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Aging Enhances Neural Activity in Auditory, Visual, and
Somatosensory Cortices: The Common Cause Revisited
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In humans, age-related declines in vision, hearing, and touch coincide with changes in amplitude and latency of sensory-evoked
potentials. These age-related differences in neural activity may be related to a common deterioration of supra-modal brain areas (e.g.,
PFC) that mediate activity in sensory cortices or reflect specific sensorineural impairments that may differ between sensory modalities.
To distinguish between these two possibilities, we measured neuroelectric brain activity while 37 young adults (18-30 years, 18 males)
and 35 older adults (60-88 years, 20 males) were presented with a rapid randomized sequence of lateralized auditory, visual, and
somatosensory stimuli. Within each sensory domain, we compared amplitudes and latencies of sensory-evoked responses, source activ-
ity, and functional connectivity (via phase-locking value) between groups. We found that older adults’ early sensory-evoked responses
were greater in amplitude than those of young adults in all three modalities, which coincided with enhanced source activity in audi-
tory, visual, and somatosensory cortices. Older adults also showed stronger neural synchrony than young adults between superior pre-
frontal and sensory cortices; and in older adults, the degree of phase synchrony was positively correlated with the magnitude of
source activity in sensory areas. Critically, older adults who showed enhanced neural activity in one sensory domain also showed
enhanced activity in other modalities. Together, these findings support the common cause hypothesis of aging and highlight the role
of prefrontal regions in exerting top-down control over sensory cortices.
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A prominent theory of aging posits that age-related declines in sensory processing across domains are related to a single com-
mon neurobiological mechanism. However, the neural evidence supporting this common cause hypothesis has remained elu-
sive. Our study revealed robust age-related changes in three sensory domains across a range of neural metrics. Importantly,
older adults who showed increased neural activity within one sensory domain also showed enhanced neural activity in the
other two sensory modalities. No such relation among activity in sensory cortices was observed in young adults. Age-related
increases in neural activity in sensory cortices coincided with enhanced neural synchrony between the PFC and sensory corti-
ces, underlining the importance of the PFC in regulating sensory processing. j
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Introduction

Age-related declines in vision, hearing, and touch are well docu-
mented (Humes et al., 2013; Gadkaree et al., 2016; Cavazzana et
al,, 2018) and are often observed with changes in amplitude and
latency of sensory-evoked potentials measured with EEG. For
instance, the early auditory-evoked response peaking at ~50 ms
after sound onset is usually more prominent in older adults than
in young adults, whereas the subsequent response peaking at
~200ms is frequently delayed in older adults relative to young
adults (Amenedo and Diaz, 1998; Bertoli et al., 2005; Alain et al.,
2012). Similarly, visual evoked responses between 80 and 250 ms af-
ter stimulus at occipital and parieto-occipital sites often increase in
amplitude and latency with age (Amenedo and Diaz, 1998; Curran
et al, 2001; Fernandez et al,, 2013). Additionally, sensory-evoked
responses elicited by somatosensory stimuli at central-parietal sites
show increased response latency with age (Bolton and Staines, 2012;
Strommer et al., 2017), with some studies reporting an age-related
increase in amplitude (Strommer et al., 2017) and others reporting
an age-related decrease in amplitude (Bolton and Staines, 2012).

The larger amplitude and longer latencies of auditory-evoked
potentials (AEPs), visual-evoked potentials (VEPs), and somato-
sensory-evoked potentials (SEPs) may represent a common fea-
ture of aging (the common cause hypothesis) (Lindenberger and
Baltes, 1994; de la Fuente et al., 2020). Notably, prefrontal dam-
ages have been associated with changes in auditory-, visual-, and
somatosensory-evoked response amplitude (Knight et al., 1989;
Yamaguchi and Knight, 1990), which suggest that the prefrontal
cortex (PFC) exerts modulatory control over the activity in sen-
sory cortices (Knight et al., 1999). However, fMRI studies have
identified subregions within the PFC that show modality-specific
attention effects (Tobyne et al., 2018; Assem et al, 2021).
Evidence from fMRI studies also suggests a fractionation of exec-
utive control functions within the PFC, which showed different
sensitivity to aging (Kievit et al., 2014). These more recent find-
ings from these studies raise the possibility that age differences in
sensory-evoked responses could be associated with ineffective
top-down regulation arising from subregions within the PFC
that are also differently affected by aging.

Research assessing age differences in sensory processing has
typically focused on a single sensory domain. In the few studies
that measured sensory-evoked responses in more than one mo-
dality, age-related differences were often observed in more than
one sensory domain (Allison et al, 1984; Lille et al, 1991;
Ceponiene et al., 2008; Price et al., 2017). These studies, however,
did not examine whether the observed age differences across sen-
sory domains were driven by the same or different individuals
within the sample.

The present study sought to evaluate age-related differences
in auditory-, visual-, and somatosensory-evoked responses and
to assess whether age-related changes in one modality were asso-
ciated with those in other modalities within the same sample of
participants. First, we elected to confirm the age-related increases
in auditory-, visual-, and somatosensory-evoked responses by:
(1) measuring evoked potentials in the absence of an explicit be-
havioral task to minimize top-down attention effects; and (2)
using a data-driven analysis approach to identify patterns of sen-
sory-evoked activity that best capture age differences in sensory
processing. Then, we examined age differences in the strength of
sensory-evoked responses from sensory cortices using distrib-
uted source modeling. Finally, we measured functional connec-
tivity using phase-locking values (PLVs) to assess age differences
in putative synchronization between oscillatory activity in the
PFC and sensory cortices.
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According to the common cause hypothesis, age-related differ-
ences in sensory-evoked responses should be observed in all three
modalities. If correct, these differences should also be correlated
such that individuals with an age-related amplitude increase in one
modality would also show increases in the other sensory modalities.
Last, if older adults recruit or engage different neural resources to
increase stimulus detection and inhibition efficiency, then we
should observe age differences in phase synchrony between brain
sources located in prefrontal and sensory cortices.

Materials and Methods

Participants

Thirty-seven young adults and 37 healthy older adults were recruited from
the Rotman Research Institute participant database. Data were excluded
from one healthy older adult because of attrition between study visits and
from one other healthy older adult because of insert earphones that did not
properly fit. Our final sample included 37 young adults (18-30years, 18
males) and 35 older adults (60-88 years, 20 males). The young and older
groups did not differ as a function of biological sex ( x> (1, N=72)=0.521,
p=0471), but older adults had significantly more years of education
(M = 1634, SD =2.29) than young adults (M = 15.19, SD = 2.07) (f) = 2.248,
p=0.028), with many younger adults still enrolled in postsecondary educa-
tion at the time of testing. The study protocol was approved by the Research
Ethics Board of the Baycrest Center. All participants provided informed writ-
ten consent and were paid a modest stipend for their participation and out-
of-pocket expenses (e.g., parking).

