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Slow fluctuations in ongoing brain activity
decrease in amplitude with ageing yet
their impact on task-related evoked
responses is dissociable from behavior

Maria Ribeiro"?*, Miguel Castelo-Branco'?

'CIBIT-ICNAS, University of Coimbra, Coimbra, Portugal; 2Faculty of Medicine,
University of Coimbra, Coimbra, Portugal

Abstract In humans, ageing is characterized by decreased brain signal variability and increased
behavioral variability. To understand how reduced brain variability segregates with increased behav-
ioral variability, we investigated the association between reaction time variability, evoked brain
responses and ongoing brain signal dynamics, in young (N=36) and older adults (N=39). We studied
the electroencephalogram (EEG) and pupil size fluctuations to characterize the cortical and arousal
responses elicited by a cued go/no-go task. Evoked responses were strongly modulated by slow
(<2 Hz) fluctuations of the ongoing signals, which presented reduced power in the older partici-
pants. Although variability of the evoked responses was lower in the older participants, once we
adjusted for the effect of the ongoing signal fluctuations, evoked responses were equally variable in
both groups. Moreover, the modulation of the evoked responses caused by the ongoing signal fluc-
tuations had no impact on reaction time, thereby explaining why although ongoing brain signal vari-
ability is decreased in older individuals, behavioral variability is not. Finally, we showed that adjusting
for the effect of the ongoing signal was critical to unmask the link between neural responses and
behavior as well as the link between task-related evoked EEG and pupil responses.

Editor's evaluation

This paper examines an overlooked issue in research on the neurophysiology of cognitive aging —
that the brain signals of older and younger subjects may differ due to physiological changes that
bear little or no relevance to the cognitive processes being studied. Here, the authors demonstrate
that older subjects exhibit reduced slow oscillations in EEG and pupil power and that controlling for
these differences eliminated group differences in ERP and pupil dilation variability while strength-
ening their correlation with reaction time. The work should be of interest to those using EEG to
study inter-individual and inter-group differences, particularly in the realm of aging and age-related
disorders.

Introduction

Brain signal variability holds valuable information about brain dynamics that should not be ignored
when studying the link between neuronal activity and cognition. Brain signal variability can take many
forms. Moment-to-moment variability of the ongoing signal reflects how much brain activity changes
from one moment to the next, that is the brain activity range. Trial-by-trial variability in task-related
evoked responses reflects differences in the brain responses to repeated task conditions, while brain
signal entropy quantifies the irregularity of the time series.
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Within-subject brain signal variability has been shown to change with ageing and is a robust marker
of age (Grady and Garrett, 2014). The effect of ageing on brain signal variability has been studied
using several measures, including temporal standard deviation (SD) and mean square successive differ-
ence (MSSD) of the blood-oxygen-level-dependent (BOLD) signal acquired with functional magnetic
resonance imaging (fMRI) (Grady and Garrett, 2014; Samanez-Larkin et al., 2010), temporal SD of
the spectral power within frequency bands measured with electroencephalography (EEG) (Kumral
et al., 2020), entropy in EEG and magnetoencephalography (MEG) signals (Kosciessa et al., 2020;
Mcintosh et al., 2014, Waschke et al., 2017), the slope of the EEG power spectral density (PSD)
(Voytek et al., 2015), and the consistency of task-related evoked responses (Sander et al., 2012,
Tran et al., 2020). The temporal standard deviation of the BOLD signal and of the amplitude envelop
of EEG frequency bands measured in the ongoing signal are markedly decreased in older adults
(Garrett et al., 2015; Grady and Garrett, 2018; Kumral et al., 2020). Yet, the localization of these
changes does not coincide suggesting that BOLD and EEG variability capture different aspects of
brain function. In fact, age differences in BOLD SD might be explained by changes in cardiovascular
and cerebrovascular factors that affect the link between neuronal activity and changes in blood flow
(Tsvetanov et al., 2021). Moreover, BOLD MSSD, a measure of how much the BOLD signal changes
across successive observations, is more often increased rather than decreased in older adults (Boylan
et al., 2021, Nomi et al., 2017, Samanez-Larkin et al., 2010), highlighting the fact that age-related
changes in signal dynamics can result in more or less ‘signal variability’ depending on the used metric.
In fact, the relationship between the non-invasive measures of brain signal variability used in human
neuroscience and neuronal noise is not trivial. Large signal fluctuations will increase signal standard
deviation but might originate in a more stable and predictable signal associated with reduced noise.
Higher signal variability is, therefore, not equal to a noisier signal. Consistent with this idea, EEG signal
entropy increases with ageing and is associated with the EEG spectra slope (Waschke et al., 2017).
Older adults present EEG signals with flatter spectra, i.e., more similar to white noise, potentially
reflecting increased neuronal noise (Voytek et al., 2015). Higher brain noise is also consistent with
the fact that older people present increased behavioral variability measured as less consistent reaction
time across trials (Grady and Garrett, 2018; MacDonald et al., 2012). However, the link between
brain signal variability, neuronal noise and behavioral variability remains to be clarified.

