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ARTICLE INFO ABSTRACT

Keywords: For decades, visual entrainment paradigms have been widely used to investigate basic visual processing in healthy
Cortical entrainment individuals and those with neurological disorders. While healthy aging is known to be associated with alterations
Visual flicker in visual processing, whether this extends to visual entrainment responses and the precise cortical regions involved
ilgpe}il:g is not fully understood. Such knowledge is imperative given the recent surge in interest surrounding the use of
Cortical thickness flicker stimulation and entrainment in the context of identifying and treating Alzheimer’s disease (AD). In the
Oscillatory current study, we examined visual entrainment in eighty healthy aging adults using magnetoencephalography
Phase-locked (MEG) and a 15 Hz entrainment paradigm, while controlling for age-related cortical thinning. MEG data were
Harmonics imaged using a time-frequency resolved beamformer and peak voxel time series were extracted to quantify the

oscillatory dynamics underlying the processing of the visual flicker stimuli. We found that, as age increased, the
mean amplitude of entrainment responses decreased and the latency of these responses increased. However, there
was no effect of age on the trial-to-trial consistency in phase (i.e., inter-trial phase locking) nor amplitude (i.e.,
coefficient of variation) of these visual responses. Importantly, we discovered that the relationship between age
and response amplitude was fully mediated by the latency of visual processing. These results indicate that aging
is associated with robust changes in the latency and amplitude of visual entrainment responses within regions
surrounding the calcarine fissure, which should be considered in studies examining neurological disorders such
as AD and other conditions associated with increased age.

1. Introduction

Aging, even in the absence of pathological changes, has been
shown to affect a variety of visual processes, including visual acuity
(Elliott et al., 1995), motion perception (Trick and Silverman, 1991),
and contrast sensitivity (Burton et al., 1993; Elliott et al., 1990). These
changes in visual processing during healthy aging are the result of com-
plex and multifaceted alterations along the entire visual pathway; from
the cornea to the visual cortices (Erdinest et al., 2021). Understanding
the nature of visual processing deficits in aging is critical considering
that decrements in basic visual processing have been shown to signifi-
cantly decrease the quality of life of older adults (Brenner et al., 1993)
and can lead to increased risk of injury (e.g., via falling or accidents
while driving; Lord et al., 2002; Owsley et al., 1998; Sakai et al., 2015).

A common neurological change associated with healthy aging is the
gradual decrease of cortical thickness across the whole brain (Fjell et al.,
2009; Frangou et al., 2021). Though general age-related decreases

in cortical thickness have been commonly reported, analyses tend to
show less occipital cortical thinning relative to other cortical areas
(Allen et al., 2005; Griffis et al., 2016; Raz et al., 2004; Salat et al.,
2004; Thambisetty et al., 2010). Importantly, variation in cortical
thickness, as a function of aging, pathological processes, or individ-
ual differences, have been shown to correlate with altered neural ac-
tivity in the same regions (Hirano et al., 2020; Moretti et al., 2013;
Muthukumaraswamy et al., 2010; Palaniyappan et al., 2012; van Pelt
et al., 2018). Though previous research has demonstrated the interre-
lated nature of healthy aging, decreased cortical thickness, and alter-
ations in neural activity, the relationship between these variables has
yet to be thoroughly investigated, and this is especially true for the vi-
sual cortex.

To date, the majority of aging studies investigating visual corti-
cal responses have demonstrated significant changes in the character-
istics of these responses. Most notably, studies using electroencephalog-
raphy (EEG) and magnetoencephalography (MEG) have shown that
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electrode/sensor level responses to visual stimulation in older adults
tend to have lower amplitudes (Armstrong et al., 1991a; Kavcic et al.,
2013; Polich, 1997; Stormer et al., 2013) and greater latencies com-
pared to those observed in younger individuals (Armstrong et al., 1991a,
b; Celesia and Daly, 1977; Kavcic et al., 2013; Price et al., 2017;
Sokol et al., 1981; Stephen et al., 2010). While these findings of de-
creased visual response amplitudes and increased latencies are robust
in the electrophysiological literature (e.g., EEG and MEG), studies us-
ing functional MRI (fMRI) have been less consistent with some stud-
ies supporting the EEG/MEG findings (Cliff et al., 2013; Peiffer et al.,
2009; Tekes et al., 2005; West et al., 2019) and many others finding no
changes in visual response characteristics as a function of healthy aging
(Aizenstein et al., 2004; Brodtmann et al., 2003; Grinband et al., 2017).
These discrepancies could be partially attributable to differences in spa-
tial scales, as the EEG and MEG studies that have consistently found
age-related effects in visual responses are generally those that relied on
sensor/electrode level analyses, which typically reflect responses over
more widespread brain regions than is the case with fMRI and source-
resolved MEG/EEG. Thus, the anatomical origins of these aging effects
and their relationship to observations from fMRI remain poorly under-
stood.