Participants included in this study were part of a larger project that
included recruitment of young adults, healthy older adults, and older adults
with amnestic mild cognitive impairment. They were all native English
speakers or learned English before the age of 5. Participants were excluded
if they had a history of myocardial infarction, coronary artery disease, or
bypass surgery. Participants were also excluded if they were taking medica-
tion known to affect cognitive functioning, including antidepressants, anti-
convulsants, neuroleptics, or if they consumed recreational drugs either
currently or within the year before testing. An inclusion criterion for older
adults was scoring above the cutoff on the Telephone Interview for
Cognitive Status-Modified (Welsh et al., 1993). They were invited for fur-
ther testing if they had no history of degenerative conditions, glaucoma, cat-
aracts (significant enough to impede vision or color blindness), and
reported no history of learning disabilities, stroke, transient ischemic attack,
traumatic brain injury with loss of consciousness >5 min, substance abuse
disorder, neurodegenerative disease, history of intracranial surgery, and any
other diagnosis of major neurologic or psychiatric disorder.

No objective measures of sensory function were obtained (i.e., audi-
tory, visual, vibration perception thresholds) from the participants.
However, none of the participants reported having hearing, visual, or cu-
taneous sensation problems on their fingertips, nor did they report diffi-
culties perceiving a sample of auditory, visual, and tactile stimuli used in
the study. Participants were asked whether they used a hearing aid or
wore eyeglasses. Those using a hearing aid, even occasionally, were
excluded from the study, whereas those using glasses were allowed to use
them during the experiment.

All older adult participants were administered a battery of standardized
neuropsychological tests in the domains of intellectual functioning, mem-
ory, language, processing speed, and executive functioning. These tests were
used to distinguish individuals with amnestic mild cognitive impairment
from healthy older adults. Only healthy older adults were included in the
present study, and the cognitive profiles of all healthy older adult partici-
pants were verified by a registered neuropsychologist (N.D.A.). The neuro-
psychological assessment and measurement of sensory-evoked responses
took place on separate days to prevent fatigue effects. Demographic, neuro-
psychological, and clinical data are displayed in Table 1.

Stimuli

The visual stimulus was a black and white 5 x 10 square checkerboard
pattern presented for 50 ms in duration. It spanned the entire height,
and ~40% of the width of a 19 inch computer monitor and extended
from either the left or right edge. The entire checkerboard stimulus
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Table 1. Participant demographic and neuropsychological data”

Older adult
[mean (SD)] (n = 35)

Young adult
Variable [mean (SD)] (n=37) Raw Scaled
Demographics —
Age (yr) 22.51 (3.59) 75.86 (6.99) —
Education (yr) 15.19 (2.07) 16.34 (2.29) —
Sex (F:M) 19:18 15:20 —
TICS-m — 37.03 3.04) —
MoCA — 27.09(2.34) —
Estimates of 1Q
WAIS 1Il Matrix Reasoning 24.14 (5.26) 14.40 (2.67)
Shipley Vocabulary 35.94 (3.28)  12.54 (2.70)
Memory
CVLT-II Learning — 49.29 (9.77)  13.00 (2.75)
CVLT-II Short Delay FR — 11.74 (242)  11.16 (3.19)
CVLT-Il Long Delay FR — 10.57 (3.32) 11.45 (2.88)
WMS-R Visual PA | — 1197 (3.29)  11.71 (2.47)
WMS-R Visual PA Il — 497 (1.40)  11.97 (1.72)
WMS-R Verbal PA | — 16.03 (2.96) 9.94 (2.25)
WMS-R Verbal PA II — 6.77 (1.17)  11.54 (2.49)
WAIS IIl Digit Symbol ILFR ~ — 7.31(0.93) 10.43 (1.07)
WAIS IIl Digit Symbol ILPR  — 11.89 (4.32) 10.40 (1.42)
Language
BNT-15 — 53.71 (4.93) 11.06 (2.77)

47.40 (13.16)  11.46 (3.46)

(

Phonemic Fluency (FAS) — (
19.00 (5.27)  10.47 (3.59)

(

(

Semantic Fluency (Animals) — —

WAIS-I1I Digit Symbol — 60.97 (14.42)  12.80 (2.77)
D-KEFS Trails Numbers — 38.97 (12.18)  12.94 (2.18)
D-KEFS Trails Letters — 37.74 (11.41)  12.89 (1.64)
D-KEFS Trails N-L Switch — 98.97 (37.95)  12.03 (2.51)
D-KEFS Color — 30.55 (5.59) 11.54 (2.22)
D-KEFS Word — 2285 (4.56)  11.17 (2.93)
D-KEFS Inhibition — 57.59 (13.69)  12.91 (1.90)
Alpha Span — 28.51(9.28)  10.60 (3.10)
WCST Perseverative Errors % —— 1412 (10.19)  13.20 (4.41)
WCST Categories — 4.66 (1.94) —
Questionnaires
HADS Anxiety — 469(2.89) —
HADS Depression — 2.51(2.16) —
EPW — 6.69 2.96) —
PsQl — 576 2999 —

“TICS-m, modified Telephone Interview of Cognitive Status (raw score out of 50); MoCA, Montreal Cognitive
Assessment; WAIS, Wechsler Adult Intelligence Scale; CVLT, California Verbal Learning Test; FR, Free Recall;
WMS-R, Wechsler Memory Scale-Revised; PA, Paired Associates; PR, Paired Recall; IL, Incidental Learning;
BNT, Boston Naming Test; FAS, phonemic fluency to the letters F, A, and S; D-KEFS, Delis Kaplan Executive
Functioning System; N-L, Number-Letter; HADS, Hospital Anxiety and Depression Scale; EPW, Epworth
Sleepiness Scale; PSQ, Pittsburgh Sleep Quality Index; WCST, Wisconsin Card Sorting Test.

subtended a visual angle of 14.3° x 28.1°, with each checkerboard square
subtending a visual angle of 2.9° x 2.9°. The auditory stimulus was a
monaural harmonic complex tone (50ms in duration, 5ms rise/fall
time). It comprised the first five harmonics of the fundamental fre-
quency of 200 Hz at sine phase and equal intensity. The tone was pre-
sented to the left or right ear through ER-3A insert earphones (Etymotic
Research). The sound intensity was set at 85 decibels (dB) sound pressure
level (SPL) measured by a Larson Davis 824 SPL meter using a 2 ml coupler.
The somatosensory stimulus consisted of pneumatic somatosensory stimu-
lation, simultaneously delivered to the tips of all four fingers (thumb
excluded) of either the left or right hand. The somatosensory stimulation
was delivered from a puff-type pressure stimulator from a compressed air
tank with electromagnetic air valves kept constant at 30 psi. This stimulator
drove pressurized air through plastic tubes to 8 pneumatically driven inflata-
ble circular plastic membranes with a diameter of 1cm each. Each mem-
brane was worn on the participant’s fingers over and slightly above the
distal interphalangeal joint. During somatosensory stimulation, the valves
were activated to periodically inflate the membrane and deliver brief pres-
sure pulses of 50 ms duration to the fingertips.
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Procedure

We used a paradigm in which lateralized visual, auditory, and somato-
sensory stimuli were presented sequentially in a randomized order to
measure sensory-evoked potentials. The paradigm was administered
with participants seated in a sound-attenuated booth. Before recording
sensory-evoked potentials, participants were briefed on what the para-
digm entailed, including details about the length of the experiment and
the modes of stimulation involved. During a familiarization phase, all
participants were presented with a 10 s sample of the paradigm to ensure
that they could perceive the lateralized auditory, visual, and somatosen-
sory stimulation. After the familiarization phase, participants were
probed for their self-reported comfort level, specifically, whether the au-
ditory stimulation was perceived as too loud, and whether the tactile
stimulation was perceived as too strong on their fingertips. All partici-
pants reported no issues after the familiarization phase and after the
experiment. Participants were also monitored from outside the sound-
attenuated booth with a webcam during both the familiarization and ex-
perimental phases to ensure compliance and that no participants fell
asleep.

