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Abstract
Neuronal hyperexcitability has emerged as a potential biomarker of late-onset early-stage Alzheimer’s disease (LEAD). We
hypothesize that the aging-related posterior cortical hyperexcitability anticipates the loss of excitability with the
emergence of impairment in LEAD. To test this hypothesis, we compared the behavioral and neurophysiological responses
of young and older (ON) normal adults, and LEAD patients during a visuospatial attentional control task. ONs show frontal
cortical signal incoherence and posterior cortical hyper-responsiveness with preserved attentional control. LEADs lose the
posterior hyper-responsiveness and fail in the attentional task. Our findings suggest that signal incoherence and cortical
hyper-responsiveness in aging may contribute to the development of functional impairment in LEAD.
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Introduction
Visual deficits are common in Alzheimer’s disease (AD) (Fuji-
mori et al. 1997; Rizzo et al. 2000) and disabling in many patients
(Benson et al. 1988; Tetewsky et al. 1999; Mendez et al. 2002) due
to ambulatory and vehicular navigational impairment (O’Brien
et al. 2001; Kavcic et al. 2003). The integration of frontal and
posterior contributions to visual behavior (Critchley 1953; Lynch
et al. 1977) is seen in animal neurophysiology (Moore et al. 2004)
(Cosman et al. 2015) and human neuroimaging (Kincade et al.
2005; Migliaccio et al. 2012). Such studies suggest that visual
impairments in LEAD may reflect fronto-posterior functional
disconnection (Hof et al. 1990; Brier et al. 2014).

Cognitive event-related potentials (ERPs) (Chapman 1964;
Sutton et al. 1965) link frontal and posterior activity to function
and functional impairment, providing a window into the neural
mechanisms of processing deficits in LEAD. Visual ERPs include
waveforms that reveal the dynamics of reciprocal sensory–
cognitive interactions related to signal integration (Woodman
et al. 1999): The N200 reflects posterior cortical visual processing
(Naatanen et al. 1982). During an attentional task, the N200 is
followed by a smaller, more posterior contralateral waveform

(N2PC) that reflects the allocation of visual attention (Luck et al.
1994). The N200 and N2PC complex is then followed by a P300
that is related to the neural implementation of the behavioral
task (Polich 2007). The P300 is often seen to contain frontal P3a
and parietal P3b subcomponents (Bledowski et al. 2004; Tsolaki
et al. 2017).

Single neuron studies in awake monkeys show that the radial
motion in optic flow is processed in dorsal posterior cortex
where it is under attentional control (Page and Duffy 2003; Dubin
and Duffy 2009) when the observer is focusing on self-movement
heading perception (Page and Duffy 2008), typically to guide
steering behavior (Jacob and Duffy 2015). Parallel human ERP
studies show response latency delays in aging and response
amplitude reductions in LEAD (Monacelli et al. 2003; Fernandez
et al. 2013), the latter linked to impaired optic flow heading
perception (Fernandez et al. 2007; Fernandez and Duffy 2012).

We previously used a well-established attentional control
paradigm (Posner 1980; Fig. 1A) to assess the effects of aging and
LEAD on the spatial attentional control (Klein 2000) of the corti-
cal visual motion processing of optic flow. Those studies showed
the loss the attentional control of optic flow responses in LEADs

https://academic.oup.com/
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Figure 1. Neuropsychological profiles of participant groups and the optic flow attentional cueing paradigm. (A) Z-transformed average test scores from the three
participant groups and eight neuropsychological tests. Significant group difference was seen for all tests except facial recognition. (B) The attentional cueing paradigm
began with the presentation of a centered fixation target. When stable visual fixation was established for 1 s, a full-screen random dot motion was added, followed

200 ms later by a briefly flashed left or right side attentional cue. After either a 300 or 600 ms SOA, the random dot motion was replaced by optic flow with a left
or right side FOE. This created validly cued trials in which the cue and FOE occurred at the same location, and invalidly trials in which the cue and the FOE were on
opposite sides of the screen. Participants were asked to press the one of two buttons corresponding to the side of the FOE.

(Lockwood et al. 2018). Here, we explore links between higher
order attributes of ERPs and behavioral changes in aging and
LEAD. We find ERP evidence of incoherent hyper-responsiveness
in aging that may lead to nonresponsiveness and behavioral
impairment in LEAD.

Materials and Methods
Participant Groups

All participants were recruited from the University of Rochester
programs. Young normal (YN) adults were from the undergradu-
ate student body, older normal (ON) adults were patients’ friends
or relatives. LEADs were patients from the Memory Care Program
at the University of Rochester Medical Center. Informed consent
was obtained prior to enrollment. All procedures were approved
by the University of Rochester, Research Subjects Review Board.