While visual entrainment paradigms have been used in clinical neu-
roscience research for over 20 years, interest has sharply increased re-
cently due to new evidence suggesting that such entrainment may at-
tenuate beta amyloid plaques in mouse models of Alzheimer’s disease
(AD) and thus may hold significant therapeutic promise via the capac-
ity to reduce a key pathological feature of the disease (Adaikkan et al.,
2019; Iaccarino et al., 2016; Martorell et al., 2019). Visual entrainment
responses are generated when neurons in the visual cortices synchro-
nize their firing with the frequency of a flickering visual stimulus. This
visual response is unique, relative to non-flickering stimuli, as the neu-
ronal activity is both time- and phase-locked to the visual stimulation
and often exhibits an extended duration that matches that of the visual
stimulation (Herrmann, 2001; Tsoneva et al., 2021). The use of sus-
tained entrainment paradigms is ideal for investigating visual process-
ing because the elicited neural responses have high signal-to-noise ratios
and the sustained nature of the response allows for time varying analysis
of visual activity. Nonetheless, despite these advantages, most studies of
visual processing in aging have used more simple tasks that involve tran-
sient flashes or similar stimuli and focused on the resulting evoke fields
(MEG) or potentials (EEG). As briefly mentioned above, beyond aging
and recent work in AD, visual (and auditory) entrainment paradigms
have been widely used in clinical neuroscience and proven to be useful
in the characterization of psychiatric and other neurological disorders
(e.g., schizophrenia, autism, ADHD, and migraines; Angelini et al., 2004;
Clementz et al., 2004; Jin et al., 2000; Shibata et al., 2008; Wilson et al.,
2008; Wilson et al., 2007; Wilson et al., 2012). Further, some of these
studies suggest that specific conditions like schizophrenia are associated
with deficits in both visual (Clementz et al., 2004; Jin et al., 2000) and
auditory domains (Teale et al., 2008; Wilson et al., 2008). However,
beyond schizophrenia, the pattern is more unclear because less work
has been performed. Interestingly, a recent study also showed that en-
trainment in one modality (e.g., visual) affects higher order processing
of stimuli presented in other modalities (e.g., auditory; Albouy et al.,
2022).

In sum, electrode/sensor-level electrophysiological responses serv-
ing visual processing using transient, non-flickering visual stimuli have
been extensively studied in aging populations, but far less is known
about how healthy aging affects cortical-level visual entrainment re-
sponses. Further, though cortical thickness changes have been shown to
be strongly related to aging, data on the occipital cortex has been less ro-
bust and very few studies to date have attempted to link healthy aging to
both cortical thinning and visual processing. Thus, in the current study,
we examined the neural dynamics of visual entrainment responses using
MEG in an aging sample, with an emphasis on neural response ampli-
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tude, latency, and consistency (i.e., inter-trial phase-locking and single-
trial amplitude consistency). A key goal was to determine whether age-
related differences in these response parameters are affected by other
functional parameters (e.g., are differences in amplitude attributable to
less consistent responses from trial-to-trial) and/or cortical thickness. In
order to produce the strongest neural responses, the frequency of en-
trainment was chosen to fall within the range that has been shown to
elicit the most robust visual entrainment responses in healthy adults
(i.e., 15 Hz; Pastor et al., 2003). Based on the broader visual processing
literature, we hypothesized that, as a function of healthy aging, visual
cortical responses would be less consistent, have decreased amplitudes,
and increased latencies.

2. Methods and materials
2.1. Participants

A total of eighty adults with a mean age of 46.35 (SD = 13.50) years
and a range of 20.22 to 67.00 years were selected for inclusion in this
study. These participants were chosen from a larger-scale study of ac-
celerated aging in persons with HIV, with only the HIV-negative par-
ticipants included in this investigation of healthy aging. Among the in-
cluded control participants, the number of participants per decade of
life was relatively equal (i.e., uniform) and their level of education did
not vary as a function of age (F; 7, = 1.91; p = .171). Of the 80 adults,
76 (95%) were right-handed, 63 (79%) were male, 9 (11%) were Black,
5 (6%) were Asian, 63 (79%) were Caucasian, and the remaining 3 (4%)
were more than one race, which corresponds closely to the racial demo-
graphics of the surrounding region. All participants completed extensive
cognitive batteries that assessed the domains of learning, memory, pro-
cessing speed, attention, executive function, language, and motor func-
tion. Following demographic normalization, individual cognitive per-
formance scores were averaged across domains to ensure that each par-
ticipant scored within the normal range (i.e., within 2 SDs of t-scored
values). Exclusionary criteria included any medical illness affecting CNS
function (e.g., HIV/AIDS, Lupus, etc.), any neurological or psychiatric
disorder, cognitive impairment, history of head trauma, current sub-
stance abuse, and the MEG laboratory’s standard exclusionary criteria
(e.g., ferromagnetic implants). The Institutional Review Board reviewed
and approved this investigation. Each participant provided written in-
formed consent following detailed description of the study.