The ongoing brain signal (i.e. spontaneous brain activity) measured with fMRI or EEG during ‘task-
free’, 'resting’ periods reflects activity in large-scale networks each identified as a set of brain regions
that show activity co-fluctuations, the resting-state networks (Beckmann et al., 2005; Liu et al., 2017).
Notably, these networks are functionally active also during task performance (Abreu et al., 2020;
Smith et al., 2009). The ongoing activation and de-activation of these networks presents a backdrop
of activity on top of which task-related activity occurs (Fox et al., 2006). Not surprisingly, ongoing
activity modulates task-related evoked responses that in turn affect task performance (Becker et al.,
2011; Fox et al., 2007, Mayhew et al., 2013; Ribeiro et al., 2016). For example, fluctuations in
pre-stimulus alpha power affect the amplitude of brain sensory responses, perception and reaction
time (Lou et al., 2014; Thut et al., 2006; van Dijk et al., 2008). Older people display low-frequency
(<12 Hz) brain signal fluctuations with reduced amplitude (Kumral et al., 2020), however, previous
studies of the effect of ageing on the variability of task evoked responses have yielded contradictory
results, revealing increased or decreased trial-by-trial consistency depending on stimulus or task char-
acteristics (Sander et al., 2012; Tran et al., 2016; Tran et al., 2020; Wiegand and Sander, 2019).
Finally, to our knowledge, no previous study has investigated the effect of ageing on the link between
the dynamics of the ongoing brain activity, trial-by-trial variability of evoked responses and behavioral
variability.

In this study, we aimed at clarifying the effect of ageing on brain signal dynamics and its impact
on behavior by investigating the relationship between variability of ongoing brain signals, evoked
responses, and behavior. We analysed EEG and pupil data from a previously published study acquired
while a group of young and a group of older adults were engaged in a cued auditory go/no-go task
(Ribeiro and Castelo-Branco, 2019a; Ribeiro and Castelo-Branco, 2019b; Ribeiro and Castelo-
Branco, 2021). The EEG allows the non-invasive measurement of cortical electrical activity with high
temporal resolution, while the pupillogram, acquired under conditions of constant luminance, is asso-
ciated with fluctuations in arousal and reflects activity in the ascending brainstem neuromodulatory
systems (de Gee et al., 2017, Joshi et al., 2016; Murphy et al., 2014; Reimer et al., 2016). Although,
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activity modulation in subcortical arousal nuclei (reflected in changes in pupil size) correlates with the
EEG signal (e.g. Hong et al., 2014; Podvalny et al., 2021), these two signals capture distinct aspects
of brain function, both important and complementary for our understanding of the ageing brain. In
our previous study, we showed that, in both signals, the cue stimulus evoked a preparatory response.
In the EEG, the cue evoked a frontocentral negative potential [the contingent negative variation
(CNV)] that increased in magnitude throughout the preparatory period. The CNV has been previously
shown to correlate with reaction time on a trial-by-trial basis (Boehm et al., 2014), suggesting that
trial-by-trial amplitude fluctuations in the CNV are associated with behavioral variability. In the pupil-
logram, the cue evoked a pupil dilation response of equal magnitude in both groups of participants
(Ribeiro and Castelo-Branco, 2019a). In the current study, we investigated how trial-by-trial vari-
ability in the amplitude of these preparatory responses changed across age groups, how it related to
behavior variability and how it was affected by ongoing brain signals. We found that, while behavioral
variability was increased in older adults, this group of participants presented reduced variability of the
evoked responses both in the EEG and in the pupillogram. We found that the decreased variability in
the evoked responses emerged due to a reduction in the amplitude of the slow fluctuations observed
in the ongoing signals and did not reflect reduced variability of the evoked responses per se. Once
differences in the dynamics of the ongoing signals were accounted for, we observed no group differ-
ences in the variability of the evoked responses. Moreover, although the evoked responses were
markedly affected by fluctuations in the ongoing signals, the amplitude modulations caused by the
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Figure 1. Behavioral task design and reaction time results. (A) Participants performed a cued auditory go/no-go
task. The warning cue presented at the beginning of the trial was followed by a go or a no-go stimulus. Participants
were instructed to respond with their right index finger as fast as possible upon detection of the go stimulus and
to withhold the response in no-go trials. Auditory stimuli were pure tones of different frequencies (cue — 1500 Hz;
go - 1700 Hz; no-go - 1300 Hz). (B) Median reaction time (left) and reaction time variability [across trials standard
deviation (SD)] (right). Black horizontal line depicts mean across participants and grey box + standard error of the
mean. * p< 0.05; ns = not significant, in independent samples t-tests comparing across groups.
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ongoing signal did not contribute towards behavioral variability, thereby explaining why although
ongoing brain signal variability is decreased in older individuals, behavioral variability is not.

