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Age-related cognitive decline associations with human electroencephalography (EEG) have previously focused
on periodic activity. However, EEG primarily consists of non-oscillatory aperiodic activity, characterised with an
exponent and offset value. In a secondary analysis of a cohort of 111 healthy participants aged 17 — 71 years, we
examined the associations of the aperiodic exponent and offset in resting EEG with a battery of cognitive tests
consisting of the Colour-Word Interference Test, Wechsler Adult Intelligence Scale IV Digit Span Test, Rey
Auditory Learning Test, Delis-Kaplan Executive Function System Trail Making Test, and the Verbal Fluency Test.
Using Principal Component Analysis and K-Means Clustering, we identified clusters of electrodes that exhibited
similar aperiodic exponent and offset activity during resting-state eyes-closed EEG. Robust linear models were
then used to model how aperiodic activity interacted with age and their associations with performance during
each cognitive test. Offset by age interactions were identified for the Verbal Fluency Test, where smaller offsets
were associated with poorer performance in adults as early as 33 years of age. Greater aperiodic activity is
increasingly related to better verbal fluency performance with age in adulthood.

1. Introduction neural spiking rate, respectively (Donoghue et al., 2020; Gao et al.,

2017). Dynamic changes in the aperiodic activity of EEG can be due

Investigations into the electroencephalogram (EEG) have historically
focused on oscillatory activity across the power spectrum. However,
EEG predominantly consists of non-oscillatory (i.e., aperiodic) 1/f-like
patterns of activity (He, 2014). Once considered artifactual noise,
aperiodic activity is of neurophysiological significance and functionally
important (Brake et al., 2024; Donoghue et al., 2020). The exponent (the
slope of the EEG broadband) and offset (y-intercept of the EEG broad-
band) provide an indication of excitation: inhibition (E:I) balance and

variation in the input of various neural generators, integrity of the
signal-to-noise ratio, and task demand (Donoghue et al., 2022; Gao
et al., 2017, 2020; Miller et al., 2014, 2009). Variation in the exponent
and offset are predictors of task performance (Hohn et al., 2024; Immink
et al., 2021; Pathania et al., 2021) and age-related cognitive decline
(Finley et al., 2024; Tran et al., 2020; Voytek et al., 2015), and can be
considered biomarkers of brain disorders (Arnett et al., 2022; McKeown
et al., 2023).

Abbreviations: CWIT, Colour-Word Interference Test; DKEFS, Delis-Kaplan Executive Function System score; E:I, Excitation: inhibition; FFT, Fast Fourier
Transformation; IAPF, Individual alpha peak frequency; SRM, Stimulus-Selective Response Modulation; OLS, Ordinary least squares; PCA, Principal components
analysis; PSD, Power spectral density; RAVLT, Reys Adult Verbal Learning Test; SOBI, Second order blind identification; WAIS-IV DST, Wechsler Adult Intelligence

Scale IV Digit Span Test; VFT, Verbal Fluency Test.
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Aging is associated with wide-scale changes in aperiodic activity
reflecting non-pathological changes in neuronal networks (Finley et al.,
2024; Voytek et al., 2015). The exponent reduces with age, suggesting
increases in E:I balance, while the offset declines, likely reflecting
reduced neural firing (Clark et al., 2024; Finley et al., 2024; Merkin
et al., 2023; Voytek et al., 2015). Recently, this has been documented to
occur as early as 4 — 12 years of age (Hill et al., 2022). Aperiodic activity
also plays a role in maintaining cognitive function throughout life
(Pathania et al., 2022). Previous research shows that the exponent and
offset are negatively correlated with reaction time (Euler et al., 2024),
perceptual sensitivity (Immink et al., 2021), processing speed (Ouyang
et al., 2020), and selective attention performance (Waschke et al.,
2021). However, these associations do not appear across all ages or
tasks, suggesting that the relationship between aperiodic activity and
cognition varies with age and task (Cesnaite et al., 2023; Pei et al., 2023;
Waschke et al., 2021).

Recently, Euler et al. (2024) found no association between the
resting EEG aperiodic exponent and individual constructs of working
memory, perceptual reasoning, processing speed, and verbal compre-
hension from the Wechsler Adult Intelligence Scale (WAIS) subtests in
166 participants (18 — 52 years). However, combining the eight WAIS
subtests revealed that higher exponents were associated with greater
general ability. While Cesnaite et al. (2023) found no associations be-
tween aperiodic activity and cognitive performance in an older cohort
(n = 1703, 60 - 80 years), Smith et al. (2023) linked higher exponents
with better general cognitive function but not age (n = 86, 50 — 80
years). While these effects may vary by age and task, most studies focus
on limited age ranges, excluding early-life (Mage = 54.86, 36-83 years;
Finley et al., 2024), and including exclusively older cohorts (50-80
years; Cesnaite et al., 2023; Smith et al., 2023). To date, no studies have
examined associations between aperiodic activity, and cognitive ability
inclusively across early, mid, and late life.

We present a secondary exploratory analysis of resting-state EEG
from the Stimulus-Selective Response Modulation (SRM) project
(Hatlestad-Hall et al., 2022; Rygvold et al., 2022). This dataset consists
of resting-state EEG and performance measures during a battery of
neuropsychological tests from 111 healthy participants aged 17 — 71
years. Aperiodic activity was derived from resting EEG and cognitive
performance was derived from performance measures of a cognitive test
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battery consisting of a Colour-Word Interference Test, Wechsler Adult
Intelligence Scale IV Digit Span Test, Rey Auditory Learning Test,
Delis-Kaplan Executive Function System Trail Making Test, and a Verbal
Fluency Test. This dataset was chosen as the cognitive test battery covers
a broad range of cognitive processes. We hypothesise that lower aperi-
odic activity will be associated with lower scores in each cognitive test
and that these associations will strengthen as age increases.

2. Materials and methods
2.1. Code availability

The processes and properties of the original data are described in full
by Rygvold et al. (2021) and Hatlestad-Hall et al. (2022), with relevant
details for the current study described below. Processed data and scripts
for the current study are available at https://github.
com/MindSpaceLab/Aperiodic._ SRM_Cognition.

2.2. Participants

The original sample of 111 participants is available at OpenNeuro
(“OpenNeuro Dataset ds003775 (SRM Resting-state EEG)”; https://
openneuro.org/datasets/ds003775/versions/1.2.1; Hatlestad-Hall
et al., 2022). Participants were aged between 17 and 71 (mean age =
37.5, SD = 13.99; Fig. 1) and consisted of 68 females. All participants
were neurologically and psychiatrically healthy individuals (self--
reported) and were unmedicated. The Bond University Human Research
Ethics Committee approved our secondary analysis of this data
(approval number: DA202221102).