2.2. Experimental paradigm

During the MEG recording, participants sat in a nonmagnetic chair
within a magnetically shielded room and were instructed to fixate on
an entrainment stimulus that flickered at a rate of 15 times per second
(Hz). The stimulus was a small white circle, 3.8 cm in diameter that was
presented centrally on a black background and subtended a visual angle
of 1.83°. The duration of each flicker-train was 2500 ms and the inter-
stimulus interval was randomly jittered between 2000 and 2500 ms.
Each participant completed 120 trials, which resulted in a total record-
ing time of about 9.5 min.

2.3. MEG data acquisition

MEG recordings were conducted in a one-layer magnetically shielded
room with active shielding engaged to compensate for environmental
noise. Neuromagnetic responses were continuously sampled at a rate of
1 kHz with an acquisition bandwidth of 0.1-330 Hz using an Elekta MEG
system with 306 magnetic sensors (Helsinki, Finland). During data ac-
quisition, participants were continually monitored via real-time audio-
video feeds from inside the magnetically shielded room. MEG data were
individually corrected for head motion and subjected to noise reduc-
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tion using the signal space separation method with a temporal extension
(Taulu and Simola, 2006).

2.4. Structural MRI acquisition, processing, and MEG Coregistration

Preceding MEG recording, four coils were attached to the subject’s
head and localized, together with the three fiducial points and scalp sur-
face, with a 3-D digitizer (FASTRAK 3SF0002, Polhemus Navigator Sci-
ences, Colchester, VT, USA). Once the participants were positioned for
MEG recording, an electric current with a unique frequency label (e.g.,
321 Hz) was fed to each of the coils. This induced a measurable magnetic
field and allowed each coil to be localized in reference to the sensors
throughout the recording session. Since coil locations were also known
in head coordinates, all MEG measurements could be transformed into
a common coordinate system. With this coordinate system, each partic-
ipant’s MEG data were co-registered with their structural T1-weighted
MRI prior to source space analysis using BESA MRI (Version 2.0). Struc-
tural MRI data were collected on the same day as the MEG in all but
seven participants, with four undergoing MRI within two months of the
MEG and three not receiving MRI or having noisy MRI data. For those
without high quality MRI data, the MEG data were co-registered to the
structural MRI of a demographically similar (i.e., age, sex, weight) par-
ticipant. Importantly, previous studies have shown that using such a
template has a negligible effect on the results (Holliday et al., 2003;
Wiesman et al., 2019; Wiesman and Wilson, 2019, 2020) and excluding
these participants did not affect our primary neural measures of inter-
est or change any of our significant findings. All MRI data were aligned
parallel to the anterior and posterior commissures and transformed into
standardized Talairach space. Following source analysis (i.e., beamform-
ing), each subject’s 4.0 mm® functional MEG images were also trans-
formed into standardized space using the transform that was previously
applied to the structural MRI volume and spatially resampled to enable
group-wise statistical comparisons.

2.5. MEG preprocessing, time-frequency transformation, and sensor-level
statistics

Cardiac and ocular artifacts (e.g., blinks and eye movements) were
removed from the data using an adaptive spatial filtering approach
which separates artifact and brain signal topographies, allowing for the
removal of artifacts without distortion of the underlying neurological
signals (Ille et al., 2002). This artifact correction was accounted for
during source reconstruction. The continuous magnetic time series was
then divided into epochs of 4400 ms duration, with the baseline ex-
tending from —600 to O ms prior to the onset of the flickering stimulus.
Epochs containing remaining artifacts (after cardiac and ocular artifact
removal) were rejected, per participant, using a fixed threshold method,
supplemented with visual inspection. Across the sample, an average am-
plitude threshold of 1149.69 (SD = 367.05) fT and an average gradient
threshold of 169.69 (94.75) fT/s was used to reject artifacts. An average
of 108.15 (SD = 7.66) trials per participant were used for further analy-
sis. Importantly, the amplitude and gradient thresholds used for artifact
rejection and the total accepted trial count per participant did not differ
as a function of age (ps > 0.280).