During stimulus presentation, participants were instructed to main-
tain their gaze on a fixation dot 0.60 cm in diameter at the center of the
computer screen set at 100% contrast level and placed 60 cm from partic-
ipants. The stimulus onset asynchrony varied between 200 and 340 ms
(20 ms steps, rectangular distribution). The sequence lasted ~12min,
with a total of 1440 stimuli (480 trials per sensory modality) and evenly
distributed between left and right laterality. Stimuli were presented using
Presentation software (version 13, Neurobehavioral Systems). Our mul-
tisensory-evoked potential paradigm was inspired from prior clinical
studies aiming to quickly assess the integrity of multiple sensory systems
(Cohen et al.,, 1982; Werner and Vanderzant, 1991; Iodice et al., 2016).

Data acquisition and preprocessing

Neuroelectric brain activity was recorded continuously using a 76-chan-
nel ActiveTwo acquisition system (BioSemi) with a sampling rate of
512Hz. Sixty-six electrodes were positioned on the scalp using a
BioSemi head cap according to the standard 10-20 system with a
Common Mode Sense active electrode and Driven Right Leg (DRL)
ground electrode. Ten additional electrodes were placed below the hair-
line (both mastoids, pre-auricular points, two lateral ocular sites, two in-
ferior ocular sites, and two additional frontolateral electrodes) to
monitor eye movements and cover the whole scalp evenly. EEG record-
ings were preprocessed offline using Brain Electrical Source Analysis
software (BESA Research version 7.1; MEGIS).

EEG preprocessing. The EEG data were visually inspected to identify
segments contaminated by defective electrodes. Noisy electrodes were
interpolated using data from the surrounding electrodes, and no more
than eight electrodes were interpolated per participant. The EEG was
then rereferenced to the average of all electrodes and digitally filtered
with a 1 Hz high-pass filter (forward, 6 dB/octave) and 40 Hz low-pass
filter (zero phase, 24 dB/octave). For each participant, a set of ocular
movements was identified from the continuous EEG recording and used
to generate spatial components to best account for eye movement arti-
facts. The spatial topographies were then subtracted from the continuous
EEG to correct for lateral and vertical eye movements as well as for eye
blinks. The data were parsed into 500 ms epochs that were time-locked
to stimulus onset, including 100 ms of prestimulus activity. Epochs with
EEG signal exceeding £60 1V were marked and excluded from further
analysis. This excluded, on average, 2.78% of epochs per participant for
the young adult group and 3.94% of epochs for the older adult group.
The remaining epochs were averaged according to the left- and right-lat-
eralized AEPs, VEPs, and SEPs. Each average was then baseline-cor-
rected with respect to the 100 ms prestimulus baseline interval. We did
not have a priori hypotheses regarding possible age-related differences as
a function of stimulus lateralization. Hence, as a dimension reduction
method, and to improve the signal-to-noise ratio, epochs of lateralized
sensory-evoked potentials were averaged together in a transposed mon-
tage such that right-lateralized potentials (elicited by left-lateralized stim-
uli) were kept untransposed and left-lateralized potentials (elicited by
right-lateralized stimuli) were transposed across laterality. This
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transposition method produced epochs such that the sensory-evoked
potentials, regardless of whether elicited by left or right-lateralized stim-
uli, occurred over the right laterality of the electrode montage.

Distributed source analysis. We used an iterative application of Low-
Resolution Electromagnetic Tomography (LORETA) to model the neu-
ral sources of sensory-evoked responses, which reduces the source space
in each iteration. This imaging approach, termed Classical LORETA
Analysis Recursively Applied (CLARA), provides more focal localization of
brain activity and can separate sources in close vicinity (Dimitrijevic et al.,
2013; Beniczky et al,, 2016; Zimmermann et al,, 2020). Distributed source
analysis with CLARA was performed on sensory-evoked responses using
BESA software with a voxel size of 7 mm in the Talairach space; we found
that this default setting was appropriate for the distributed images in most
situations (Shen et al,, 2018; Zimmermann et al., 2020). The regularization
parameters that account for the noise in the data were set with a singular
value decomposition cutoff at 0.01%. We used a four-shell ellipsoidal head
model with a head radius of 85 mm, and thickness for scalp, bone, and CSF
of 6, 7, and 1 mm, respectively. The relative conductivities were 0.33, 0.33,
0.0042, and 1 S/m for brain, scalp, bone, and CSF, respectively.

Functional connectivity. We used PLV, a measure of phase syn-
chrony between two different time series, to examine the synchroniza-
tion in oscillatory activity between brain sources (Lachaux et al., 1999).
PLV can range from 0 to 1, with values close to 1 indicating strong syn-
chrony (i.e., perfect phase locking), while values close to 0 indicate sub-
stantial phase variation between the two signals, and thus low
synchronicity between the two regions (ie., no phase synchrony and
randomly dispersed phases).

To transform EEG data from scalp electrode space into source space,
we used surrogate source montages provided by BESA Research software
that have been specifically designed to model sensory-evoked responses
elicited by auditory, visual, and somatosensory stimuli. These source
montages act as spatial filters that optimally capture scalp-evoked
responses with a subset of discrete brain sources, which are then used to
extract time series.

To calculate PLV, the continuous EEG data were converted to the
time-frequency domain with BESA Research software. The continuous
EEG data were filtered at a 1 Hz high-pass filter (forward, 6 dB/octave)
and no low-pass filter. The analysis epoch for the time-frequency
decomposition consisted of 500 ms of prestimulus activity and 500 ms of
poststimulus activity time-locked to stimulus onset. A complex demodu-
lation method with 1-Hz-wide frequency bins and 50 ms time resolution
in the range of 2 and 50 Hz was used for decomposing the single-trial
EEG data into time-frequency representations. To minimize possible
contamination from cross-modal phase resetting of oscillatory activity,
we also calculated PLV for non-stimulus-locked epochs by inserting
triggers at 2 s intervals starting at the beginning of the sequence. These
triggers were not time-locked to any stimulus, and occurred at random
intervals relative to a stimulus onset. The average PLV for the non-stim-
ulus-locked activity was then used as baseline. As an additional precau-
tion, we excluded trials that were preceded or followed by the target
modality. For instance, for the auditory modality, the non-stimulus-
locked average included only trials that were preceded and followed, at
random intervals, by a visual or somatosensory stimulus.

We used a seed in the right auditory, visual, and somatosensory cortex
for auditory, visual, and somatosensory stimulation, respectively. For the
sources in the right auditory cortex, we used the dipole with the tangential
orientation to best capture the early auditory P1 deflection. For the sources
in the right visual cortex, we used the radial component to best capture the
visual P1 and N1 deflections. For the sources in the right somatosensory
cortex, we used the tangential dipole (vertical orientation), which best
accounted for the somatosensory P1 and N1 deflections.