2.3. EEG acquisition

Full details on the experimental procedure can be found at Hatles-
tad-Hall et al. (2022) but are summarised here. Four minutes of
resting-state eyes-closed EEG data was collected towards the end of the
experimental protocol, approximately 45 min into the session after the
battery of neuropsychological tests using a 64-channel (Ag-AgCl elec-
trodes) BioSemi ActiveTwo system (BioSemi B.V., Amsterdam) arranged
according to the extended 10-20 system (10—10). EEG data was initially
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acquired with a sampling rate of 1024 Hz without online filtering. Four
external electrodes were used to detect eye movement. These consisted
of lateral, and inferior/superior to the right eye (LO1, LO2, 101, and
S02). Two electrodes were positioned on each earlobe for grounding
and referencing of the signal (locations Al and A2).

2.4. EEG preprocessing

The current study utilised the cleaned raw EEG data files provided by
Hatlestad-Hall et al. (2022). The initial preprocessing procedure con-
sisted of re-referencing to the average reference and an off-line anti--
aliasing filter applied, algorithmically detecting bad segments and
channels then removing them from the data, applying a high-pass filter
of 1 Hz, using ZapLine to remove power line noise, calculating inde-
pendent components with the second order blind identification (SOBI)
algorithm, implementing ICLabel (Delorme et al., 2024; Pion-Tonachini
et al., 2019) to subtract from the data the components that were
considered eye or muscle artifact with 85 % certainty, and applying a
low-pass filter of 45 Hz. A ‘strict’ data rejection procedure was imple-
mented and as a result, 64.1 % of the EEG data files retained > 90 % of
their channels, while 23.5 % retained 75-90 % of their channels.
Channels considered to be of poor quality were interpolated. After
preprocessing, continuous data was segmented into 4000 ms epochs
with no overlap.

Our secondary analysis was conducted in Python (v3.11.5). Our
secondary analysis begun by averaging the epochs to generate a single
4000 ms segment for calculation of power spectral densities (PSD). An
average of 54 + 3.37 epochs (range = 22 — 55) were included in PSD
calculations. We used a Fast Fourier Transformation (FFT; 2000 ms
Hamming window, 50 % overlap) to transform the data into the PSD
from 1 Hz to the Nyquist max. The aperiodic exponent and offset were
quantified from the PSD using the Specparam package (https://github.
com/fooof-tools/fooof; Donoghue et al., 2020). For each PSD we fit the
Specparam model between 1 and 40 Hz (peak width limits: 1.6 — 6; max
number of peaks: 8; minimum peak height:.05; peak threshold: 1.5 SD,
aperiodic mode: fixed) with a.25 Hz frequency resolution. Aperiodic
exponent and offset, as well as the parameterised periodic activity in the
alpha band (8 — 13 Hz) were extracted. Fitting of the Specparam model
performed excellently (mean R? across the scalp and across all partici-
pants =.98 + .005). No participants had fits < .9 R? in more than 50 %
of their channels nor extreme exponent or offset values (> 3 SD).
Retainment of parameterised alpha power was also excellent with
94.95 % of channels having retained a parameterised peak in the alpha
band.

2.5. Cognitive test battery

Participants in the study completed a battery of neuropsychological
tests consisting of: the Colour-Word Interference Test from the Delis-
Kaplan Executive Function System (D-KEFS), the Digit Span Test from
the Wechsler Adult Intelligence Scale-IV, the Rey Auditory Verbal
Learning Test, the Trail Making Test from the D-KEFS, and the Verbal
Fluency Test from the D-KEFS. Details of the variables and the partici-
pant performance of each test can be found in Hatlestad-Hall et al.
(2022). Outcomes measures for the tests consisted of time in seconds to
complete the tasks for the Colour-Word Interference Test and the Trail
Making Test, and total score for the Digit Span Test, Rey Auditory
Learning Test and Verbal Learning Test. A description of each neuro-
psychological test used in the original study by Hatlestad-Hall et al.
(2022) is detailed below, and the performance of the participants for
each cognitive test is presented in Table 1.

Delis-Kaplan Executive Function System Colour-Word Interference Test.
The D-KEFS Colour-Word Interference Test was used to assess reading
speed and executive functioning capabilities. Scores were quantified as
follows: 1) number of seconds elapsed before completion of the test’s
colour only condition (cw_1), 2) number of seconds elapsed before
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Table 1
Performance scores from each neuropsychological test of the cognitive test
battery.

Test Variable Mean + SD Range
RAVLT ravlt_1 84+22 4-14
ravlt 5 13.9+1.3 10-15
ravlt_tot 60.5+7.6 43 -74
ravlt_imm 129+ 2.3 5-15
ravlt_del 13.0 +2.3 5-17
ravlt_rec 144 +t1.6 12-15
ravlt_fp 0.3+0.8 0-7
WAIS-IV DS ds_forw 9.6 +2.2 5-15
ds_back 9.1 £2.0 4-16
ds_seq 9.5+22 5-15
ds_tot 28.2 £ 5.0 17 - 44
TMT tmt_2 28.3+11.4 13-75
tmt_3 27.4 +12.9 11-77
tmt_4 70.3 £+ 30.4 29 - 202
CWIT cw_1 29.1 +5.7 20 -53
cw_2 21.0 + 3.4 14-30
cw_3 49.4 £ 125 31-100
cw_4 56.7 £ 14.9 37 -130
VF vfl 47.8 £12.5 19 -84
vf 2 51.2+11.6 14-88
vf3 16.1 +3.3 7 -24

CWIT, Colour-Word Interference Test; WAIS-IV DST, Wechsler Adult Intelli-
gence Scale IV Digit Span Test; RAVLT, Reys Adult Verbal Learning Test; DKEFS
TMT, Delis-Kaplan Executive Function System Trail Making Test; VFT, Verbal
Fluency Test. Description of each variable can be found in the Cognitive Test
Battery section of the Materials and Methods.

Adapted from Hatlestad-Hall et al. (2022).

completion of the test’s reading only condition (cw_2), 3) number of
seconds elapsed before completion of the test’s interference condition
(cw_3), 4) number of seconds elapsed before completion of the test’s
interference and switching condition (cw_4; Hatlestad-Hall et al., 2022).
In our secondary analysis, the average score for cw_1, cw_2, cw_3, and
cw_4 was quantified to represent Colour-Word Interference Test
performance.

Wechsler Adult Intelligence Scale-1V Digit Span Test. The Digit Span Test
was used to assess attentional performance. Scores were quantified as: 1)
achieved score in the test’s forward condition (ds_forw), 2) achieved
score in the test’s backward condition (ds_back), achieved score in the
test’s sequencing condition (ds_seq), and total score across all conditions
(ds_tot; Hatlestad-Hall et al., 2022). In our secondary analysis we used
ds_tot to quantify Digit Span Test performance.

Rey Auditory Verbal Learning Test. The Rey Auditory Verbal Learning
Test was used to assess verbal memory performance. Scores were
quantified as: 1) number of items correctly recalled after first learning
trial (ravlt_1), 2) number of items correctly recalled after fifth learning
trial (ravlt_5), 3) number of items correctly recalled across all five
learning trials (ravlt_tot), 4) number of items correctly recalled imme-
diately after the final learning trial (ravlt.imm), 5) number of items
correctly recalled 30 min after the final learning trial (ravlt_del), 6)
number of items correctly recognised from a list (ravlt_rec), 7) number of
false positive responses during the recognition task (ravlt_fp; Hatles-
tad-Hall et al., 2022). In our secondary analysis we calculated the
average of ravlt_tot, ravlt imm, and ravlt_del to quantify Verbal Learning
Test performance.