Artifact-free epochs (—600 to 3800 ms, with zero defined as flicker
onset) were then transformed into the time-frequency domain us-
ing complex demodulation (Kovach and Gander, 2016), with a time-
frequency resolution of 0.5 Hz/100 ms and a bandwidth of 4-50 Hz. The
resulting spectral power estimates per sensor were averaged over trials
to generate time-frequency plots of mean spectral density per partici-
pant. These sensor-level data were then normalized using each respec-
tive frequency bin’s baseline power, which was derived by averaging
over the baseline time window (—600 to 0 ms).

The specific time-frequency windows used for subsequent sourcing
imaging were determined by statistical analysis of the sensor-level spec-
trograms across all trials, gradiometers, and participants. Each data
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point in the spectrograms were initially evaluated using a mass univari-
ate approached based on the general linear model. To reduce the risk
of false-positive results while maintaining reasonable sensitivity, a two-
stage procedure was followed to control type 1 error. In the first stage,
paired-sample t-tests against baseline were conducted on each data point
and the output spectrograms of t-values were thresholded at p <.05 to
define time-frequency bins containing potentially significant oscillatory
deviations across all participants. In stage two, the time-frequency bins
that survived the threshold were clustered with temporally and/or spec-
trally neighboring bins that were also below the threshold (p <.05), and
a cluster value was derived by summing all of the t-values of all data
points in the cluster. Nonparametric permutation testing was then used
to derive a distribution of cluster values, and the significance level of
the observed clusters (from stage one) were tested directly using this
distribution (Ernst, 2004; Maris and Oostenveld, 2007). For each com-
parison, 10,000 permutations were computed to build a distribution of
cluster values. Based on these analyses, the time-frequency windows
that contained significant oscillatory events across all participants were
subjected to a beamforming analysis. Thus, a data-driven approach was
utilized for selecting time-frequency windows to be imaged.

2.6. MEG source imaging and statistics

Cortical networks were imaged through an extension of the linearly
constrained minimum variance vector beamformer known as dynamic
imaging of coherent sources (Gross et al., 2001), which applies spa-
tial filters to time-frequency sensor data in order to calculate voxel-
wise source power for the entire brain volume. Such images are typ-
ically referred to as pseudo-t maps, with units (pseudo-t) that reflect
noise-normalized power differences (i.e., active vs. baseline) per voxel.
Following convention, the source power in these images was normal-
ized per participant using a separately averaged pre-stimulus noise pe-
riod (i.e., baseline) of equal duration and bandwidth (Hillebrand et al.,
2005). MEG preprocessing and source imaging used the Brain Electrical
Source Analysis (version 7.0) software.

To assess the anatomical basis of the responses identified through the
sensor-level analysis, the 3D beamformer output maps were averaged
across all participants. To investigate the neural differences in visual
processing as a function of healthy aging, virtual sensors (i.e., voxel time
series data) were extracted from each participant’s MEG data. Specifi-
cally, we identified the voxel with the strongest entrainment response
in the grand-averaged image (i.e., across all participants and time win-
dows) and computed virtual sensors for that location by applying the
sensor weighting matrix derived from the forward solution to the pre-
processed signal vector, which yielded a time series for the specific voxel
in source space. For this coordinate of interest, the envelope of spectral
power was computed for the frequency range used in the beamforming
analysis (i.e., 14.5-15.5 Hz, see below). For each participant, the mean
baseline activity was derived by averaging the absolute amplitude time
series data across the baseline period (—600 to 0 ms). To derive the rel-
ative response time series, the absolute amplitude time series was nor-
malized using the same —600 to 0 ms baseline period. Estimates of the
relative entrainment response were derived by averaging the relative
amplitude time series of the peak voxel across the significant time win-
dow derived from the sensor-level data (i.e., 200 to 2600 ms). Further,
visual entrainment response latency was determined for each partici-
pant by calculating the time it took for them to reach 50% of their max-
imum entrainment response. Additionally, using these same peak voxel
time series, the inter-trial phase locking (ITPL) value was computed per
participant for the time-frequency range used in the beamforming anal-
ysis (i.e., 14.5-15.5 Hz; 200 to 2600 ms) to assess phase consistency.
Finally, to evaluate the consistency of visual entrainment amplitudes
across trials, the coefficient of variation was calculated across the single-
trial responses for each participant. To reduce the impact of outliers on
statistical analyses, participants with values 2.5 SDs above or below the
group mean were excluded for each analysis.
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Fig. 1. Sensor- and source-level activity during visual entrainment. A. Grand-averaged time-frequency spectrogram from a sensor near the occipital cortex (i.e.,
MEG2123), with time (ms) shown on the x-axis and frequency (Hz) denoted on the y-axis. A color scale bar shown to the right of the spectrogram denotes the percent
power change relative to the baseline period (—600 to 0 ms). There is clear entrainment to the 15 Hz flicker stimulus and harmonics (i.e., 30 and 45 Hz). B. Mean
beamformer images (pseudo-t; see color bar) of the 15 Hz entrainment response (i.e., 200-2600 ms and 14.5-15.5 Hz). The images labeled “younger” and “older”
represent the average source representations for the youngest and oldest participants, as determined with cutoffs of less than or greater than 0.5 standard deviations
from the mean age, respectively. Note that all statistical analyses treated age as a continuous variable and the subgroups here are just for illustration purposes.