Statistical analyses

Measures of sensory-evoked response amplitude, source strength, and
PLV were subjected to nonparametric cluster-based permutation testing
between age groups using BESA Statistics software (Statistics 2.1,
MEGIS). In a preliminary step, the software used a parametric test to
identify clusters both in time (adjacent time points) and space (adjacent
electrodes) where the two groups show pronounced differences in
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evoked response amplitude, source strength, or PLV. For each cluster in
this initial step, the software calculated a cluster value that represents the
sum of all ¢ values of all data points in temporal and spatial domains. In
a second subsequent stage, the software used permutation tests with a
Monte-Carlo resampling technique (Maris and Oostenveld, 2007) to
identify those clusters that had higher cluster values than a specified
threshold (i.e., a cluster ) and then compared with a random null distri-
bution of cluster values generated by random permutation of the data.
This latter nonparametric permutation statistic is not subject to the mul-
tiple comparisons problem (for an in-depth overview of permutation
statistics as implemented in BESA Statistics, see Maris and Oostenveld,
2007). Separate unpaired ¢ tests between groups were run for each sen-
sory modality. A time interval was set from stimulus onset (0ms) to
300 ms after stimulus. This interval was chosen because it minimizes the
contribution from possible stimuli occurring at the shortest stimulus
onset asynchrony, and yet it encompasses the time window of interest
for sensory-evoked responses shared among all three modalities. For
analysis of sensory-evoked response amplitude, a cluster a of 0.01 was
used, and the number of permutations was set at 3000. For the analyses
of source activity and PLV, we used a cluster a of 0.001 and 0.01, respec-
tively, in a time window between 0 and 300 ms after stimulus and 3000
as the number of permutations for hypothesis testing.

For scalp-recorded sensory-evoked responses, significant clusters
identified by cluster-based permutation testing may not necessarily indi-
cate a group difference in amplitude, as they can also be driven by group
differences in latency of a response. Therefore, post hoc mixed model
ANOVAs were performed for each sensory-evoked response ERP com-
ponent identified by permutation testing to determine whether signifi-
cant clusters were attributed to group differences in amplitude, latency,
or both. These analyses were performed on peak amplitude and latency
measurements extracted from a prespecified time window and a subset
of five electrodes that best captured the sensory-evoked response of in-
terest. These peak amplitudes and latencies were extracted using BESA
Research software and subjected to a two-way mixed model ANOVA
with group (young, older adults) as a between-subjects factor, and elec-
trode as a within-subjects factor (with each electrode as a level). As the
main effect of electrode and group by electrode interaction were not of
interest, only group main effects are reported. An « value of 0.05 was
used throughout, and the effect size was measured with partial 7]2.

To examine the relationship of sensory-evoked potentials across sen-
sory modalities, bivariate two-tailed Pearson correlation analyses were
run between each pair of sensory domains (i.e., visual and auditory, vis-
ual and somatosensory, auditory and somatosensory) for measures of
sensory-evoked response amplitude and source strength. Separate corre-
lation analyses were run for each age group. To further examine whether
the degree of phase synchronization between the PFC and sensory corti-
ces was related to the magnitude of source activity from sensory cortices,
another set of correlation analyses were conducted. For each sensory
modality, bivariate two-tailed Pearson correlation analyses were run
between prefrontal-to-sensory cortex phase synchrony at low-to-middle
frequency ranges on one end and source strength at each of the primary
visual, auditory, and somatosensory cortices on the other end. Similarly,
correlation analyses were run for each age group separately. Post hoc
ANOVAs and correlation analyses were run using IBM SPSS Statistics
version 26.

Results

We first demonstrated age-related differences in auditory-, vis-
ual-, and somatosensory-evoked response amplitude using data-
driven cluster-based permutation testing. Figure 1 shows the
group mean sensory-evoked responses elicited by auditory, vis-
ual, and somatosensory stimuli. A summary of significant clus-
ters revealed by permutation testing is displayed in Table 2.

AEPs
In both groups, lateralized auditory stimuli generated AEPs with
large negative (N1) and positive (P2) deflections that peaked at
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Table 2. Summary of cluster-based statistics on sensory-evoked potential waveforms

Alainetal.  Age-Related Increased Activity in Sensory Cortices

Electrode cluster Time (ms)  Peak latency/electrode  p

AEPs

1 FP1, AF7, AF3, F1, F3, F5, F7, FC5, FQ3, FC1, (1, @3, (5, CP3, CP1, (Pz, FPz, FP2, AF8, AF4, AFz, Fz, F2, F4, F6, F8, F(6, F(4, 174-338 266 ms, 2 <0.001
FQ2, Fz, (z, (2, (4, C6, (P4, CP2

2 17, TP7, CP5, P3, P5, P7, P9, P07, P03, 01, Iz, 0z, POz, T8, TP, P6, P8, P10, PO8, P04, 02, (B1, (B2, TPY, TP10 178-350 271 ms, Iz <0.001

3 FP1, AF7, AF3, F1, F3, F5, F7, FT7, FC5, FG3, FC1, (1, @3, G5, CP5, CP3, CP1, P1, P3, POz, Pz, (Pz, FPz, FP2, AF8, AF4, AFz, Fz,  29-100 59 ms, (4 <0.001
F2, F4, F6, F8, FC6, FC4, F2, F(z, (z, (2, C4, (6, CP6, (P4, (P2, P2

4 TP7, P5, P7, P9, P07, P03, 01, Iz, 0z, POz, TP, P6, P8, P10, P08, P04, 02, (B1, (B2, TP, TP10 0-80 57 ms, Iz 0.001

5 FT9, F9, LO1, 101 193-334 268 ms, FT9 0.032

6 FP1, AF7, AF3, F3, F5, F7, FC5, FPz, FP2, AF8, FT9, FT10, F9, F10, LO1, LO2, 101, 102 43-107 59 ms, FT10 0.044

7 FT10, F10, L02, 102 201-328 267 ms, FT10 0.049

VEPs

1 FP1, AF7, AF3, F1, F3, F5, F7, FT7, FC5, FG3, FC1, (1, 3, G5, T7, TP7, CP5, P1, P3, P5, P7, P9, P07, P03, 01, Iz, Oz, POz, Pz, ~ 115-350  139ms, P9 <0.001
FPz, FP2, AF8, AF4, AFz, Fz, F2, F4, F6, F8, FT8, F(6, FC4, FQ2, F(z, (z, (2, (4, C6, T8, CP6, (P4, (P2, P2, P4, P6, P8, P08,
P04, 02, (B1, TP9, FT10, F9, F10, LO2, 101, 102

2 FP1, AF7, F5, F7, F17, FC5, (5, T7, TP7, CP5, CP3, P1, P3, P5, P7, P9, P07, P03, 01, Iz, Oz, POz, Pz, P2, P4, P6, P8, P10, P08,  166-350 293 ms, Oz <0.001
P04, 02, (B1, (B2, TP9, TP10, FT9, F9, LO1, 101

3 FP1, AF3, F1, F3, F5, FG3, FC1, C1, @3, (P1, (Pz, FPz, FP2, AF8, AF4, AFz, Fz, F2, F4, F6, F8, FT8, FC6, F(4, F(2, F(z, (z, (2, 115-170 139 ms, (4 <0.001
(4, (6, T8, CP6, (P4, CP2