Delis-Kaplan Executive Function System Trail Making Test. The D-KEFS
Trail Making Test was used to quantify processing speed and executive
functioning capabilities. Performance was quantified by: 1) number of
seconds elapsed before completion of the test’s number condition
(tmt_2), 2) number of seconds elapsed before completion of the test’s
letter condition (tmt_3), and 3) number of seconds elapsed before
completion of the test’s switching condition (tmt_4; Hatlestad-Hall et al.,
2022). In our secondary analysis we quantified Trail Making Test per-
formance by calculating the average of tmt_2, tmt_3, and tmt_4.

Delis-Kaplan Executive Function System Verbal Fluency Test. The D-
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KEFS Verbal Fluency Test was used to assess fluency of speech. Perfor-
mance was quantified by: 1) number of words correctly listed in the
test’s phonemic condition (vf_1), 2) number of words correctly listed in
the test’s semantic condition (vf_2), 3) number of words correctly listed
in the test’s switching condition (vf_3; Hatlestad-Hall et al., 2022). In our
secondary analysis we quantified verbal fluency performance by calcu-
lating the average of vf 1, vf 2, and vf 3.

2.6. Constructs of cognitive domains

Composite scores derived from the neuropsychological test battery
were calculated for cognitive domains labelled as Executive Function,
Psychomotor Speed, and Working Memory. A composite score repre-
senting Executive Function by averaging the time to complete the
interference and switching conditions of the D-KEFS CWIT, the letter,
number, and switching conditions of the D-KEFS Trail Making Test, and
the correct number of words listed during the phonemic, semantic, and
switching condition of the D-KEFS Verbal Fluency Test. To ensure con-
gruency in the composite score, the timed scores were reversed scored. A
composite score to represent Psychomotor Speed by averaging the time
to complete the colour only and reading only conditions of the D-KEFS
CWIT. A composite score to represent Working Memory by averaging
the achieved score in the test’s backwards, forwards, and the sequencing
condition of the WAIS-IV Digit Span Test, and the number of items
correctly recalled after all five learning trials, and 30 min after the final
learning trial of the Rey Auditory Verbal Learning Test.

2.7. Experimental design and statistical analysis

A statistical approach to reduce the complexity of the EEG data was
performed using Python (v3.11.5) following the method proposed by
Euler et al. (2024). Firstly, the average exponent and offset values across
the scalp were plotted topographically using MNE (v1.5.1), and corre-
lation matrices were performed to identify regions of electrodes that
exhibited similar aperiodic activity (numpy v1.26.3). Following this,
principal components analysis (PCA) was performed on the exponent
and offset data independently to identify dominant components within
the aperiodic EEG data. Lastly, K-Means clustering was performed to
identify electrode clusters that exhibited distinct exponent and offset
activity (skLearn v1.3.2). From this, regions of interests were
constructed.

Bivariate Pearson correlations were performed to identify how the
demographic, EEG, and cognitive variables associated with each other.
As age has significant associations with aperiodic activity and cognitive
function, partial Pearson correlations for the single neuropsychological
tests and the cognitive domain constructs were also performed ac-
counting for the age variance in the cohort (pingouin v0.5.3). Following
this, we fit the data using iteratively reweighted least-squares robust
regression models (statsmodels v0.14.0; Holland and Welsch, 1977) to
mitigate the effects of heteroscedasticity of the data. A base formula was
constructed that accounted for the impact of age:

Equation 1:

Neuropsychological Test ~ Aperiodic Variable + Age + Aperiodic
Variable* Age

Models were constructed for each neuropsychological test and
cognitive domain with separate models for the aperiodic exponent and
offset. We used the “interactions” package (v1.1.5) in R (v4.3.1) to
calculate simple slopes and Johnson-Neyman intervals to determine at
which age aperiodic activity interactions were associated with perfor-
mance of each cognitive test (-1 SD = 23.5 years, 0 SD = 37.5 years, +1
SD = 51.5 years). All p values for all tests were corrected for multiple
comparisons using the Benjamini and Hochberg method (gy; Benjamini
and Hochberg, 1995).
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3. Results
3.1. EEG data reduction

Topographic plots of the mean exponent and offset values were
plotted to distinguish the pattern of aperiodic activity across the scalp
(Fig. 2A). Correlation matrices were then constructed to identify groups
of electrodes that had exhibited similar relationships of aperiodic ac-
tivity (Fig. 2B). A qualitative inspection of correlation values across
electrodes suggests a correlation of exponent values between frontal
electrodes (average r = .58) and parietal electrodes (average r = .69),
and a correlation of offset values between frontal electrodes (average
r =.69) and parietal electrodes (average r = .67). Prior to identifying
distinct cluster groups of electrodes, we constructed scalp-wide averages
of the exponent and offset to represent general cognitive performance,
and to see how this compares to electrode cluster regions of interest.

PCA and K-Means clustering were then performed on the exponent
(Fig. 3) and offset (Fig. 4) data. The PCA identified a dominant
component on which electrodes loaded consistently, which accounted
for 57 % and 69 % of the variance for the exponent and offset, respec-
tively. The second largest component accounted for 14 % and 7 % of
variance for the exponent and offset, respectively. This is consistent with
previous PCA assessments of aperiodic activity (Euler et al., 2024).
Lastly, we performed K-Means clustering to identify if there are any
electrode clusters with distinct aperiodic activity. It was determined that
4 and 3 cluster centroids would be suitable for grouping the exponent
(Fig. 3B) and offset (Fig. 4B) data in the PCA dimension space, respec-
tively. For the exponent, frontoparietal, frontotemporal and cen-
trotemporal, occipital, and midline clusters were identified (Figs. 3C and
3D). For the offset, frontoparietal, central, and occipital clusters were
identified (Figs. 4C and 4D). Electrodes contained within each cluster
can be found in Table 2.

3.2. Correlations

Results of the zero-order correlations are available in the top right
quadrant of Table 3. Results of the partial correlations accounting for
age are available in the bottom left quadrant of Table 3 and significant
correlations are summarised below.

Age was negatively correlated with the average exponent (r = -.38,
pey <.001) and the average offset (r = -.41, pgy <.001), and at fronto-
parietal (r = -.40, ppy <.001), frontotemporal and centrotemporal (r = -
.38, ppy <.001), and midline clusters (r =-.37, ppy <.001) for the
exponent, and at frontoparietal (r = -.41, pgy <.001), central (r = -.39,
pey <.001), and occipital (r = -.36, pgg <.001) clusters for the offset.
That is, the exponent and the offset reduced with age. Age was associ-
ated with longer durations to perform the Colour-Word Interference Test
(r = .25, ppy =.012) and the Trail Making Test (r = .38, pgy = <.001),
and lower scores on the Rey Adult Verbal Learning Test (r = .24, ppy =
<.001).