All participants had normal visual acuity (better eye Snellen
acuity of at least 20/40) and contrast sensitivity (five spatial fre-
quencies, 0.5–18 cycles/degree, VisTech Consultants, Inc.) in the
normal range. All LEADs were diagnosed within 2 years of these
studies. LEAD patients met criteria for early stage (Mini-Mental
State Examination, MMSE > 21), late-onset (age > 65 years), prob-
able AD and demonstrated impairments including memory dis-
orders, with aphasia, agnosia, apraxia, inattention, disorgani-
zation, or executive dysfunction affecting their daily activities
(McKhann et al. 2001; Reiman and Manske 2011).

Participant group differences were identified across age
and neuropsychological test scores using a two-way multi-
variate analysis of variance (MANOVA; P < 0.05) across groups
and tests, followed by the specification of the sources of
group differences using Tukey’s test for Honestly Signifi-
cant Differences (THSDs; P < 0.05). YNs were significantly
younger (n = 18, age [mean ± SEM] = 23.1 ± 1.2) than the ONs
(n = 19, age = 71.2 ± 1.4) and LEADs (n = 18, age = 73.3 ± 1.6).
Neuropsychological testing was consistent with group mem-
bership: MMSE for multidomain function (Folstein et al. 1975)
(YN = 29.7 ± 0.2, ON = 29.0 ± 0.2, LEAD = 24.8 ± 0.9; P < 0.001,
THSDs: YN = ON > LEAD). The WMS-Revised (WMS-R) (Wechsler
1987) verbal paired associates, immediate recall (YN = 22.1 ± 0.4,
ON = 15.8 ± 1.0, LEAD = 11.4 ± 1.2; P < 0.001, THSDs: YN > ON >

LEAD) and delayed recall (YN = 8.0 ± 0.0, ON = 6.3 ± 0.3, LEAD =
3.8 ± 0.5; P < 0.001, THSDs: YN > ON > LEAD). Animal naming
fluency (YN = 22.2 ± 1.4, ON = 20.8 ± 1.4, LEAD = 16.7 ± 1.5;
P = 0.032, THSDs: YN > LEAD). Line orientation judgment
(YN = 26.8 ± 0.7, ON = 26.6 ± 0.7, LEAD = 20.9 ± 1.4; P < 0.001,
THSDs: YN = ON > LEAD) (Benton et al. 1983). Money Road Map
testing of spatial orientation by route tracing (Money 1976)
(YN = 31.0 ± 0.4, ON = 28.8 ± 0.9, LEAD = 27.4 ± 1.0; P = 0.033,
THSDs: YN > LEAD). The WMS-R figural memory (YN = 8.4 ± 0.4,
ON = 6.4 ± 0.4, LEAD = 5.3 ± 0.4; P < 0.001, THSDs: YN > ON =
LEAD) and face memory (YN = 46.5 ± 0.9, ON = 47.5 ± 1.1,
LEAD = 44.6 ± 1.3; ANOVA nonsignificant). Average scores
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highlight the group differences and its variation across the
domains tested (Fig. 1A).

Spatial Cueing Paradigm

Participants sat facing a 60◦ × 40◦ rear-projection tangent screen
having a 10◦ centered fixation target with eye position moni-
tored by infrared oculography (IOG, Applied Science Labs, Inc.).
After 1 ± 0.2 s, a full-field random motion pattern of 1000 four-
pixel dots was presented. After 200 ms, a cue spot (2◦ 16 dot
cluster) was added for 100 ms, randomly positioned 22.5◦ to the
left or right on the horizontal meridian. Random dot motion
continued for a randomly selected 300 or 600 ms after which the
moving dots converted into an outward radial optic flow field
with a randomly selected left or right (22.5◦) focus of expansion
(FOE). The interval between cue and optic flow onset produced a
stimulus onset asynchrony (SOA) of either 400 or 700 ms (Fig. 1B).

The optic flow stimuli were composed of dots moving in
a radial pattern. Each dot’s speed was a sin2 function of its
angular distance from the FOE. Dot density was maintained in all
frames using a random replacement algorithm. Random motion
resumed for up to 2 s until the participant pressed a left or right
side button to indicate their perceived side of the FOE. In 75%
of trials, the flashed pre-cues were valid (i.e., on the same side
as the subsequent optic flow’s FOE); in 25%, they were invalid
(i.e., on the opposite side). All participants completed a practice
session of ∼50 trials. IOG was used to monitor the centered
fixation that was maintained throughout all trials.