Results
We analysed EEG and pupil data acquired while a group of young (N=36; age = 23 + 3 years) and
a group of older (N=39; age = 60 * 5 years) adults were engaged in a cued-auditory go/no-go task
(Figure 1A).

Behavioral variability is increased in older adults

Reaction time variability was increased in older adults (Figure 1B). The older participants were on
average slower responding to the go stimulus; however, this difference was not statistically signifi-
cant [ty3=-1.84, p= 0.070]. Nevertheless, reaction time variability (within-subject across trials SD) was
significantly higher in the older group [tz3=-2.53, p= 0.013]. As signal variability increases with signal
mean, it is common to study the coefficient of variation (SD/mean) to estimate if the signal variability
increased more than what would be expected from the increase in mean. Reaction time coefficient of
variation was not significantly different across groups [t;3=-1.57, p= 0.120].

To evaluate task accuracy, we calculated the number of errors, including responses to the no-go
stimulus (errors of commission), missed go trials, and responses to the cue (where participants
responded to the cue instead of waiting for the go stimulus). Total number of errors were low (median
of 2 and 4 in young and older groups, out of 120 trials). The number of errors of commission was
not significantly different across groups (U=627, p=0.400; median of one error of commission across
participants in each group, with 64% and 66% of young and older participants responding at least
once to the no-go stimulus). In contrast, misses and responses to the cue occurred more often in
the older group. Mann-Whitney tests revealed a significant effect of group for the number of misses
(U=552, p=0.050, 22% of young participants presented at least one missed trial in comparison with
38% of older participants) and responses to the cue (U=538, p=0.022, 14% of young participants
incorrectly responded to the cue stimuli at least once in comparison with 36% of older participants).

Variability in the amplitude of preparatory evoked responses is
decreased in the older group and is associated with reaction time
Trial-by-trial variability in the CNV amplitude (CNV variability) was decreased in the older group
(Figure 2). During the preparatory period between the cue and the target, a frontocentral nega-
tive potential (the CNV) could be observed in the EEG of both groups of participants with stron-
gest amplitude in the frontocentral electrode FCz (Figure 2A and C). Although the amplitude of this
evoked response was on average stronger (more negative) in the older group, trial-by-trial variability
(across trials standard deviation) was reduced in the older group (Figure 2B and D, see Figure 2—
figure supplement 1ffor single subject examples of trial-by-trial CNV variability). We observed signif-
icant group differences in the CNV amplitude and variability (Figure 2E and F). However, the group
differences showed different topographic distributions. CNV amplitude presented strongest group
difference in left central electrodes, while CNV variability presented strongest group difference in
parieto-occipital electrodes.