When accounting for age, the exponent at each electrode cluster
correlated with each other (r = .39 -.86, pgy <.001), as well as with the
scalp-wide average exponent (r = .73 —.96, pgy <.001). The scalp-wide
average exponent (r = -.22, CI = —.41 — —.05, ppy =.034) and fronto-
parietal exponent (r =-.23, CI = —.41 — —.05, pgy =.026) negatively
correlated with the Colour-Word Interference Test. The scalp-wide
average exponent (r=.32, CI =.14 -.48, pgy =.001), frontoparietal
exponent (r = .29, CI =.11 .45, pgy =.004), occipital exponent (r = .29,
CI =.1 -.45, pgy =.005), and midline exponent (r = .34, CI =.16 -.49,
peu <.001), were all positively correlated with Verbal Fluency Test
performance. That is, greater exponents were associated with faster time
during the Colour-Word Interference Test and greater score during the
Verbal Fluency Test.

The offset at each electrode cluster correlated with each other
(r = .68 —.89, ppy <.001), as well as with the scalp-wide average offset
(r=.84 -.98, ppy <.001). The frontoparietal offset (r = .26, CI =.08
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Fig. 2. Group average topographies of the exponent and offset during eyes-closed resting EEG (A) and electrode correlation matrices for the exponent and offset (B).

—.43, ppy =.012), and the occipital offset (r = .25, CI =.07 —.42, ppy
=.015) positively correlated with Verbal Fluency Test performance.
That is, higher offsets were associated with better performance during
the Verbal Fluency Test.

When controlling for age, the average exponent (r = .22, pgy =.03),
frontoparietal exponent (r =.24, pgy =.02) and midline exponent
(r = .21, ppy =.04) were positively correlated with Executive Function.
Similarly, the average exponent (r=-.22, pgy =.03), frontoparietal
exponent (r =-.22, p=.03), and occipital exponent (r =-.26, ppy
=.009) were negatively correlated with Psychomotor Speed. Whereas
Working Memory was only positively correlated with the occipital

33

exponent (r = .23, ppy =.02). That is, greater exponents were associated
with better Executive Function and faster Psychomotor Speed across the
scalp, whereas only associated with better Working Memory at occipital
locations. There were no significant correlations between the aperiodic
offset and the cognitive domain constructs Executive Function, Psy-
chomotor Speed, nor Working Memory.

3.3. Aperiodic activity and age as predictors of cognitive function

There were only significant main effects for the Colour-Word Inter-
ference Test, whereas for the Verbal Fluency Test there were a main
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Fig. 3. Data reduction protocol for exponent data. First, principal components analysis (PCA) was performed to identify sources of variability in the data (A). The
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deemed suitable for clustering (B). Clustering of the exponent data was performed in the PCA dimensional space (C). Midline (green), frontoparietal (orange),
frontotemporal and centrotemporal (red), and occipital (blue) electrode clusters were identified (D).

effect and an interaction effect. Results of these tests are summarised
below while the results of the models for the other tests, are reported in
Table 4 for the exponent models and Table 5 for the offset models.

Colour-Word Interference Test. In the exponent models, there was a
main effect of age for the occipital exponent ($ =.38, CI = —.03 -.80, ppy
=.049). There were no other main effects or interactions for the scalp-
wide average exponent nor the exponent clusters.

Verbal Fluency Test. In the offset models, there was a main effect of
age for the scalp-wide average (f = 6.38, CI = 1.98 - 10.78, pgy =.022),
and at frontoparietal (f = 5.59, CI = 1.44 — 9.73, pgy =.041), central (8
=6.49, CI = 1.74 - 11.26, ppy; =.044), and occipital (8 = 5.58, CI = 1.91
- 9.26, ppy =.017) clusters, which were moderated by age interactions
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for the scalp-wide average (f =.48, CI =.15 -.83, ppy =.024), and for the
frontoparietal ( =.43, CI =.11 -.75, ppy =.045), central ( =.5, CI =.13
—.86, ppy =.046), and occipital (f =.43, CI =.14 -.72, ppy =.018) clus-
ters. Johnson-Neyman plots revealed that associations were significant
from 33 - 37 years of age. Simple slopes revealed that the scalp-wide
association was not significant at —1 SD of age (8 = 1.29, p =.740)
while significant at + 1 SD of age (# = 15.00, p < .001; Fig. 5A and B).
The frontoparietal cluster association was not significant at —1 SD of age
(p =.39, p=.920) while significant at +1 SD of age (f = 13.49,
p < .001; Figs. 5C and 5D). The central cluster association was not sig-
nificant at —1 SD of age (# = 1.65, p = .665) while significant at + 1 SD
of age (f = 13.93, p < .001; Figs. 5E and 5F). The occipital cluster
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Fig. 4. Data reduction protocol for offset data. First, principal components analysis (PCA) was performed to identify sources of variability in the data (A). The
number of clusters used in K-Means clustering was then determined by visualising the elbow plot and silhouette score of the offset data. Three clusters were deemed
suitable for clustering (B). Clustering of the offset data was performed in the PCA dimensional space (C). Occipital (green), frontoparietal (orange), and central (blue)

electrode clusters were identified (D).

association was not significant at —1 SD of age (8 =.60, p = .850) while
significant at + 1 SD of age (f = 12.64, p < .001; Figs. 5G and 5H).
Cognitive Domain constructs. In the exponent models (Table 6), there
was main effect of age for the fronto/centrotemporal cluster and Exec-
utive Function (f = —.65, CI = —1.35 -.04, pgy =.02). There were no
other main effects or interaction effects for the scalp-wide average
exponent nor the exponent clusters. In the offset models (Table 7), there

were no main effects of interaction effects for the scalp-wide average
offset nor the offset clusters.
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4. Discussion

This study identified how resting aperiodic activity is associated with
cognitive function across adulthood. Poorer performance during the
Colour-Word Interference Test and Verbal Fluency Test was associated
with lower exponents scalp-wide and in the frontoparietal, occipital, and
midline electrode clusters. Poorer performance during the Verbal
Fluency Test was also associated with smaller offsets scalp-wide and in
the frontoparietal and occipital electrode clusters. Interestingly, these
offset associations are moderated by age, such that better verbal fluency
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Table 2
Electrodes contained within each cluster.
Electrodes
Exponent clusters
Frontoparietal Fpl, AF7, AF3, F1, F3, F5, F7, FC1, TP7, P1, P3, P5, P7, Pz,
Fpz, Fp2, AF8, AF4, AFz, Fz, F2, F4, F8, FC2, FCz, TP8, P2,
P4, P6, P8, P10
Occipital PO7, PO3, 01, Iz, Oz, POz, PO8, PO4, 02
Midline Fpl, AF3, F1, FC1, C1, CP1, P1, P3, PO3, POz, Pz, CPz, Fpz,
AF4, AFz, Fz, F2, FC2, FCz, C2, CP2, P2, P4, PO4
Fronto/ FT7, FC5, FC3, C1, C3, C5, T7, CP5, CP3, CP1, P9, CPz, F6,
Centrotemporal FT8, FC6, FC4, Cz, C2, C4, C6, T8, CP6, CP4, CP2
Offset clusters
Frontoparietal Fpl, AF7, AF3, F1, F3, F5, F7, FC1, TP7, P1, P3, P5, P7, Pz,
Fpz, Fp2, AF8, AF4, AFz, Fz, F2, F4, F8, FC2, FCz, TP8, P2,
P4, P6, P8, P10
Occipital PO7, PO3, 01, Iz, Oz, POz, PO8, PO4, 02
Central FT7, FC5, FC3, C1, C3, C5, T7, CP5, CP3, CP1, P9, CPz, F6,

FT8, FC6, FC4, Cz, C2, C4, C6, T8, CP6, CP4, CP2

is associated with greater offsets in adults from 33 years of age, and this
relationship strengthens across adulthood.