4 AF3, F1, F3, F5, FC5, FQ3, FC1, FPz, FP2, AF8, AF4, AFz, Fz, F2, F4, F6, F8, FT8, FC6, FC4, FC2, F(z, (4, C6, T8, TP, CP6, P10,  51-111 98 ms, FC6 0.003
P10, FT10, F10, LO2, 102

5 TP7, CP5, CP3, CP1, P1, P3, P5, P7, P9, P07, P03, 01, Iz, 0z, POz, Pz, P2, P4, P04, 02, (B1 49-109 96 ms, POz 0.006

SEPs

1 FP1, AF7, AF3, F3, F5, F7, FT7, FC5, G5, T7, TP7, CP5, CP3, P1, P3, PS5, P7, P9, P07, P03, 01, Oz, POz, Pz, FPz, FP2, AF8, AF4,  160-350  205ms, CP5 <0.001
AFz, F6, F8, FT8, FC6, (4, (6, T8, TP8, CP6, P2, P4, P6, P8, P10, P08, P04, 02, (B1, (B2, TP9, TP10, FTY, FT10, F9, F10,
L01, L02, 101, 102

2 FP1, AF7, AF3, F1, F3, F5, F7, FT7, FC5, FQ3, FC1, T7, FPz, FP2, AF8, AF4, AFz, Fz, F2, F4, F6, F8, FT8, F(6, F(4, FQ2, F(z, (2, 0-123 80 ms, F2 <0.001
(4, (6, T8, TP8, CP6, (P4, CP2, P2, P4, P6, FT9, FT10, F9, F10, LO1, LO2, 101, 102

3 F1, FG3, FC1, 1, @3, CP3, CP1, P1, P3, P5, P07, P03, 01, Oz, POz, Pz, (Pz, Fz, F2, FC4, FQ2, F(z, (z, (2, C4, CP6, (P4, (P2, 250-350  345ms, P04 <0.001
P2, P4, P6, P8, P08, P04, 02

4 FP1, AF7, AF3, F1, F3, F5, FG3, FC1, FPz, FP2, AF8, AF4, AFz, Fz, F2, F4, F6, F8, FC6, F(4, FC2, F(z, (z, 2 166-248  212ms, F2 <0.001

5 AF7, AF3, F3, F5, F7, FC5, (5, T7, TP7, (P5, PS, P7, P9, P07, P03, 01, Iz, Oz, POz, Pz, (4, (6, TP8, CP6, (P4, (P2, P2, P4, P6,  66-123 80 ms, P08 <0.001

P8, P10, P08, P04, 02, (B1, (B2, TPY, TP10, LO1, 101

~100 and 200 ms after stimulus, respectively, over the frontocen-
tral scalp area. In older adults, the N1 and P2 waves were pre-
ceded by an early positive deflection (P1) with a group mean
peak latency of ~60 ms after sound onset (Fig. 1). Cluster-based
permutation testing identified significant clusters demonstrating
larger amplitude in older than young adults in the time interval
that encompassed the P1 and P2 wave. As the P1 wave was virtu-
ally absent in young adults, no post hoc ANOVAs were per-
formed for the P1 amplitude or latency. Post hoc ANOVAs for
the P2 revealed both an age-related increase in P2 amplitude and
a prolongation of the P2 deflection in older adults. The P2 peak
latency measured between 150 and 300 ms at five frontocentral
electrodes (Fz, FC1, FCz, FC2, and Cz) was significantly longer
in older adults (M =222ms, SEM =3 ms) than in young adults
(M =197 ms, SEM =3 ms) (F(; 70, = 31.25, p < 0.001, 5 = 0.308).
Additionally, P2 peak amplitudes measured in the same time
window and electrode cluster were significantly greater in older
adults (M=291uV, SEM=0.19uV) than in young adults
(M=2.06 £V, SEM=0.18 uV) (F(170)=10.40, p=0.002, 73 =
0.129). Permutation testing did not reveal a significant difference
in the N1 wave between young and older adults.

VEPs

In both young and older adults, VEPs were characterized by
positive (P1), negative (N1), and positive (P2) deflections that
peaked at ~85, 150, and 230 ms, respectively, over occipital
and parieto-occipital areas (Fig. 1). VEPs were largest over the
hemisphere contralateral to the stimulus. Cluster-based per-
mutation testing revealed larger P1, N1, and P2 amplitudes in

older than in young adults (Fig. 1; Table 2); therefore, post hoc
ANOVAs for both amplitude and latency measures were run for all
three deflections. The P1 peak amplitude and peak latency between
50 and 150 ms were quantified at five electrodes over the parietal
and occipital region contralateral to the stimulus presentation (P4,
POz, PO4, PO8, and 02). As expected, older adults showed signifi-
cantly greater P1 amplitudes (M =3.26 uV, SEM =0.30 «V) than
young adults (M=1.61uV, SEM=029uV) (Fy70=1518,
p<0.001, 1712, = 0.065), but the groups did not significantly differ in
P1 latencies (F(y70)=0.99, p=0.323, 715 = 0.014). As for the visual
N1 deflection, peak amplitude and peak latency between 125 and
225 ms were quantified over the same five occipital and parieto-occi-
pital electrodes. The ANOVA revealed greater N1 amplitudes in
older (M = —2.83 uV, SEM=0.35uV) than young adults (M =
—0.99 uV, SEM =034 1V) (F(y70 = 14:41, p < 0.001, 12 = 0.171),
but the groups did not significantly differ in NI latencies
(Fa,70)=0.03, p=0.870, 7 < 0.001). Like the AEPs, the post hoc
ANOVA for the VEP P2 revealed an age-related increase in ampli-
tude and in latency. The P2 peak amplitude and peak latency
between 190 and 320 ms was quantified over the same cluster of elec-
trodes. Older adults showed significantly larger P2 amplitudes
(M=3.10uV, SEM =027 uV) than young adults (M=2.30uV,
SEM =026 uV) (F 70 =484, p=0.038, 1% = 0.060). Older adults
also showed significantly longer P2 latencies (M=268ms,
SEM=5ms) than young adults (M=245ms, SEM=>5ms)
(Fa,70)=10.65,p=0.002, 75, = 0.132).