Trial-by-trial CNV amplitude fluctuations were associated with reaction time fluctuations (Figure 3).
Within-subject correlation analyses revealed a significant relationship between CNV amplitude and
reaction time. Although, the correlation coefficients were on average smaller (closer to zero) in
the young group, these did not differ significantly across groups (|ts|<2.6). The correlation values
were significantly different from zero in a left frontocentral cluster of electrodes (one-sample t-tests
including all participants; Figure 3A). As participants were responding with their right index finger the
fact that the stronger correlation coefficients were observed in a left central cluster (contralateral to
the response hand) suggests that the preparatory activity measured has a motor element. The CNV
is comprised of different components including a motor-related late component (Nagai et al., 2004;
van Boxtel and Bécker, 2004). This result suggests that the association between CNV amplitude and
reaction time results from preparatory motor activity happening during that period.

Older individuals presented reduced trial-by-trial variability in cue-locked pupil dilation (PD)
responses (Figure 4). The warning cue elicited a pupil dilation response that peaked around 3 s after
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Figure 2. CNV variability is significantly decreased in the older group. (A) Cue-locked ERP measured in the electrode FCz (mean + SEM across
participants). Grey background highlights the time window used to average the ERP amplitude within each trial to study group differences in CNV
amplitude and across trials CNV amplitude variability (1-1.5 s after cue onset). This time window was chosen to include the period of highest amplitude
of the preparatory response while avoiding any activity related to target processing and therefore positioned just before the earliest target onset (1.5 s
after cue onset). (B) Left, FCz CNV amplitude. Right, FCz CNV variability (across trials SD). Graphs depict individual data points (circles), mean (black
horizontal line) and = SEM across participants (grey box). ** p<0.01; ns = not significant, in independent samples t-tests comparing across groups
after controlling for multiple comparisons across EEG channels. (C) Scalp topography depicting average CNV amplitude. (E) Scalp topographies of
CNV variability. (D and F) Scalp topographies of t-values from independent samples t-tests comparing young and older participants at each electrode
location. Correction for multiple comparisons was achieved using permutation tests and the ‘tmax’ method for adjusting the p values (Blair and
Karniski, 1993; Groppe et al., 2011). Black circles highlight the electrodes where the group difference was significant after controlling for multiple
comparisons (p<0.05).

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Examples of cue-locked event-related potentials (ERPs) from young and older participants showing higher trial-by-trial variability
in the young participants.
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Figure 3. Within-subject correlation analyses between CNV amplitude and reaction time. (A) Scalp topographies
of average correlation coefficients. Black circles highlight electrodes where correlation coefficients were
significantly different from zero after controlling for multiple comparisons. Graph on the right shows individual
data points (circles), mean (black horizontal line) and + standard error of the mean across participants (grey box) of
correlation coefficients for electrode C5 marked in the scalp topography with an asterisk. Statistical comparisons:
one sample t-test including all participants (** p<0.01) / independent samples t-test comparing across groups (ns,
not significant). (B) ERPs at electrode C5 divided within each participant in quintiles according to reaction time.
Fast responses were associated with more negative CNV amplitudes in both groups. Data are represented as
mean + standard error of the mean across participants.

cue-onset (as reported before in Ribeiro and Castelo-Branco, 2019a; replotted in Figure 4A). PD
response amplitude was not significantly different across groups [t;1,=—1.82, p=0.073]. The variability
of PD response amplitude was, however, significantly reduced in the older group [t;;,=6.05, p<0.001;
Figure 4B; see Figure 4—figure supplement 1 for single subject examples of trial-by-trial variability
in evoked responses].

Preparatory pupil dilation responses did not correlate with reaction time. Within-subject correlation
coefficients were not significantly different across groups [t;,=1.10, p=0.276] or significantly different
from zero [one-sample t-test including all participants, t;, = 0.670, p=0.505].

In summary, trial-by-trial variability in the amplitude of the evoked responses was markedly reduced
in older adults, while reaction time variability was increased. These observations suggest that the
additional variability observed in the young group originates in a signal component that is not behav-
iorally relevant. In the following sections, we will delve into the origin of the variability in these evoked

responses.