Increasing age was associated, to a varying degree, with poorer
performance in the battery of cognitive tests consistent with Salthouse
(2017). Age was also associated with lower exponents and smaller off-
sets, indicating greater E:I balance and neural spiking rates in younger
adults. Previous studies have demonstrated that cognitive decline
throughout the lifespan occurs concurrently with changes in aperiodic
activity (Finley et al., 2024; Merkin et al., 2023; Thuwal et al., 2021;
Tran et al., 2020; Voytek et al., 2015). Although age predicts both
cognitive performance and aperiodic activity in the current study, par-
tial correlations reveal that changes in aperiodic activity contribute to
variation in verbal fluency performance and constructs of executive
functioning, psychomotor speed, and working memory, independent of
age. Indeed, greater scalp-wide offsets were associated with better ver-
bal fluency scores, whereas greater exponents were associated with
better performance in the Executive Function, Psychomotor Speed, and
Working Memory constructs. Furthermore, the regression analyses
suggest the association between the aperiodic offset and verbal fluency
strengthens with age, suggesting that the influence of aperiodic activity
on cognitive performance becomes more pronounced across adulthood
(Voytek et al., 2015). Previous studies suggest that changes in cognitive
function with aging may be attributable to a generalised factor that is
shared across many domains of cognition (Salthouse, 2017). Our robust
regressions suggest that an intricate relationship between age, aperiodic
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activity, and cognitive performance exists.

4.1. Associations between aperiodic activity and verbal fluency

Many cognitive tasks require higher-order executive functioning that
integrates lower-order cognitive processes (Berg et al., 2016; Kaplan,
1990). Aging progressively impairs executive functioning due to
anatomical changes to neural circuits and depletion of neurotransmit-
ters. Of note, the frontal-striatal network of the prefrontal cortex, inte-
gral for verbal fluency (Ghanavati et al.,, 2019), is particularly
susceptible to age-related changes that can affect cognitive function
(Buckner, 2004). This can result in difficulty performing cognitively
demanding tasks as aging progresses, including the Verbal Fluency Test
(McDowd et al., 2011).

The Verbal Fluency Test discriminates between healthy aging and
mild cognitive impairment (McDonnell et al., 2020; Sebaldt et al.,
2009). Previously, verbal fluency has been demonstrated to remain
stable or increase from early to mid-adulthood then declining around 60
years of age (Whitley et al., 2016) but has also been demonstrated to
remain relatively consistent in later life (50-75 years; Clark et al., 2009;
Price et al., 2012). Younger adults outperform older adults in verbal
performance consistently, which may be due to changes in the prefrontal
cortex (Kim et al., 2021). Indeed, under-recruitment of the prefrontal
cortex has been seen in older adults compared to their younger coun-
terparts, which coincide with reductions in verbal memory and retrieval
performance (Kapur et al., 1996; Logan et al., 2002). This has been
suggested to be due to a reduction in neural plasticity with age and an
inability to reorganise neurocognitive networks (Cabeza et al., 2002).

Early investigations into EEG and verbal fluency across the lifespan
have demonstrated that theta activity is important for verbal fluency
performance (Brickman et al., 2005; Mousavi et al., 2020). Prior studies
have identified that resting-state theta activity is conflated by aperiodic
activity (Finley et al., 2022). Although parameterized theta activity was
not quantified in the current study due to a poor retainment of theta
activity once accounting for underlying aperiodic activity, it may in fact
be aperiodic activity and not theta activity that is associated with the
preservation of verbal fluency with aging. The measurement of (non--
parameterized) oscillatory activity is particularly susceptible to being
conflated with aperiodic activity. This is because individual variation in
the aperiodic slope can induce variations in the patterns of activity
across all frequencies, which accounts for the majority of variation
observed in total oscillatory power (Donoghue et al., 2020; Donoghue
et al., 2022). Therefore, there is contention regarding the presence of
theta activity and to what extent changes in theta activity can be

Table 3
Descriptive statistics, bivariate correlation (upper right quadrant), and partial correlations controlling for age (lower left quadrant).
Mean SD ii iii 1 2 3 4 5 6 7 8 9 10 11 12

i Age 37.513.99 —.38 —.41 —.40 —.38 —-.16 —.37 —.41 —.39 —.36 .25 —.15 —.24 .38 .004
ii. Exponent scalp-wide average 1.36.17 .80 .96 .88 .73 .94 .79 74 74 —-.30 .08 .18 —.25 .29
iii. Offset scalp-wide average —12.84.27 .76 .79 72 .53 .79 .98 .95 .86 —.23 11 23 —.22 .22
Exponent clusters
1. Frontoparietal 1.35.18 .96 .75 .87 .63 .88 .79 77 .67 —.31 .09 .18 —.26 .27
2. Fronto/Centrotemporal 1.26.22 .86 .66 .85 42 .74 71 74 .52 —.23 .08 12 —.20 .19
3. Occipital 1.17.30 .73 .47 .61 .39 7 .49 .39 77 —.24 .14 .21 —.20 .28
4. Midline 1.48.15 .93 74 .86 .68 .68 .79 .69 77 —.28 .03 .16 —.25 .31
Offset clusters
5. Frontoparietal —12.76.28 .75 .98 74 .65 .44 .75 91 .82 -.23 .10 .22 —.23 .24
6. Central —12.95.26 .70 .95 72 .69 .33 .62 .89 72 —.22 .09 .21 -.19 .16
7. Occipital —12.95.26 .70 .84 .61 42 .74 72 .81 .68 -.20 .15 .25 —.22 .24
Cognitive Test Battery
8. CWIT 39.067.81 —.22 —.14 —.23 —-.15 -.21 —.20 -.15 -.13 -.11 —.41 —.45 .66 —.62
9. WAIS-IV DST 28.165.02 .03 .05 .03 .02 11 —.03 .05 .03 .10 —.39 .28 —.46 .37
10. RAVLT 60.417.67 11 .15 .10 .03 .18 .09 .14 .13 .18 —.42 .26 —.49 .34
11. TMT 41.4216.31 -.13 —-.08 —.12 —.05 —-.15 —.13 —.08 —.04 —-.09 .64 —.44 —.45 -.39
12. VFT 38.128.10 .32 .24 .29 .20 .29 .34 .26 .18 .25 —.65 .37 .35 —.42

Correlations in bold indicate those that are significant (p < .05). CWIT, Colour-Word Interference Test; WAIS-IV DST, Wechsler Adult Intelligence Scale IV Digit Span
Test; RAVLT, Reys Adult Verbal Learning Test score; DKEFS TMT, Delis-Kaplan Executive Function System Trail Making Test score; VFT, Verbal Fluency Test score.