2.7. Cortical thickness processing

To examine cortical thickness, the T1-weighted MRI data were then
processed using additional surface-based morphometry calculations in
the computational anatomy toolbox (CAT12 v12.6; Gaser et al., 2022) at
aresolution of 1 mm3. This method uses a projection-based thickness ap-
proach to estimate cortical thickness and reconstruct the central surface
in one step (Dahnke et al., 2013). Briefly, following tissue segmentation,
the white matter distance is estimated, and the local maxima are pro-
jected onto other gray matter voxels using a neighboring relationship
described by the WM distance. This method accounts for partial volume
correction, sulcal blurring, and sulcal asymmetries. Topological defects
are corrected based on spherical harmonics (Yotter et al., 2011a) and
the cortical surface mesh was reparametrized into a common coordi-
nate system via an algorithm that reduces area distortion (Yotter et al.,
2011b). Finally, the resulting maps were resampled and smoothed us-
ing a 15 mm FWHM Gaussian kernel. These cortical thickness maps were
then parcellated using the Desikan-Killiany (DK) atlas. Subject-wise cor-
tical thickness values were extracted in several ways: 1) averaged across
all atlas regions (i.e., entire cortex), 2) averaged across occipital atlas
regions (i.e., lingual, pericalcarine, lateral occipital, and cuneus), and
3) primary visual cortex only (i.e., V1; bilateral pericalcarine regions).
The three participants without high quality structural MRI data were
excluded from these analyses.

2.8. Statistical analyses

All statistical analyses were performed using R (R Core Team, 2020),
and data plots were generated using ggplot2 (Wickham, 2016). In order
to perform the mediation analysis, the PROCESS macro (Hayes, 2013)
for R was utilized, with indirect effects estimated using bootstrapping
(Preacher and Hayes, 2004). Linear regression analyses were used to test
for differences as a function of healthy aging in mean baseline ampli-
tude, relative entrainment amplitude, response latency, average inter-
trial phase locking, average entrainment amplitude variability (coeffi-
cient of variation), and cortical thickness (i.e., across the entire cortex,
occipital cortex, and pericalcarine region). To ensure that age-related
changes in occipital cortex and pericalcarine cortical thickness were not
responsible for age-related changes in visual entrainment response met-
rics, linear regression analyses were used to model the relationship be-

tween cortical thickness and the visual response metrics. Additionally,
inclusion of these cortical thickness measures as nuisance covariates in
all reported statistical models did not change the significance or inter-
pretations of any results. Finally, permutation testing of the relative
entrainment time series was performed using custom MATLAB scripts
(Mathworks, 2018).

3. Results
3.1. Cortical thickness analysis

As detailed in the methods section, cortical thickness estimates were
parcellated using the DK atlas. Subject-wise cortical thickness values
were then averaged across the entire cortex, the bilateral occipital cor-
tices (i.e., lingual, pericalcarine, lateral occipital, and cuneus), and the
bilateral pericalcarine regions. We found significant age-related de-
creases in cortical thickness across the entire cortex (F; 74 = 10.53,
p = .002), bilateral occipital cortex (F; 74, = 5.81, p = .018), and per-
icalcarine regions (F; 74 = 8.74, p = .004).

3.2. Sensor-level analysis

Sensor-level time-frequency analysis across all participants revealed
significant oscillatory responses in a large number of posterior sensors
at the base entrainment frequency (i.e., 15 Hz) and harmonics (i.e., 30
and 45 Hz), all of which were increases in amplitude relative to baseline
(Fig. 1A). Given the goals of the study, we focused on the base-frequency
entrainment response at 15 Hz, which began at about 200 ms after the
presentation of the flickering stimulus and remained significantly differ-
ent from baseline until tapering off around 100 ms following its removal
(i.e., 200-2600 ms; p < .001, corrected).