Spectral properties of the ongoing EEG and pupil signals

Evoked neural responses occur on a background of ongoing neural activity that unavoidably adds to
the responses measured (Fox et al., 2006; Shimaoka et al., 2019). It is possible therefore that age-
dependent changes in the dynamics of ongoing activity explain the differences in the variability of
task-related evoked responses. We explored the relationship between ongoing signal dynamics and
the variability of the evoked responses by studying the spectral properties of ongoing EEG and pupil
data and how these relate to the evoked responses.
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Figure 4. The variability of the cue-locked pupil dilation (PD) response is significantly reduced in older individuals. (A) Cue-locked pupil dilation
response in young and older participants (mean + SEM across participants). Grey background highlights time window (1-1.5 s after cue onset) where
the PD amplitude was averaged within each trial to study the pupil dilation response elicited by the cue stimulus during the preparatory period before
target onset. (B) Left, amplitude of PD response in young and older adults. Right, trial-by-trial variability in PD response (across trials standard deviation
of PD amplitude) in young and older adults. Graphs depict individual data points (circles), mean (black horizontal line) and + standard error of the mean
across participants (grey box). *** p<0.001; ns = not significant, in independent samples t-tests comparing across groups.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Examples of cue-locked pupil dilation responses from young and older participants showing higher trial-by-trial variability in the
young participants.

The ongoing EEG signal of older adults presented power spectral density (PSD) data that are less
steep, with reduced offset (reduced amplitude at low frequencies), reduced alpha power and increased
beta power (Figure 5). Ongoing EEG activity was estimated from the pre-stimulus period (3.5 s) just
before cue onset, taking advantage of the long inter-trial intervals used. We analysed the PSDs using
the FOOOF toolbox that separates the aperiod from the periodic component of the spectra (Dono-
ghue et al., 2020). The aperiodic component can be described by its two parameters: the spectral
exponent (a measure of how steep the spectrum is) and the offset (which reflects the uniform shift of
power across frequencies). Both were significantly reduced in the older group (Figure 5B). Occipital
alpha power was reduced in older individuals mainly in occipital channels. In contrast, beta power in
frontal and central EEG channels was increased in the older group.

The PSDs of ongoing pupil signals of older individuals presented reduced exponent and offset
(Figure 6). Ongoing pupil signal fluctuations happen on a slower time scale than the EEG fluctuations,
therefore, it is important to analyse longer time periods to study their dynamics. To analyse ongoing
pupil fluctuations in the absence of task related activity, we took advantage of the 4 min long pupil-
lary recordings obtained at the beginning of the acquisition protocol while participants were fixating
and passively listening to the cue stimulus being presented with the same frequency as in the task
(Ribeiro and Castelo-Branco, 2019a). Besides fixating the centre of the screen no other overt task
was required. Due to the absence of task or luminance changes, the dynamics of pupil fluctuations
in these recordings can be mostly assigned to ongoing pupillary activity. We analysed the spectral
content of these signals in 20 s epochs cut sequentially from these 4 min recordings (not locked to
the auditory stimulus).The spectra of the ongoing pupillary signal followed a 1 /f distribution, with
power decreasing with increasing frequency (Figure 6). The aperiodic parameters were significantly
decreased in the older group [exponent: t;, = 7.48, p<0.001; offset: ty, = 4.17, p<0.001], that is
the older group presented a flatter pupil spectrum with lower amplitude at the low frequencies. No
obvious peaks were detected in the pupil spectra.

Reduced variability in the evoked responses of older adults is linked to
reduced amplitude in the slow fluctuations of ongoing activity

Spectral properties of ongoing signals are associated with trial-by-trial variability in evoked responses
(Figure 7). We used correlational analyses to investigate if the dynamics of the ongoing EEG and
pupil signals captured by the spectral parameters was associated with the variability in task-related
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Figure 5. Comparison of the properties of the power spectral density (PSD) of the EEG pre-stimulus signal of
young and older adults. (A) PSDs of the EEG signal in a window of 3.5 s before cue-onset measured in two EEG
channels: the FCz, a frontocentral electrode where the preparatory CNV had maximal amplitude, and the POz,

a parietocentral electrode where alpha oscillations were most prominent. Plots depict across participants mean
+ standard error of the mean. (B) Scalp topographies of the average aperiodic parameters, exponent and offset,
and alpha and beta power, extracted from the pre-stimulus PSD of each group of participants. Group differences
for each of the parameters studied were estimated using independent t-tests. Channels that showed significant
differences after controlling for multiple comparisons are highlighted in black. The graphs on the right show the
exponent, offset, alpha power and beta power of the PSDs of young and older groups measured in the channel
FCz. Graphs depict individual data points (circles), mean (black horizontal line) and + standard error of the mean