36



Neurobiology of Aging 151 (2025) 29-41

D.J. McKeown et al.

*9102s 1591, ASUan(g TeqIdA ‘IAA 9102S 1S9, SUD RN [IR1], WLISAS UOTIdUN] 9ANNIXY ue[de)-sijoq ‘LIALL
SAMIA 91095 159, SUTUIRYT [BQI9A INPY SAY ‘I TAVY 9591, ueds 1131q AT 21e9S 22UISI[IU] INPY IS[SYIDM ‘1S AI-SIVM 1S9, 99USIJ191U] PIOM-INO[OD ‘LIMD “(S0° > d) Jueoyruss a1e Jey) 5oy} 3)ed1pul p[oq Ut S[[3D)

10° TLPT ey’ 6G° TETY [stans L PIYT— €00~ L 1L~ 20 ¥9" erey — ST0— a8y X180
10° 92°616°'1 8S°'S TL Ly pET 01— T8'C— LL YL 1E6'T— 60— T8 99°29T°C— ST €L 1814y~ €81~ sy
Ly TIehI 1~ 156~ €8 8°LTLE BT~ Ly €8’ P1'88F'€— €€T €8’ Sv°808°9— T8 €8’ 9€'v169'8— €8'C wsffo
9T ¥9299b €T~ 16'S8— 9SG  89'I8EKT'80T—  9.'98 80"  09VEIL6'EL— 1€°09 Ty 99°LE19T°LS—  ST'OF  vE LI'8ICST9L— 96°0L 1da0.107u] rend»o0
¥0° 98°'€T’ s T TET1— 66— 1t 92°60"— 80 88" 9T'1T -~ [0 9g" P195 — 12— a3y X 125fJ0
¥0° 9% IIVL' T 69 Vral 9'¥88'€T— ¥9b— St 8E°€8T 1~ ¥0'1 16 6C°€€8°T— €T 19° 10TLT L~ LST— sy
Lv 8129592~ ¥0T1— Ly 6°6EV89T— TEIL 16° S0'991°8— S0 1— L6 L1656~ ST'— 16° Yy L1SS 0T~ Sy 1sffo
k4 ¥6°L98S°L0E—~ 78611~ SE  6b'9ES9L'T6T—  SSTLL TL  /8'80180°SL— 6891 59" Y9'8PII8T6— 164  6€  69°09Z8€’I0I—  S9'6L 1doo.saru] [enua)
¥0° SLIT [5a €T LE°16'— Vra ¥6° ST'ET — T0° S6° TTIT — 10° s6° TTTY o1 — a8y X 1sff0
¥0° €L'6vb° L 6S°S 6T 60°S8T 11— re— €6° LETLLT— 6T €6° TLTILT— 0’ €6° 68C9C'S— 8T 1— a3y
6L ¥'Sb9 1T €1'8— 6L 1€TEYT I~ 8G°S 88" 78°L69°G— 90'1 88" 786608~ 9L 18 6LT1T8ET— 15— 1sffo
vb' €8°€0T98°0vT— 165°89— LS EV'8EVISTHT—  8LL6 7€ 8TOET90°TH— 1Tvb 60"  €STSIBT'EL—~  89°6€ v 61'861L0'TPI—  9S'8T 1dooso3uy [erarredojuorg
T0° €8'ST" 8 <4 YE10' T~ €'~ €L 121~ ¥0° v6° YT 1T — 10° 9L 816V — ST — a8y X 1sff0
20° 8L°0186°L 8¢9 o€’ 18'7LSTT— 88'€— 8L 04289 1— 0s° 96° €0°€€LT— [as T8 Th'TTT 9~ 681~ a3y
L9’ LLEIT YT~ TTO01— 89° 1H°S€98°61— LLL 96’ TLLYT 9~ v 96" 14°619°8— s 96 1T'SI8ECI— 9g'1 1sffo
6T Yb"€892°SLT— 16'S6— 6V°  TS08Y10'82C—  ST'9TI 8¢ Lb'6TI6V 6h— 66°6€ ¥S 8THSI6Y08—  68°9€ 95" 98'8TTHI'ETI— 19'CS 1doosoqu]  d3eraAe apim-dieds
Hed D g Had D g Hid ) g Hid o) g Hid ) q d0301pa.d
LAA LIAL SADIA LIAVY 1Sd AI-SIVM LIMD

*s3s9) [ed180[0ydAsdoInau [enpIAIpUI JOJ S[OPOUI UOISSaISaI 1snqo1 a8e £q 19O
S dqelL

*91008 159, ASUIN[] [BQIIA ‘LA 9I00S 1591, SUD[RIA [TeI], WAISAS uonoung aAnndaxy uerded-siod ‘LIALL
SAMIA 91008 1S9, SUTUIRYT [BQIDA INPY SAAY ‘L TAVY 9591 ueds N8I AT 21edS 9oUdSI[[PIU] INPY I[SYIOM “‘LSA AI-SIVM IS9I, 9dUSIJISIU] PIOA-INO[OD ‘LIMD (0" > d) Juedyruss a1e Jey) 950y 91ed1pur p[oq ut s[[oD