SEPs
In both groups, SEPs comprised a positive deflection peaking at
~90 ms after stimulus onset at central-parietal and parietal sites
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Figure 1.
= midline frontal central; P04 = right parietal-occipital; (P4 = right central-parietal.

over the hemisphere contralateral to the stimulated hand. This
deflection was inverted in polarity at midline right frontal scalp
sites, consistent with an anterior, posterior tangential source
located at the somatosensory cortex (Fig. 1). The P1 at central-
parietal and parietal sites was followed by a negative deflection
peaking at ~130ms (NI1) and a positive wave peaking at
~250ms after stimulus onset (P2). Cluster-based permutation
testing showed larger amplitude and delayed P1 latency in older
adults than in young adults. The P1 peak latency and amplitude
measured between 50 and 125ms at five electrodes centered
around the mid central-parietal sites (CP2, C4, CP4, P4, and
CP6) revealed significantly longer P1 latencies in older adults
(M = 98ms, SEM=1ms) than in young adults (M=90ms,
SEM = 1ms) (F(70)=26.70, p<0.001, 13 = 0.276). The P1
peak amplitude was also larger in older (M=2.39 uV,
SEM =0.18 uV) than in young adults (M =1.76 uV, SEM =0.17
V) (Fa70)=6.63, p=0.012, 05 = 0.087). The analysis also
revealed significant clusters (Clusters 1, 3, and 4) that encom-
passed the P2 interval. Therefore, the P2 peak latency and am-
plitude were measured between 190 and 300 ms at the same
electrode cluster. However, the post hoc ANOVA did not find a
significant group main effect in P2 amplitude (F(; 70)=0.84, p=
0.362, nfj = 0.012) or in P2 latency (F( 70)=2.56, p=0.114,
np = 0.035). No significant clusters were found to indicate
group differences in the somatosensory N1.
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100.0 ms

150.0 ms 250.0 ms

Group mean AEPs, VEPs, and SEPs in young (YA) and older (OA) adults. Right, the iso-contour maps highlighting the P1, N1, and P2 deflections in all three sensory modalities. F(z

Summary of sensory-evoked potentials

In summary, we found age-related differences in the amplitude
of early scalp-recorded evoked potentials in all three sensory
modalities (i.e., auditory P1, visual P1, and somatosensory P1).
Older adults showed larger amplitude in all three sensory
domains than did young adults. Older adults also showed longer
response latencies in all three sensory domains than young adults
(i.e., auditory P2, visual P2, and somatosensory P1).

Next, we determined whether these age-related differences in
scalp-recorded ERPs were related to source activity from sensory
cortices. To do so, we modeled the scalp-recorded responses gen-
erated by auditory, visual, and somatosensory stimuli.

Brain source activity

The scalp-recorded evoked potentials reflect the aggregation of
neural responses generated in distributed cortical sources. To
determine whether the age-related increase in early sensory-
evoked potentials reflects increased excitability in sensory corti-
ces, we used distributed source modeling (i.e., CLARA) to localize
generators of scalp-recorded evoked potentials for each sensory mo-
dality at each time point per participant. Then, we compared the
source strength at each time point from stimulus onset to 300 ms af-
ter stimulus using cluster-based permutation testing of distributed
source space data. A summary of significant clusters revealed by
cluster-based permutation testing is displayed in Table 3.
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Table 3. Summary of cluster-based permutation statistics on source activity”

Alain etal. o Age-Related Increased Activity in Sensory Cortices

Cluster p YA mean source strength 0A mean source strength Window (ms) Peak latency (ms) BA X y z
Auditory
1 <0.001 0.081 0.257 175-265 209 48 32 —17 10
2 <0.001 0.125 0.020 142-228 197 7 -1 —45 52
3 0.001 0.052 0.207 41-84 55 13 —32 —24 10
4 0.003 0.149 0.028 277-300 292 NA 18 -3 17
5 0.046 0.113 0.276 90-101 94 48 —46 4 —4
Visual
1 <0.001 0.099 0.304 168-300 199 20 32 —17 -1
2 0.001 0.133 0.015 205-267 212 48 —32 4 10
3 0.003 0.264 0.072 134-162 148 19 —18 —59 —4
4 0.012 0.196 0.594 117-133 123 NA —4 —59 -1
5 0.026 0.299 0.078 150-170 158 20 25 —17 —18
6 0.037 0.053 0.176 285-300 298 n 18 25 —4
7 0.050 0.150 0.391 82-107 9% NA 17 —59 10
Somatosensory
1 <0.001 0.340 0.092 162-300 195 6 32 —-10 38
2 0.001 0.177 0.063 70-99 86 32 4 " 38
3 0.003 0.027 0.117 191-240 214 7 32 —66 31
4 0.026 0.147 0.405 117-140 125 3 53 —24 45
5 0.030 0.026 0.124 189-214 193 1 25 32 —4
6 0.035 0.019 0.078 72-82 76 38 46 1 —4
“YA, Young adults; OA, older adults; BA, Brodmann area; coordinates in Talairach space.
YA OA Difference Cluster Global Field Power

AEP
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Figure 2.

For the auditory modality, the between-group contrast
yielded greater source activity in bilateral auditory cortices along
the superior temporal gyrus during the two intervals that encom-
pass the P1 (Cluster 3) and P2 (Cluster 1) deflections (Fig. 2).
Young adults showed stronger source activity in the mid parietal
region (Cluster 2) between 142 and 228 ms and right insula areas
(Cluster 4) between 275 and 300 ms after stimulus.

Compared with young adults, older adults showed enhanced
source activity in visual cortices between 80 and 130ms after
stimulus (Cluster 4 and 7). They also showed enhanced source
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Group mean distributed source activity for AEPs, VEPs, and SEPs in young (YA) and older (OA) adults. Right, the strength of source activity over time.

activity in the right anterior and medial temporal region (Cluster
1). We observed, however, weaker source activity in older adults
in the visual areas contralateral to the stimulus (Cluster 3)
between 135 and 160 ms after stimulus. Young adults also showed
stronger activity in the mid and superior PFC than older adults
(Clusters 2 and 5).

For the somatosensory modality, older adults also showed
enhanced source activity in somatosensory cortices between 117
and 140 ms after stimulus (Cluster 4). Additionally, older adults
showed greater source activity than young adults in the right
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Table 4. Summary of cluster-based permutation statistics on functional connectivity of sensory-evoked responses”

Cluster p YA Mean PLV.  OA mean PLV ~ Window (ms)  Frequency range (Hz) Latency at maximum (ms)  Frequency at maximum (Hz) ~ Source at maximum
Auditory
1 0.017 0.028 0.087 150-300 3-5 200 4 FR
2 0.018 0.047 0.111 100-300 3-5 250 4 FpM
3 0.030 0.048 0.113 100-250 2-6 200 4 FL
4 0.048 0.020 0.077 200-300 3-5 250 4 FM
Visual
1 <0.001 0.061 0.206 100-300 2-6 250 4 V(IR
2 <<0.001 0.040 0.131 0-300 2-6 300 4 vaL
3 0.001 0.043 0.132 100-300 3-7 250 5 V(bR
4 0.006 —0.027 0.013 100-300 10-14 150 1 M
5 0.014 —0.050 —0.002 100-300 10-14 250 12 TAR
6 0.016 0.060 0.156 150-300 3-6 300 5 PM
7 0.020 0.020 0.072 50-300 3-5 100 5 TAR
Somatosensory
1 0.108 0.037 —0.001 100-300 10-11 300 10 M

“YA, Young adults; OA, older adults; FR, frontal right; FpM, fronto-polar middle; FL, frontal left; FM, frontal middle; VCIR, visual cortex lateral right; VCIL, visual cortex lateral left; VCbR, visual cortex basal right; TAR, temporal

anterior right; PM, parietal middle.

—— Auditory
—— Visual

—— Somatosensory

Figure 3.  Schematic showing the functional connectivity between the sensory cortices and the prefrontal cortices. Color lines indicate age differences in PLVs between the nodes. Solid lines
indicate stronger PLV in older than young adults. Dashed lines indicate weaker PLV in older than in young adults. AC, Auditory cortex; VG, visual cortex; SC, somatosensory cortex; TAR, temporal
anterior right; PL, parietal left; PM, parietal midline; PR, parietal right; CM, central midline; FL, frontal left; FM, frontal midline; FR, frontal right; FpM, fronto-polar midline.

parietal (Cluster 6) and right inferior frontal areas (Cluster 5).
We also observed greater source activity in young than older
adults in the right somatosensory cortex, peaking at 195 ms after
stimulus onset (Cluster 1).