Figure 5 continued on next page
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Figure 5 continued

across participants (grey box). Participants where alpha or beta peaks were not detected were excluded from these
graphs. **p<0.01; ***p<0.001; ns = not significant, in independent samples t-tests comparing across groups.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Goodness-of-fit of FOOOF model fitting to EEG spectral data was significantly different
across groups and correlated with the model aperiodic parameters, exponent and offset.

evoked responses across participants. For the EEG, to facilitate data presentation and interpreta-
tion of the following analyses, we focused on the FCz channel where the CNV showed its highest
amplitude. Similar findings were observed in the other EEG channels, including the ones presenting
significant correlations with behavior (Figure 7B and Figure 7—figure supplement 1). Participants
with higher spectral offset and exponent presented higher CNV and PD variability (Figure 7). Alpha
power presented a positive association with CNV variability only in the young group and in posterior
EEG channels (Figure 7B). Beta power was not associated with CNV variability. These findings suggest
that the aperiodic signal fluctuations are intrinsically linked to the variability observed in the evoked
responses. We then sought to determine which frequencies in the aperiodic spectra were more
predictive of the variability in the amplitude of the evoked responses. We found that the correlation
between variability in the amplitude of the evoked responses and the amplitude of the power spectra
was particularly strong in the lower frequencies (Figure 7—figure supplement 1). Importantly, the
correlations were significant in both the aperiodic component of the fitted (FOOOF) spectra and in
the raw (total) power spectra. In the total spectral power, the correlation between PD variability and
spectral power was highest around 0.44 Hz and decreased for lower frequencies. In the EEG analyses,
correlation was highest at 1 Hz, the lowest frequency analysed. These findings suggest that slow
aperiodic fluctuations observed in the ongoing signals are associated with trial-by-trial variability in
the amplitude of the evoked responses, both in the EEG and in the pupillogram.

The group differences in CNV and PD variability were markedly reduced once the effect of the
spectral exponent, offset or slow spectral power were regressed out (Figure 8). This was evident
in the significant interaction effects observed in repeated measures ANOVAs including as within-
subject factor adjustment for confounds (with and without adjustment) and group as between-subject
factor [CNV variability adjustment x group interaction effect when adjusting for exponent F; ;,=47.2,
p<0.001, offset F, ;5=14.3, p<0.001, or slow spectral power F;, 70=13.4, p<0.001; PD variability
adjustment x group interaction effect when adjusting for exponent F; ;;)=54, p<0.001, offset F;
=19, p<0.001, or slow spectral power F; ;;,=62, p<0.001]. In fact, after adjusting for the confounds,
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Figure 6. Power spectral density (PSD) of ongoing pupil signals acquired during passive fixation under constant luminance conditions. Left, PSD graph
represents across participants mean + standard error of the mean of the young and older group. Centre and right, aperiodic parameters exponent
and offset of young and older participants. Graphs depict individual data points (circles), mean (black horizontal line) and + standard error of the mean

across participants (grey box). *** p-value < 0.001 in independent samples t-tests.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Goodness-of-fit of FOOOF model fitting to spectral pupil data, R (transformed into Fisher's Z) was similar across groups
[independent t-test: tyq, = 1.45, p=0.151].
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Figure 7. Variability in the amplitude of the evoked responses correlates with parameters of the power spectral density (PSD) of the ongoing signals.

(A) CNV variability measured in the FCz channel plotted against (from top to bottom) exponent, offset, alpha power or beta power estimated from

the PSDs of ongoing pre-stimulus EEG signal measured in the same EEG channel. The correlation p-values shown were not corrected for multiple
comparisons. (B) Scalp topographies of correlation coefficients between CNV variability and exponent, offset, alpha power or beta power estimated
from the PSDs of ongoing pre-stimulus EEG signal. Black circles highlight electrodes where the correlations were significant after controlling for multiple
comparisons. (C) Variability in the pupil dilation (PD) response [PD standard deviation (SD)] plotted against the aperiod parameters of the PSD of the
ongoing pupil signal, exponent and offset.