3.3. Beamformer and virtual sensor analysis

To determine the cortical origins of the base-frequency entrain-
ment response, we imaged the significant sensor-level time-frequency
bin (i.e., 200-2600 ms and 14.5-15.5 Hz) in each participant using a
frequency-resolved beamformer. Since our baseline was only 600 ms in
duration, we used four non-overlapping time windows to image the full
200-2600 ms response and then averaged these four images in each
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Fig. 2. Relative amplitude of 15 Hz primary visual responses. From the peak
voxel exhibiting the strongest neural activity in response to the 15 Hz entrain-
ment stimulus (blue dot within inset image), relative time series (i.e., baseline-
corrected) were extracted to evaluate differences in entrainment response ampli-
tude as a function of age during the time window identified through the sensor-
level analysis (i.e., 200-2600 ms; shaded area). Note that all statistics treated
age as a continuous variable, but for the sake of visualization participants have
been dichotomized in this figure using a 0.5 SD from the mean cutoff.

participant. In agreement with previous studies of visual entrainment,
strong increases in narrow-band 15 Hz activity were observed in the bi-
lateral primary visual cortices (Fig. 1B). As stated in the methods, we
extracted time series data from the peak voxel in the grand-averaged
image and then computed the mean relative response amplitude to the
flicker stimulus (i.e., 200 to 2600) and the mean absolute amplitude
during the baseline period (—600 to 0 ms) to estimate the strength of
spontaneous activity. Across the sample, mean entrainment responses
became significantly weaker as a function of age (F ;; = 4.46, p = .038;
Figs. 2 and 3A). In contrast, the strength of spontaneous activity during
the baseline did not differ as a function of age (F; ;7 = 0.04, p = .838;
Fig. 3B). Further, mean entrainment responses were not found to be re-
lated to visual cortical thickness (occipital cortex: F; 75 = 2.27, p = .137;
pericalcarine region: F; 75 = 1.76, p = .189). Note that for these analyses
we focused on the two occipital regions since these areas pertain to the
origins of the neural responses.

Next, to investigate the temporal dynamics of the entrainment re-
sponse, we regressed the latency of the response onto participant age
(Fig. 3C). We defined the response latency by finding the peak ampli-
tude in each participant and then computing the time it took to reach
50% of that peak in each participant. We found that as age increased,
participants took significantly longer on average to entrain to the flick-
ering stimulus (F; g9 = 6.06, p = .016). We then tested for aging effects
on the consistency of the entrainment response amplitude using the co-
efficient of variation (CV) and phase using the ITPL value (Figs. 3D and
3E, respectively). There were no aging effects in the consistency of the
cross-trial amplitude (F; 74 = 3.22, p = .077) nor phase (F; 75 = 1.05,
p = .309). Further, there was no significant relationship between visual
cortical thickness and latency (occipital cortex: F; g6 = 2.75, p = .102;
pericalcarine region: F; ¢ = 1.89, p = .174), coefficient of variation (oc-
cipital cortex: F; 73 = 0.73, p = .395; pericalcarine region: F; 75 = 0.03,
p = .853), nor ITPL value (occipital cortex: F; 74 = 0.65, p = .423; peri-
calcarine region: F 5, = 0.34, p = .564).

Finally, we wanted to investigate the relationship between response
latency and mean entrainment response amplitude, as well as whether
latency modulates the relationship between participant age and mean
entrainment response. To this end, we regressed the mean entrainment
response amplitude onto latency and found that participants with later
response latencies (i.e., took longer to entrain to the flickering stimuli)
also tended to have weaker mean entrainment responses (F; g9 = 11.60,
p = .001). To investigate whether latency mediated the relationship be-
tween age and mean entrainment amplitude, a mediation analysis was
conducted (Baron and Kenny, 1986), with indirect effects estimated us-
ing bootstrapping (Preacher and Hayes, 2004). Our results (Fig. 4 and
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Table 1) indicated a full mediation of the relationship between age and
mean entrainment amplitude by latency, which survived bootstrapping
of 5000 samples (95% CI: —.0051 through —.0004). Importantly, these
results suggest participant response latency drives the effects of age on
the strength of visual entrainment. Further, as with all analyses, the
indirect effect of age on mean entrainment amplitude through latency
remained significant when controlling for visual cortical thickness.

To further explore these changes in entrainment latency and ampli-
tude as a function of healthy aging, permutation testing of the relative
entrainment time series was performed using an initial p-value thresh-
old of 0.05 and 10,000 permutations to build the null distribution. In-
terestingly, of the whole entrainment period (0 to 2500 ms), only the
beginning (400 to 1800 ms) differed significantly as a function of age
(p < .05, corrected). These permutation data provide further support for
the idea that changes in the response latency with age may be driving
decreases in the overall entrainment amplitudes of older individuals.