In summary, older adults showed enhanced source activity in
sensory areas compared with young adults. The time course of
source activity encompassed the early auditory-, visual-, and
somatosensory-evoked responses (i.e., 40-140ms). We also
observed weaker source activity in older adults, primarily in
supramodal areas, such as parietal and prefrontal cortices.

Functional connectivity

We tested whether age differences in functional connectivity
contribute to age differences in sensory-evoked responses by
comparing PLV between discrete brain sources in sensory corti-
ces and between parietal and prefrontal cortices. The summary
of cluster-based permutation test statistics is presented in Table
4. The analysis of PLV revealed stronger synchrony in older than
in young adults between the mid PFC and right auditory and

visual cortices (Fig. 3). The analysis of PLV for the somatosen-
sory stimuli trended toward significance, with weaker synchrony
between the mid PFC and the right somatosensory cortex. For
visual stimuli, older adults also showed stronger PLV between
the right and left visual cortices, between the right visual cortex
and the mid parietal area, and between the right visual cortex
and the right anterior temporal cortex.

Correlation analyses

Given the age-related increase in early sensory-evoked response
amplitude (i.e., P1) in all three modalities, we conducted correla-
tion analyses to test the premise that age-related changes
observed in one sensory modality would be related to changes in
other sensory modalities. In older adults, the scalp-recorded au-
ditory P1 amplitude was significantly correlated with the visual
P1 amplitude (r=0.644, p <0.001), such that larger auditory P1
amplitudes were associated with larger visual P1 amplitudes. The
auditory P1 was also positively correlated with the somatosen-
sory P1 amplitude (r=0.434, p=0.009). The correlation between
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Figure 4. A, Scatterplots showing the relationship between the source strength activity from auditory, visual, and somatosensory cortices. Measures derived from the statistically significant
cluster from permutation statistics of CLARA source activity that represented the sensory P1 from each domain: Cluster 3 for AEP, Cluster 7 for VEP, and Cluster 4 for SEP. B, Scatterplots showing
the relationship between prefrontal-to-sensory cortex synchrony and source activity. Measures derived from the statistically significant cluster from permutation statistics of CLARA imaging that
represented the sensory P1 from each domain: Cluster 3 for AEP, Cluster 7 for VEP, and Cluster 4 for SEP. Some PLV values are negative. This is because of the relative contrast used (stimulus-
locked minus non—stimulus-locked epochs) to estimate neural synchrony between brain sources in young and older adults.

visual P1 and somatosensory P1 amplitude was also significant
(r=0.549, p=0.001). For latency measures, there were no signifi-
cant correlations between the three sensory modalities (p > 0.16
in all cases). In young adults, there was a significant negative cor-
relation between the auditory P1 amplitude and visual P1 ampli-
tude (r = -0.342, p=0.039). No other correlations between P1
amplitude and latency among sensory systems were found to be
significant in young adults.

We also examined whether source strength in sensory areas
correlated with one another (Fig. 4). For each participant, we
used the mean source activity that encompassed the P1 deflection
from each sensory domain (i.e., Cluster 3 for AEP, Cluster 7 for
VEP, and Cluster 4 for SEP). Older adults who showed enhanced

source activity in bilateral auditory cortices also showed
enhanced source activity in visual and somatosensory cortices
(r=0.572 and r=0.342, respectively, p<0.05 in both cases).
Similarly, older adults who showed enhanced source activity in
the visual cortex also showed enhanced activity in somatosensory
areas (r=0.635, p <0.001). By contrast, in young adults, there
was no significant correlation between the source strength in au-
ditory, visual, or somatosensory cortices (r < 0.163, p > 0.15 in
all cases).

Last, we examined whether the degree of phase synchroniza-
tion between the PFC and sensory cortices was related to the
magnitude of source activity. For each sensory modality, we
averaged PLV from the left, mid-central, and right PFC for the
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50-250 ms interval, and then conducted correlation analyses for
the theta, , and B bands. The correlational analyses were lim-
ited to lower and mid-range frequency bands because these were
showing age differences in PLV between sensory cortices and
PEC. In older adults, the strength of auditory source activity (Fig.
2) was positively correlated with theta PLV (r=0.361, p=0.033),
such that higher synchrony was associated with stronger source
activity (Fig. 4). A similar pattern was observed for activity in the
visual cortex, with greater theta PLV being associated with stron-
ger source activity (r=0.506, p=0.002). Last, the strength of ac-
tivity in somatosensory cortex was positively correlated with low
B PLV (r=0.501, p=0.002), such that increased synchrony in
the low beta band was associated with enhanced source activity.
In young adults, source activity in auditory, visual, and somato-
sensory cortex was not related to the degree of synchrony
between the PFC and sensory cortex. Together, the findings
from these correlational analyses suggest that age differences in
sensory-evoked responses amplitude may be linked to ineffective
top-down regulation from supramodal prefrontal executive
regions.

A Fisher’s z statistic was used to determine whether the corre-
lations observed in older adults differed from those of the young
adults. For the P1 amplitude, older adults exhibited significantly
stronger correlations than young adults between auditory and
visual modalities (z = —4.553, p << 0.001), and the auditory and
somatosensory modalities (z = —1.968, p=0.025). The contrast
between the visual and somatosensory modality trended toward
significance (z = —1.618, p=0.053). For the source strength in
sensory cortices, older adults also showed significantly stronger
correlations than young adults between auditory and visual corti-
ces (z = —2.462, p=0.007) and between the visual and somato-
sensory cortices (z = —2376, p=0.009). The contrast between the
auditory and somatosensory modality trended toward signifi-
cance (z = —1.475, p=0.070). For the relation between prefron-
tal-to-sensory cortex synchrony and sensory source activity,
older adults showed significantly stronger correlations than
young adults for auditory (z=2.240, p=0.013), visual (z=2.495,
p=0.006), and somatosensory stimulation (z=2.758, p=0.003).

Discussion

The present study is the first to show age-related differences in
early sensory-evoked responses in terms of latency, amplitude,
source activity, and functional connectivity across three sensory
domains: auditory, visual, and somatosensory modalities. The age-
related increase in AEP, VEP, and SEP amplitude coincided in la-
tency with an age-related enhancement of source activity in the cor-
responding sensory cortices. We observed similar age differences in
all three sensory modalities in terms of functional connectivity, with
greater phase synchrony between prefrontal and sensory cortices in
older than young adults in middle-high frequencies. Notably, in
older adults, the sensory-evoked response amplitude measures were
correlated between sensory domains. Older adults showing larger
response amplitude in one modality also showed larger amplitudes
in other modalities. Likewise, measures of source strength were cor-
related between sensory modalities. In older adults, the degree of
phase synchronization between prefrontal and sensory cortices
was related to the magnitude of source activity in sensory areas.
To summarize, the analyses revealed clear age-related changes in
auditory-, visual-, and somatosensory-evoked responses, which
may be mitigated by age-related changes in prefrontal-to-sensory
cortex synchrony.
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Age-related changes in sensory-evoked response latency were
not homogeneous across modalities. That is, older adults showed
prolonged P2 latency following auditory and visual stimuli,
whereas somatosensory stimuli generated longer P1 latency in
older than in young adults. The latency of evoked responses
from sensory cortices is thought to index both speed of nerve
conduction and integration of sensory information. In older
adults, the increase P1 latency elicited by somatosensory stimuli
is consistent with prior studies (e.g., Bolton and Staines, 2012;
Strommer et al,, 2017), and could indicate prolongation of pe-
ripheral and central nerve conduction. The age difference in au-
ditory and visual P2 latency is also consistent with prior studies
(e.g, Amenedo and Diaz, 1998; Bertoli et al., 2005; Alain et al.,
2012; Fernandez et al.,, 2013), and could indicate a longer time
for older adults to process and encode sensory information into
Sensory memory.