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Power spectral densities (PSD) of ongoing signals correlate with variability in the evoked responses.

the CNV variability was no longer significantly different across groups [adjusting for exponent ty, =
0.661, p=0.511; adjusting for offset t;, = 0.243, p=0.809; adjusting for slow spectral power t;,
0.979, p=0.331; Figure 8]. Similar findings were observed in the other EEG channels after controlling
for multiple comparisons. After adjusting for the exponent, group differences in CNV variability were
observed only in two posterior EEG channels (PO8 and CB2). No channels showed group differences
after adjusting for offset or slow spectral power. The group difference in the PD variability was also
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Figure 8. Variability in the amplitude of the evoked responses after adjusting for differences in the parameters of the power spectral density (PSD) of
the respective ongoing signals. Top, variability in CNV amplitude measured at electrode FCz; bottom, variability in pupil dilation (PD) responses. Left,
adjusted for the PSD’s exponent; centre, adjusted for the PSD’s offset; right, adjusted for the power of the slow fluctuations (power at 1 Hz in the EEG
and power at.44 Hz in the pupil signal). Graphs depict individual data points (circles), mean (black horizontal line) and + standard error of the mean
across participants (grey box). * p<0.05; *** p<0.001; ns = not significant, in independent samples t-tests comparing across groups.

completely explained by the power of slow fluctuations observed in the ongoing pupillary signal [t-
test group comparison no longer significant: t;,, = 1.54, p=0.129; Figure 8]. However, adjusting for
spectral exponent or offset did not completely explain the group difference [adjusting for exponent
tyy = 2.45, p=0.017; adjusting for offset ty;) = 3.65, p<0.001]. These findings indicate that the age-
related reduction in the power of the slow aperiodic fluctuations underlie the group differences in
trial-by-trial variability in the amplitude of the evoked responses.

Factors that contribute to trial-by-trial variability in evoked responses
There are two possible mechanisms through which background signal fluctuations affect the ampli-
tude of the evoked responses. Background signal fluctuations might reflect fluctuations in brain state
and different brain states will be associated with different evoked responses; and/or background
signal fluctuations and the evoked responses are two independent signals that sum giving rise to
a composite signal where the evoked response appears on top of a fluctuating baseline thereby
modulating its shape and amplitude - a simple additive mechanism. In this latter case, the phase of
the background fluctuations at the cue-onset rather than the instantaneous amplitude would better
capture the relationship between the measured evoked responses and the ongoing signal (at the same
amplitude values, the phase of the oscillation will define if the signal is increasing or decreasing). We
explored this relationship by estimating the phase of the slow fluctuations in the EEG and pupil signals
at cue-onset. For illustrative purposes, we plotted the relationship between the pre-stimulus phase
and the amplitude of the respective evoked responses (Figure 9). The evoked responses showed
a dependence on the phase of the ongoing fluctuations in line with what would be expected if the
measured evoked responses were the summation of an evoked response with an ongoing fluctuating
signal (Figure 9B and C). This relationship was also different from what would be expected if the
evoked responses were affected solely by the amplitude of the baseline signal. This is further explored
quantitatively in the next paragraph.
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Figure 9. Association between the phase of slow ongoing fluctuations at cue-onset and the amplitude of

the evoked responses in the EEG (left) and pupil (right) signals. (A) Baseline (pre-cue) signal amplitude sorted
accordingly to the estimated signal phase (mean + standard error of the mean across participants). As expected,
signal amplitude reaches its peak at zero phase and its minimum at + 1. (B) Example data from two participants
showing how the single trial amplitude of the evoked responses changed with the phase of the ongoing slow
fluctuations. (C) Amplitude of the evoked responses split into quintiles (within each participant) according to the
phase of the ongoing signals at cue-onset (mean + standard error of the mean across participants).

Ongoing signal fluctuations strongly affected the amplitude of the evoked responses (Figure 10).
We quantified the association between EEG/pupil phase of slow fluctuations estimated at cue-onset
(8) and the amplitude of the respective evoked responses using linear regression. This relationship can
be captured in a linear regression by representing the phase as a pair of variables: the cosine and the
sine (Nurhab et al., 2017). We multiplied the cosine and sine functions by the amplitude envelop (r)
of the slow signal fluctuations because the amplitude envelop varies throughout the recordings and
these fluctuations will have differential effects on the evoked responses depending on their ampli-
tude. The two predictors associated with the slow ongoing signal fluctuations were r ® sin 0 and r ®
cos O. Note that r e cos 8 is equal to the signal amplitude and therefore to the amplitude at base-
line, while r e sin 6 will capture the additional effect of the signal phase. To study how these factors
affected the trial-by-trial amplitude of the task-related responses, we run generalized linear regression
models (GLMs) for each participant and separately for each signal type - EEG and pupil. We included
as dependent variable the amplitude of the evoked response and as predictors r ® sin 0, r ® cos 0
and, additionally, time-on-task (that can lead to differential responses due to learning, adaptation,
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Figure 10. Estimated coefficients from within-subject generalized linear regression models (GLMs) including as response variable the amplitude of