4. Discussion

In the current study, we investigated the impact of healthy aging on
the visual processing of flickering stimuli in the primary visual cortices
while controlling for occipital cortical thickness. Using advanced source
reconstruction and voxel time series analyses, we observed robust cor-
tical entrainment at the frequency of stimulation (i.e., 15 Hz) and its
harmonics. As expected, as a function of healthy aging, mean entrain-
ment responses were found to decrease in amplitude, while the peak
latency of entrainment responses were found to increase. Further, older
individuals were found to have decreased cortical thickness across the
entire brain and in the visual cortices. These data revealed that entrain-
ment response latency fully mediated the relationship between age and
entrainment amplitude, and that these age-related effects surrounded
the calcarine fissure. Critically, these changes in visual entrainment re-
sponse metrics as a function of age were independent of age-related
visual cortical thinning. Below, the implications of these novel findings
on understanding the impact of healthy aging on visual processing are
discussed.

Two common findings in the fMRI and electrode/sensor-level elec-
trophysiologic literature investigating visual processing in healthy ag-
ing are decreased amplitude (Armstrong et al., 1991a; Cliff et al., 2013;
Kavcic et al., 2013; Peiffer et al., 2009; Polich, 1997; Stormer et al.,
2013; Tekes et al., 2005; West et al., 2019) and increased latency
(Armstrong et al., 1991a, b; Celesia and Daly, 1977; Kavcic et al., 2013;
Price et al., 2017; Sokol et al., 1981; Stephen et al., 2010; West et al.,
2019) with increasing age. Our findings support these changes with in-
creasing age predicting weaker visual entrainment and extended time
required to fully entrain to the flickering stimulus, and add new anatom-
ical detail on the cortical origins. Broadly speaking, little is known about
the underlying cause of such decreased visual response amplitudes in
older individuals. In line with the cortical thickness findings in the
current study, Peiffer et al. (2009) showed significantly decreased vi-
sual response amplitudes even when controlling for visual cortical gray
matter loss with increasing age. This research by Peiffer et al. (2009),
along with our results showing that visual cortical thinning in older
adults is not associated with age-related alterations in visual responses,
indicate that age-related changes in visual response properties stem
from mechanisms other than the age-related cortical atrophy seen in
older individuals. With regards to mechanisms for the increased la-
tency of visual responses with age, however, a fascinating MEG study by
Price et al. (2017) demonstrated that prolonged latencies with increas-
ing age could be largely explained by white matter loss in the optic
radiations of participants, causing delays in signal transmission.

A secondary goal of the current study was to probe for neurophys-
iological response parameters that may underlie the decreased visual
response amplitudes observed in healthy aging. To this end, we inves-
tigated inter-trial phase consistency using the ITPL metric and single
trial amplitude using the coefficient of variation (CV), both of which
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Fig. 3. Relationships between age and several neural indices of the entrainment response. (A) Entrainment response amplitude, (B) Amplitude of spontaneous activity
during the baseline period, (C) entrainment response latency, (D) intertrial amplitude consistency (i.e., coefficient of variation), and (E) intertrial phase consistency
(i.e., intertrial phase locking; ITPL) are shown as a function of participant age. Lines of linear best-fit, 95% CI (i.e., shaded area).

Table 1
Mediation analysis underlying regressions showing full mediation of the relationship between age and relative entrainment amplitude through latency. *p <
.05, **p < .01.
Model b SE t p F R? 95% CI
Simple regression of response latency on age
Intercept 215.72 117.05 1.84 5.86* .08 [-17.85, 449.28]
Age 5.81 2.40 2.42* .282 [1.02, 10.61]
Simple regression of relative entrainment amplitude on age
Intercept 0.85 0.144 5.90** 5.36* .07 [0.56, 1.14]
Age -0.01 0.01 -2.32* -.270 [-0.01, —0.001]
Multiple regression of relative entrainment amplitude on age and response latency
Intercept 0.94 0.14 6.68 7.08** 17 [0.66, 1.22]
Latency 0.00 0.00 -2.87** -.332 [-0.001, —0.0001]
Age -0.01 0.00 -1.53 -177 [-0.01, 0.001]

Latency of
Entrainment

.282% -.382%*

-270% (-.177)

Relative
Entrainment

Fig. 4. Mediation analysis revealed that the relationship between age and mean
entrainment amplitude was fully mediated by the latency of the entrainment re-
sponse. This analysis survived bootstrapping of 5000 samples with confidence
intervals of 95%. Standardized regression coefficients are displayed. Displayed
statistical parameters were not significantly altered when occipital or perical-
carine cortical thickness values were included as nuisance covariates. *p < .05,
**p < .01.

have not been utilized in a healthy aging population. The use of ITPL
provides information regarding trial-to-trial phase response consistency
that is interpretationally distinct from the coefficient of variation com-
puted on response amplitude across trials. Specifically, ITPL tells us how
consistently the phases of the neural signal are aligning from trial to trial
(at the same time point) for each participant, while the CV is based on
signal amplitude metrics and reflects how consistent the strength of the
neural response is from trial to trial. Considering the well documented
age-related changes to visual processing, we hypothesized that the con-
sistency of visual responses would decrease with participant age, and
thus be a major contributor to the overall decrease in mean amplitude.
Interestingly, we observed no such changes in the consistency of the
phase (i.e., ITPL) nor amplitude (i.e., CV), which supports the null hy-
pothesis that these parameters do not play a significant role.

