496 

gamma band (Murty et al., 2021) with the same sample size. Further, this null result is 497 

consistent with previously documented MEG observations (Benwell et al., 2020; Springer et 498 

al., 2022). This suggests that the relationship between PSD slope and E/I balance could be 499 

complicated and dependent on other factors, as discussed above. Given that some other 500 

mental disorders have been shown to change the PSD slope (Molina et al., 2020), slope 501 

analysis could be used to distinguish between AD and other disorders. Future research related 502 

to how HFR slope varies with anaesthesia or other manipulations to change E/I balance will 503 

help elucidate its underlying mechanisms, and shed light on the neurobiology of aging in 504 

healthy and pathological brain.  505 
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Figures 749 

Figure 1: (A) PSDs (top) and slopes (bottom) for the two age groups in high priority 750 

electrodes in eyes open state. Solid traces represent the median and shaded region around 751 

them indicates �SEM across subjects, computed after bootstrapping over 10,000 iterations. 752 

The numbers in legend in the top panel represent the subjects in the respective age groups. 753 

Coloured bars at the abscissa in the bottom panel represent significance of differences of 754 

slopes between mid and old (black: p<0.05 and green: p<0.01, K-W test, Cluster Corrected 755 

(CC)). Yellow and orange boxes represent the LFR (64-140 Hz) and the HFR (230-430 Hz) 756 

respectively. (B) Same as (A) in eyes closed condition. (C) The median change in power 757 

between mid and old in decibels (dB) for eyes open (purple) and eyes closed (grey) 758 

conditions. (D) Median change in absolute power between mid and old for these two 759 

conditions. 760 

Figure 2. Variation of PSDs and slopes with frequency across the two age groups for 761 

different electrodes for the eyes open state. (A) PSDs and slopes across different electrode 762 

groups for mid and old age groups. The topoplot in the left bottom panel highlights the 763 

electrodes chosen for each electrode group. (B) PSDs and slopes between the age groups for 764 

each electrode group separately. Solid traces represent the median and shaded region around 765 

them indicates �SEM across subjects, computed after bootstrapping over 10,000 iterations. 766 

The numbers in legend in the top panel represent the subjects in the respective age groups. 767 

Coloured bars at the abscissa in the bottom panel represent significance of differences of 768 

slopes between mid and old (black: p<0.05 and green: p<0.01, K-W test (CC)). Yellow and 769 

orange boxes represent the LFR (64-140 Hz) and the HFR (230-430 Hz) respectively in (A) 770 

and (B). (C) Topoplot of the difference in slopes between old and mid age groups (left 771 

column), computed in LFR (top row) and HFR (bottom row), and the raw slope values in the 772 
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mid (central column) and old (right column) age groups. Electrodes with significant 773 

difference (p<0.05, WRS test) in slopes are highlighted in red in the left panel. (D) Bar plots 774 

showing median slopes for each electrode group for mid and old aged people for LFR and 775 

HFR, with error bars representing standard error of median (obtained using bootstrapping). 776 

The WRS test p-values are indicated at the top of the bar plots and the dots represent the 777 

slope for each subject. 778 

Figure 3. Variation of PSDs and slopes with frequency across the two age groups in 779 

various areas of brain for eyes closed state. Same as Figure 2 but for the eyes closed 780 

condition. 781 

 Figure 4. Same as Figure 2C but for bipolar reference scheme. 782 

Figure 5. Comparison of PSDs and slopes with frequency between controls and cases 783 

(AD/MCI) for eyes closed state. (A)-(C) are similar to Figure 2A-C. Since there were 784 

several controls per case, median PSDs/slopes across all controls for each case subject was 785 

used to match the numbers of cases and controls. (D) The bar plots show the median slope for 786 

each electrode group in LFR and HFR across controls and cases. Individual case and control 787 

pair are shown as connected white dots. The WRS test p-values are indicated on the top of the 788 

bar plots. 789 

Figure 6. Scatter plots showing the slopes in high priority electrodes for all subjects in 790 

LFR and HFR for baseline and eyes closed conditions. Blue dots represent healthy 791 

subjects while MCI and AD subjects are indicated using pink dots. The regression line is in 792 

red and the corresponding parameters obtained using regression analysis are shown in top 793 

right side of each subplot.  794 

  795 
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Tables 796 

 Mid 

(50-64 years) 

Old 

(>64 years) 

MCI AD 

Eyes open 90 (50) 127 (48) 11 (2) 5 (2) 

Eyes closed 82 (45) 122 (48) 9 (1) 4 (2) 

 797 

Table 1: Number of subjects in each group for the eyes open and eyes closed conditions. The 798 

numbers in parenthesis indicate the female subjects. 799 
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