90° 9 191" 08" 4y ST Ihy I— €1~ 8b° 1v°92'— L0° 6b LT9— AR sz YTrOT-  Op'— a3y X usuodxy
or S1'-90T—  OL'l— ve §TSE T~ 8G" ve €€'69'— 91— 9 789y — 8T €T €915~ 89 a3y
58 8I'SII06E~  I6'T1— 68 88'SHLTEI~ 698~ 58 Y EI8E YT~ Ly = S8 LS'€T6STI—  6b°S 58 S9'1E86'IC— €8 Juauodxy
10° S8'€6v6°'IT  68°CS S€  8TTCILLTY—  IL6E  €00° ¥S'cS61°01 TS'IE 1T S'6PST'S— L1TT LT 69'899€CI—  91I'8T 1d20.407u1 SuIPIA
T 8LY0° It 06° 0L9L'— 20— 06° €Iy — 50— 06° 0T8T — v0'— 8T €185~  TT— a8y X Jusuodxy
or 10-88'~  pb— 6€ €Ty — St €6° 121¢— 200 €6° 88T — 00 ¥0° 08'€0’— 8¢ a3y
(4 YTLYTIT—  S6'9— 18 TIChS e~  TL9— TS TT1IH8T— 61 TS €5°C168'S— TEe'€ T8 959128 0T~ 98T Jusuodxy
10" > 82'C9€6°LT  IL'Sh S0’ €€°L910"'— 99°€€ 10°>  1IS've6b Ll 0091  10°>  61°LE6SVL $0'92 10" > TLLYLS YT bL'IE 1doo.sonug readoo
foral 68C0°— & €T 9PI1— Vrans foloy 9281~ v0° €g’ 61°6E 0T~ forad 80'-9L—  ¥E— a8y X usuodxy
€T L090°T—  6v— S0° S8 1PE — S ve 9T°6€ - 59° Y67 — 10° S0° LOTI0O— €5 a3y
€g° 66'668°LT— 16’8~ o YSTHLE0E— 809 TL SE'8ITOT— €6~ €5 YEOLTL L~ €y €5 8'STEEOT—~  LS'L Jusuodxy
10" > LL'TL6LTT  8L'LY 9 1'991°06—  66°LL 10°>  Sb'vb96°61 0zc€  10°>  6V°0v9L'8 €9'vC €0 96'8V1L'T  €€'ST wdoouoqup  [erodwiajonue)/ojuoig
T 81°'100° 6§ 6T ¥8'SH T~ 0g— 89° TELT T0° 89° 1€°6h"— L0~ T’ LT'S6'— 68— a8y x jusuodxy
LT L0S T 14— ST YETSL — 6L LS 1€°8h'— 80— T8 9G° Ly~ S0° or 9 VT 19 a3y
69° G9'GIS8' 1€~ 8- 69° L6'9YST9Y—  9¢ 86° €2°EIES 0T~ ve'1 69° yI'61C8°II—  99°€ 69° 94°9Tb9'8T—  90'% Juauodxy
10> 69'64T€°ET  1S9b [ TS'T6SL'8E—~  8E'9T 10°>  gs'svIsTl 16'8C  TO° €9°9VLE°E 66'vC 90 €6'192S'T—  12°0€ 3da2.103u1 [eyorredojuoiyg
60° 8T 1Tl 0L Sb €6'65'T— €T — v9" TE LT~ T0° SG° STIS €1~ 60° WwI00T—  €h— a8y x jusuodxy
or L0-S9'T— 98— LT LTTLY — oL 9g 1€°6b"— 60— 9g° ¥9°6€ — (48 L0° PPIEOT— L9 a3y
09° €CEIPSPE—  0901—  TL TSPPS6'0S—  TTE— 16° 1L°€129°01— vS'1 19 9L 1Tv6'6— 88'S 19 L0°6T9%° LT~ 18'S Juauodxy
10" > 81'€88C°9T  €L°6b 9g” 10'861V'SE—~  6T'IE 100>  g9'Skeo'll 79'8C SO 1Tvbel — 66'1C 60 TTO09I8v—  0L'LT 1da2.103u1 a3erane opim-dress
Hag ) g Hid D q Had D q Had )] q Hed D g 10101pa.d
LA LINL SADIA LTAVY 1Sd AI'SIVM LIMD

*$1s9) Ted130[0y24sdoInau [enpiAIpul 10J S[9POW UOIssaIZal 1snqol ade Aq Jjusuodxy
v 91qelL

37



D.J. McKeown et al.

A

(@)

m

Neurobiology of Aging 151 (2025) 29-41

®

3w 40 :
) S 5 © H Range of
® _— 2 _— % 2 S 82 : - = observed
= 2 _— o 20 _— S _— s : — data
& - g — 8 P g g
5 L € L S i 8 o
S g =, > - 4 . ns
2 5 a 2 <05
2 2 % S P
) 8 »
2 [
40 50 7 40 50 50 ) 40 5 40 5
Age (years) Age (vears) Age (vears) Age (vears)
° o o o % o®
o o o
50 50 50 s 50 age
o
v —_ _ 3, / + +1sD
[ [
9 40 3 3 2 / S 5 -1sD
o ] <] ° o
8 g 40 G 40 o0 92 3t g 40
- A A "0 g0 °, CA
o
% w0 £ Ao &
> 20 > 20 oo ° > 20
°
20
20 20 20
o o o

-13.0

-125

Scalp-wide offset
average (uV2)

-13.0
Frontoparietal offset (uvV2)

125

-13.0 -125
Occipital offset (uv2)

-13.0 -125 -135 -12.0

Central offset (uV2)

Fig. 5. Johnson-Neyman plots (top row) and interaction plots (bottom row) for Verbal Fluency Test (VFT). Reductions in the scalp-wide average (A, B), fronto-
parietal (C, D), central (E, F), and occipital offset were associated with worse performance during the VFT for adults over the age of 33-37 years. Greater score

indicates improving performance during the VFT. —1 SD age = 23.5 years, + 1 SD age = 51.5 years. Error bars represent 95 % confidence intervals.

Table 6

Exponent by age robust regression models for cognitive domains.

Executive Function

Psychomotor Speed

Working Memory

Predictor p CI PBH p CI PeH p CI PeH
Scalp-wideaverage Intercept —-3.74 —45.6938.19 .86 32.05 14.1549.94 <.01 9.42 2.9015.94 <.01
Exponent —3.72 —33.7326.29 .61 —5.78 —18.587.02 .61 1.52 —3.136.19 .61
Age -.76 —1.75.22 .052 .01 —.40.44 .79 —.009 —.16.14 .79
Exponent x Age .45 —.271.19 13 .002 -.31.31 .99 —.007 -.12.10 .99
Frontoparietal Intercept —3.26 —44.2437.71 .87 32.47 15.0249.93 <.01 10.27 3.9016.64 <.01
Exponent —4.09 —33.4125.23 .73 —6.07 —18.566.41 73 91 —3.645.46 .80
Age —.75 —1.72.22 .04 .001 —.41.41 .73 —.02 -.17.12 .73
Exponent x Age .45 -.271.17 12 .01 —.29.32 .82 .005 —.10.11 .82
Fronto/Centrotemporal Intercept 3.17 —27.3633.71 .83 28.36 15.3441.38 <.01 10.66 5.9615.36 <.01
Exponent —8.61 —31.7714.53 .54 -3.61 —13.486.25 71 .74 —2.814.31 71
Age —.65 —1.35.04 .02 .009 —.28.30 .75 —-.01 —.12.09 .75
Exponent x Age .38 —.16.93 .14 .01 —.21.25 .89 —.005 —.09.07 .89
Occipital Intercept —7.85 —29.2013.49 .47 25.21 16.2834.15 <.01 9.56 6.3212.79 <.01
Exponent .40 —17.2318.04 .97 -1.31 —8.696.06 .99 1.72 —.944.39 .79
Age —.40 —.94.13 .16 11 —.11.33 .32 —.003 —.08.07 .89
Exponent x Age .18 —.27.64 .56 —.06 —.25.12 .56 —-.01 —.08-.05 .69
Midline Intercept -8.01 —59.9943.96 .76 31.53 9.2053.87 <.01 10.48 2.3818.58 .01
Exponent —.45 —34.8533.94 .90 —5.14 —19.929.63 91 .75 —6.616.11 .90
Age -.75 —1.96.46 .19 .02 —.49.54 .66 —.02 —.21.16 .67
Exponent x Age .40 —.411.23 .37 .004 —-.35.35 .84 .001 -.12.13 .84

accounted to underlying changes in aperiodic activity, with new evi-
dence suggesting differences in resting theta activity are likely due to
aperiodic activity (Cesnaite et al., 2023; Finley et al., 2022; McKeown
et al., 2023). However, if aperiodic activity conflates task-related theta
activity is still a point of debate. As the current study assessed aperiodic
activity during resting EEG recordings, the associations of aperiodic
activity and cognitive performance remains during task-related EEG
recordings warrants further investigation.