Age-related increases in sensory-evoked response amplitude
were consistent across all three sensory modalities. The larger
amplitude of stimulus-evoked responses may represent an adapt-
ive neural response to healthy aging. Compared with young
adults, older adults may recruit more or engage different neural
resources to increase stimulus detection and sensory processing
efficiency. The age-related increase in sensory-evoked responses
may also be related to reduced sensory adaptation, with young
adults showing a stronger repetition effect (adaptation) than
older adults (e.g., Walrath and Hallman, 1984; Leung et al,
2013). Our findings are consistent with the common cause hy-
pothesis, in which age-related increases in early cortical evoked
responses may reflect changes in sensory regulation mediated by
the PFC (Knight et al., 1999).

Evidence from behavioral studies (Stuss, 2006; Picton et al.,
2007), fMRI studies (Gazzaley and D’Esposito, 2007; Amer et al.,
2016), and other electrophysiological studies (Bolton and
Staines, 2014; Bidet-Caulet et al., 2015) suggests that the PFC
plays an important role in attentional control and in regulating
neural activity in sensory areas. The PFC may facilitate and/or
suppress sensory processing via thalamocortical connections to
the thalamic reticular nucleus (Scannell et al., 1999; Zikopoulos
and Barbas, 2006; Nakajima et al., 2019), which has extensive
connections with the medial geniculate body, lateral geniculate
nucleus, and ventral-posterior medial thalamic nucleus (i.e., the
bottleneck of afferent input to auditory, visual, and somatosen-
sory cortices, respectively). Prefrontal modulations of sensory
processing may also occur via corticocortical connections to pri-
mary sensory cortices via associative sensory areas (Fuster,
2001). Anatomical tracing and neurophysiological studies also
provide evidence for dense corticocortical connections between
sensory and ventrolateral and dorsolateral prefrontal cortices
(Diehl and Romanski, 2014; Plakke and Romanski, 2014, 2016).
Furthermore, healthy aging is also associated with decreased gray
matter density, which is more pronounced in prefrontal areas
than in sensory areas (Raz et al., 1997). Notably, white and gray
matter changes associated with age have been related to increases
in auditory and visual evoked response latency (Price et al,
2017). Together, these findings support the PFC’s role in down-
regulating sensory input, which may account for a shared factor
common to the age-related changes in sensory-evoked responses
observed in the present study.

Evidence also suggests a link between sensory-evoked response
amplitude, particularly with prefrontal executive control mecha-
nisms as measured with neuropsychological tests. For instance, a
higher percentage of perseverative errors on the Wisconsin Card
Sorting Test (WCST) can indicate worse cognitive flexibility, a



274 - ). Neurosci., January 12,2022 - 42(2):264-275

subtype of executive functions mediated by prefrontal regions
(Gruber et al,, 2010; Kim et al,, 2011). Chao and Knight (1997)
demonstrated that older adults who showed larger amplitude in
early AEPs also showed a greater percentage of WCST preservative
errors. The PFC’s putative role in regulating sensory-evoked
response amplitude is further supported by research using noninva-
sive brain stimulation. For instance, transcranial magnetic stimula-
tion to the dorsolateral PFC has been shown to modulate the
amplitude of VEPs and SEPs (Adams et al, 2019). Transcranial
direct current stimulation over the dorsolateral PFC also modulates
the auditory P1 amplitude (Terada et al,, 2015). Our findings are
also consistent with studies showing that stroke-related prefrontal
injury is often associated with increased amplitude and longer laten-
cies for AEPs (Woods and Clayworth, 1986; Knight et al., 1989) and
SEPs (Yamaguchi and Knight, 1990). This is in stark contrast with
injury localized to temporal, parietal, or occipital regions, which are
usually associated with decreased sensory-evoked response ampli-
tude (Knight et al., 1980; Kileny et al., 1987; Woods et al., 1987;
Alain et al., 1998; Haigh et al., 2018; Mammadkhanli et al., 2020).

Our functional connectivity analysis revealed age-related dif-
ferences in neural synchrony (i.e., greater PLV in older than
young adults) between the superior PFC and the auditory and
visual cortices. The present study is the first to our knowledge to
investigate age-related changes in three sensory domains with a
metric of functional connectivity. These age differences in phase
coherence observed in the present study may reflect age differen-
ces in the allocation of attention, with older adults’ potentially
allocating more attention to the sensory stimuli than young
adults. Indeed, prior research has found that young adults may
exhibit greater mind-wandering than older adults on cognitive
tasks, whereas older adults may have greater focused attention
on task stimuli (Maillet et al., 2018, 2020). Future research may
examine how the variability of attentional states may modulate
sensory-evoked responses during passive sensory stimulation.

In the present study, we show in older adults a link between
sensory-evoked responses elicited by auditory, visual, and tactile
stimuli across a range of analyses. Although these results provide
support for the common-cause hypothesis, some limitations should
be kept in mind while interpreting and generalizing findings. For
instance, in the present study, there was a small group difference
in the number of years of education; and while small differences in
education may appear unlikely to account for group differences in
bottom-up passive sensory-evoked responses, the possibility should
be ruled out in future studies. The neuropsychological assessment
was administered only for older adults, making it difficult to com-
pare the cognitive profiles of young and older adults and to assess
how this relates to sensory-evoked response amplitude and latency.
Future studies should also include structural MRI data to further
enhance the precision of the source and functional connectivity
analyses. The present study did not include behavioral measures of
sensory functions, making it difficult to determine whether young
and older adults did similarly experience the stimuli. For instance,
our sensory stimuli may have appeared more salient to older than
young older adults, which could have contributed to enhancing sen-
sory-evoked response. Consequently, in future studies, it may be
important to include questionnaires to evaluate the participants’
subjective experience during data collection to ensure that both
young and older adults are comparable across this variable.
Future research should also consider additional measures of
sensory acuity that could be used as moderator variables.

In conclusion, the present study shows that healthy aging is
associated with increased amplitude, latency, and source activity
of early sensory-evoked responses that appear to be shared in all
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three sensory modalities. Within older adults, these age-related
increases in early sensory processing were found correlated
between modalities. With our functional connectivity measures,
we also demonstrate age-related differences in phase synchrony
between prefrontal regions and sensory cortices, suggesting that
age-related changes in prefrontal functioning may account for
deficits in sensory inhibition in healthy older adults.
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