the evoked response and as predictors the effects of time-on-task, pre-stimulus alpha power and the cosine and sine of the phase at cue-onset of the
ongoing slow fluctuations. Run was included as categorical predictor. (A) Effect of predictors on CNV amplitude measured at FCz. (B) Effect of predictors
on pupil dilation response (PD) amplitude. (A and B) Top, graphs depicting estimated coefficients (circles = individual data points; black horizontal line

Figure 10 continued on next page
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= across participants mean; grey box = + standard error of the mean across participants). Middle and bottom, cue-locked evoked responses divided

in tertiles (within each participant) sorted according to each of the predictors (mean + standard error of the mean across participants). Note, that the

graphs show raw responses not adjusted for the other predictors. Statistical comparisons: one sample t-test including all participants / independent
samples t-test comparing across groups - ** p<0.01; *** p<0.001; ns = not significant.

or increased fatigue), and pre-stimulus alpha power (that reflects moment-to-moment spontaneous
fluctuations in brain state related to alertness or attentional fluctuations; van Diepen et al., 2015).
Run was included as categorical predictor (two consecutive runs of 8 min each were acquired). These
models explained a large amount of the evoked responses variance (R? mean + SE: EEG young 67%
+ 8%; EEG older 63% + 8%,; pupil young 73% = 1%; pupil older 67% = 1%). The explained variances
were significantly decreased in the alternative model without the r e sin 6 predictor that captured the
effect of the ongoing signal phase [R? mean + SE without r e sin 0: EEG young 27% =+ 11%; EEG older
28% = 10%; pupil young 40% =+ 1%; pupil older 37% = 1%, paired t-test comparing the two models’
explained variance: EEG t;3 = —26.8, p<0.001; pupil t;;, = -22.9, p<0.001], suggesting that the effect
of the ongoing signal on the amplitude of the evoked responses is best captured by including ampli-
tude and phase of the ongoing signal at baseline. We tested the estimated coefficients against zero
using one-sample t-tests. The EEG GLM revealed that the CNV amplitude depended on time-on-
task [it became less negative with time-on-task; t;; = 2.84, p=0.006; Figure 9A], and on the phase
of the ongoing fluctuations at cue-onset captured by the cosine [t;3=-36.3, p<0.001] and the sine
[t73=-81.7, p<0.001] functions (Figure 10A). It was independent of run [t;3=0.035, p=0.973] and
pre-stimulus alpha power [t;3=-0.530, p=0.598]. Time-on-task had a stronger effect on the evoked
responses of the young group in comparison with the older group [independent samples t-test: ty,
= 3.74, p<0.001]. The other coefficients did not present significant effects of group [run: t;; = 1.98,
p=0.051; pre-stimulus alpha: t;, = -0.098, p=0.923; cosine: t;, = 0.189, p=0.851; sine: t;, = -0.007,
p=0.994]. The pupil GLM revealed that the only predictors that significantly contributed towards trial-
by-trial PD variability were the cosine and the sine of the pre-stimulus phase [one-sample t-test testing
estimated coefficients against zero - cosine: t;;, = =38.2, p<0.001; sine: t;;) = -51.3, p<0.001]. The
other predictors were not significantly different from zero [run: t;;) = 1.88, p=0.064; time-on-task: ty;,
= -1.34, p=0.185; alpha power: t;;, = -0.061, p=0.952]. None of the coefficients showed a significant
group difference [run: t;q = —0.198, p=0.844; time-on-task: t;;, = —1.00, p=0.321; alpha power: tyq =

0.1
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Figure 11. Within-subject correlation between single trial amplitude of the preparatory evoked responses adjusted for the effect of the ongoing signal

fluctuations and reaction time. (A) Left, scalp topographies of cor