We determined that smaller offsets at frontoparietal, central, and
occipital clusters and scalp-wide averages, were associated with poorer
performance on the Verbal Fluency Test. What we did not initially
expect was that these associations were present in adults as early as 33
years of age (Clark et al., 2009; Price et al., 2012; Whitley et al., 2016).
As smaller offsets indicate a decrease in neural spiking rate (Donoghue
et al.,, 2020; Gao et al., 2017), the presence of poorer performance
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during the Verbal Fluency Test indicates that maintenance of neural
spiking from early adulthood onwards may be beneficial for maintaining
higher-order cognitive processing throughout the lifespan.

4.2. Considerations

Investigations into the associations between aperiodic EEG activity
and cognition are still in their infancy, however, this is not the first study
to adopt a similar methodology (Euler et al., 2024). In the current study,
we identified correlations between the aperiodic exponent and the
constructs Executive Function, Psychomotor Speed, and Working
Memory. However, these correlations were not seen for the aperiodic
offset, nor did this result in main or interaction effects in the cognitive
domain models. This is surprising considering our single assessments of
each neuropsychological test identified that greater aperiodic offset was
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Table 7
Offset by age robust regression models for cognitive domains.
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Executive Function

Psychomotor Speed Working Memory

Predictor B CI DBH B CI DBH B CI DBH
Scalp-wide average Intercept —87.65 —312.60137.29 .44 8.53 —87.66104.74 .86 11.82 —22.5446.20 .50
Offset -6.17 —23.7211.37 .95 -1.19 —8.706.31 .95 .03 —2.652.71 .95
Age 4.02 —1.499.54 21 —.38 —2.741.97 .49 .28 —.551.13 .49
Offset x Age .32 -.10.75 .18 —-.03 —.21.15 .47 .02 —.04.08 .47
Frontoparietal Intercept -59.19 —275.65157.27 .59 -7.17 —99.6185.26 .87 13.89 —19.2047.00 .76
Offset -3.97 —20.9513.00 .93 -2.43 —9.684.82 .93 .19 —2.402.78 .93
Age 3.20 —2.008.40 .30 .05 —2.162.27 .76 .19 —.59.99 .76
Offset x Age .26 —.14.66 .25 .001 -.17.17 .73 .01 —.04.07 .73
Central Intercept —125.51 —357.31106.29 .28 24.82 —74.47124.12 .62 3.78 —31.6339.19 .83
Offset —9.07 —27.008.84 .63 .08 —7.587.76 .76 —.59 —3.332.14 .76
Age 4.71 —1.1610.59 .15 —-.61 —3.131.90 .44 .44 —.451.34 .38
Offset x Age .37 —.07.82 13 —.04 —.24.14 42 .03 —-.03.10 .35
Occipital Intercept —74.69 —262.18112.80 .43 31.15 —48.37110.69 .44 18.38 —10.0446.81 .20
Offset —5.20 —19.889.47 .76 .56 —5.666.79 .76 .54 —1.682.77 .76
Age 3.24 —1.397.88 .27 -.92 —2.891.04 .27 12 —.58.82 .60
Offset x Age .26 —.09.62 .25 -.07 —.22.07 .25 .01 —.04.06 .57

significantly associated with verbal fluency performance, the measure of
which was included in the construct of Executive Function. Euler et al.
(2024) recently investigated how electrode clusters of activity associate
with “domains” of cognition (i.e., working memory, perceptual
reasoning, processing speed, and verbal comprehension). However,
there were no associations of the exponent with any specific cognitive
process, but rather the scalp-wide average was associated with a general
intelligence g factor in a cohort of 165 adults (18 — 52 years). These
findings support the notion of a common influencing factor contributing
to differences in cognitive performance with age (Salthouse, 2017).
However, as age impacts aperiodic activity and cognition substantially
in the later years of life, the inclusion of a cohort in the current study
containing a larger age range may explain why aperiodic activity and
age interactions were found for specific neuropsychological tests, such
as verbal fluency, and not broad cognitive domains.

Factors beyond aging can impact an individual’s cognitive perfor-
mance that were not investigated in the current study. One such factor is
education, which has been shown to be a significant predictor of
cognitive performance throughout the lifespan (Lovdén et al., 2020).
Recently, slower processing times and lower working memory capability
was associated with greater exponents in older adults with a high level
of education but this relationship was not seen in individuals with a low
level of education (Montemurro et al., 2024). Although not reported in
the demographic information for the current dataset, it is possible there
are differences in education level between the younger and older adults
in the cohort. Education level should be considered in future studies and
should be controlled for and examined as a potential moderator.

Using resting state EEG to assess brain activity provides a high
temporal resolution analysis of brain activity over time; however, it is
limited in its spatial sensitivity and ability to capture task-related EEG
changes when recorded simultaneously during a task. Although we have
identified that reductions in resting state EEG aperiodic activity coincide
with worse verbal fluency performance, we are unable to determine
which neural structures are responsible for this association. Functional
MRI studies have identified that verbal fluency performance is particu-
larly reliant on the function of prefrontal, anterior cingulate gyrus, and
entorhinal areas (De Marco and Venneri, 2021; Schaufelberger et al.,
2005). It may be the case that these changes in the activity of these areas
are responsible for the determinants seen in the current study. However,
as reductions in aperiodic EEG activity occurred scalp-wide, it may be
that broad reductions in aperiodic activity, likely reflecting changes in
the dynamics of postsynaptic potentials (Gao et al., 2017; Miller et al.,
2009), across multiple brain regions are responsible for reductions in
verbal fluency performance with age.
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5. Conclusion

Our study examined variations in resting aperiodic EEG activity with
age and how they relate to cognitive performance. This comprehensive
approach expands our understanding of the cognitive implications of
aperiodic activity. Aperiodic activity was associated with performance
during the Colour-Word Interference Test and Verbal Fluency Test.
Aperiodic activity and age interactions were observed for the Verbal
Fluency Test, where smaller offsets were associated with progressively
worse Verbal Fluency Test performance with age, with associations
appearing as early as 33 years of age. The presence of alterations in
aperiodic activity and cognitive performance suggests that aperiodic
activity may be an increasingly significant factor that may contribute to
the preservation of an individual’s cognitive function earlier than pre-
viously understood, even as the relationship becomes more pronounced
with age.
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