A key finding from our time series analyses indicated that older indi-
viduals reach their maximum entrainment amplitude much more slowly
than their younger peers. This sort of change in response properties has
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been shown on a different time scale in fMRI visual processing stud-
ies, where older individuals were found to have hemodynamic response
curves that were both flatter and more sustained than younger indi-
viduals (Aizenstein et al., 2004; West et al., 2019). Similarly, in the
current study, visual entrainment response latency was found to pre-
dict the mean amplitude of entrainment such that participants who took
longer to entrain had weaker overall responses. Thus, to further probe
the relationship between age, visual response amplitude, and latency,
we conducted a mediation analysis with latency as the mediator. Crit-
ically, we found that response latency fully mediated the relationship
between age and visual response amplitude, indicating that older in-
dividuals may have weaker overall visual responses because they are
taking longer to entrain the flickering stimuli. This view was fully sup-
ported by our permutation analysis of the time series, which showed
that older individuals did not statistically differ from younger individ-
uals during the later entrainment period. The fact that older individ-
uals take longer to reach the same visual response amplitude as their
younger counterparts is both novel and has important implications for
the interpretation of electrophysiologic visual paradigms. In the most
common visual stimulation paradigms used in aging research, a stimu-
lus is presented and removed quickly, causing a visual evoked potential.
Comparably, entrainment tasks involve quickly flickering the stimulus
over and over, which causes a sustained response. The results herein
suggest that older participants may have significantly weaker initial vi-
sual responses that start to approximate those of their younger peers if
the stimulus change is sustained and periodic. Thus, the literature’s most
common age-related finding in the visual domain may reflect only part
of the story, as the decrease in response amplitude is likely paradigm
specific.

A somewhat surprising finding was the lack of differences in sponta-
neous cortical activity as a function of age. Multiple studies have shown
elevated spontaneous activity in the primary somatosensory cortices of
older adults relative to younger adults (Spooner et al., 2019) and in
populations thought to exhibit accelerated aging such as those infected
with HIV (Casagrande et al., 2021; Lew et al., 2018; Spooner et al.,
2018; Spooner et al., 2020; Wiesman et al., 2018). Likewise, stud-
ies have shown elevated spontaneous activity in the primary motor
cortices of healthy older relative to younger participants and demon-
strated that such activity modulates behavioral performance and oscilla-
tory responses in the same brain tissue (Heinrichs-Graham et al., 2018;
Heinrichs-Graham and Wilson, 2016; Rossiter et al., 2014). Thus, we
were somewhat surprised that spontaneous activity did not differ as a
function of age in the primary visual cortices. One possibility is that such
aging effects are limited to the Rolandic region (i.e., extended sensori-
motor strip), as we know of no studies showing elevated spontaneous
activity with increasing age in the primary auditory or visual cortices.
However, a second possibility is that the effect is specific to the idling
rhythm of the cortical area, as the motor findings noted above were lim-
ited to the beta rhythm. While this is certainly possible, the elevated
spontaneous activity reported in the somatosensory cortices of older
adults has been limited to the gamma frequency range (Spooner et al.,
2019) and the somatosensory strip idles in the alpha band. The primary
idling rhythm of the visual cortices is also alpha; thus, future studies
should examine whether spontaneous alpha activity is elevated in the
primary visual regions of older adults. These studies would ideally in-
volve a task that probes alpha frequency oscillations, as this would en-
able the impact of elevated spontaneous activity on cognitive and per-
ceptual processing to be determined.

Before closing, it is important to note the limitations of this study.
While our sample provided a wide range of ages (i.e., 20.22 to 67.00
years old), the top age was not as old as would have been ideal to cover
the entire lifespan (i.e., ~ 80 years old). This is because some research
has suggested that the visual declines associated with healthy aging do
not significantly worsen until around age 60 (Lachenmayr et al., 1994;
Onoftj et al., 2001; Tobimatsu, 1995). Second, the current study only
utilized one frequency of stimulation. An interesting future direction
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would be to expand the frequency of stimulation to several frequencies,
particularly those in the gamma band (i.e., > 30 Hz), in order to in-
vestigate frequency specific deficits in aging. Finally, despite collecting
extensive neuropsychological data, our battery did not include specific
assessments of visual processing and future studies of visual entrainment
should expand their testing battery in this regard. Despite these limita-
tions, we found that older adults exhibit weaker entrainment responses
and that these deficits are largely attributable to older adults reaching
peak entrainment much later than younger adults.
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