Neurophysiological Analyses

Electroencephalography (EEG) was recorded using a 32-channel
system (Compumedics) with sampling at 500 Hz and 32-bit
resolution. Electrodes were aligned to the international 10–20
system, with 13 additional electrodes in proportionately sized
electrode caps and impedances <5 kΩ. Continuous data records
were imported into MATLAB with low- (100 Hz) and high-pass
(0.1 Hz) filtering. Independent components (ICs) were derived in
EEGLAB to remove cardiac, muscular, and ocular artifacts.

Neurophysiological analyses were based on trials yielding
correct push-button responses. Data from each recording ses-
sion were divided into 1 s epochs beginning 100 ms before optic
flow onset. Average responses were computed for participant
groups and task conditions. N200 ERPs were identified as the
first major negative deflection peaking 150–200 ms after optic
flow onset. N2VI ERPs were identified as a difference between
validly and invalidly cued responses in the interval between
the N200 and P300. P300 ERPs were identified as the positive
deflection peaking between 300 and 500 ms after optic flow
onset. We measured latencies and amplitudes of the N200 and
P300 in each participant for each of the eight task conditions.

Time-frequency analyses were done over a 700 ms period
(−100 to 600 ms) and frequencies from 4 to 40 Hz. Response spec-
tra of event-related spectral perturbation (ERSP) and intertrial
phase coherence (ITC) were derived in EEGLAB from sinusoidal
wavelets calculated with increasing wavelet cycle/Hz across
times and frequencies (Makeig et al. 2004). ERSP measured power
changes in mean log power, relative to the 100 ms period before
stimulus onset. ITC (a.k.a., phase-locking) measures the phase
consistency at each time/frequency point across trials on a scale
from 0 to 1, where 1 represents identical phase coherence across
trials. Spectral analyses focused on time windows reflecting the
timing of the N200 and P300 waveforms in each participant

group and stimulus/task condition (Makeig 2002; Makeig et al.
2002; Roach and Mathalon 2008).

Independent Component Analysis

We used independent component analysis (ICA) to identify sig-
nals imbedded in the continuous neurophysiological data record
from all participant groups and paradigm conditions (Groppe
et al. 2009). ICA enabled the filtering-out of signals contaminat-
ing the neurophysiological record, such as extraneous electrical
sources (e.g., power lines) and extraneous physiological sources
(e.g., heart, eyes, and muscles). Thereafter, we used ICA to iden-
tify independent neural sources in the filtered, continuous neu-
rophysiological data record.

ICA relies on conditioning the data record and identifying
putatively IC waveforms. This algorithm begins with principal
components analysis and then quantifies component indepen-
dence by their non-Gaussianity measured as kurtosis and dif-
ferential entropy. ICA produces the same number of ICs as the
original number of EEG leads. Each IC is back-projected on to the
cranial recording montage to show the strength of each IC across
electrodes on the head.

We use the descending order of the relative contributions of
each IC to present the components’ cranial topologies, and their
ERPs to illustrate their link to the onset of the task-related optic
flow stimuli. The topology is an attribute of each component
and is the same for all groups and conditions. ERPs differed
across groups and conditions and are presented for each. Each
component was processed for its ITC phase spectra and ERSP
power spectra as described above for the original data signals.
We rejected components from non-neural signals (e.g., blinks,
eye movement, and cranial musculature) and combined those
reflecting the same neural sources.

Statistical Analysis

The neuropsychological test scores were Z-transformed for each
test across the three participant groups. We used MANOVA
(P < 0.05) with comparisons between the three participant
groups and the experimental conditions using follow-up THSDs
(P < 0.05) in SPSS, v25 (IBM). This approach was applied to
the behavioral, neuropsychological, and both the recorded
neurophysiological signals, ICs, and response spectra.

Results
Attentional ERPs

All participant groups perform well in the attentional task
with the exception of a subset of five LEADs who show a
lower percentage of correct trials and were excluded (xEADs)
from further analysis (correct trials: YN = 97%, ON = 95%,
LEAD = 81%, xEAD = 61%, Fig. 2A). Response times (RTs) increase
across participant groups (F2, 439 = 157.44, P < 0.001. THSDs:
YN < ON < LEAD) with longer RTs after invalid pre-cues (F1,
439 = 16.48, P < 0.001), especially in short SOA trials (F1,
439 = 10.89, P = 0.001) without group-by-SOA interactions
(Fig. 2B). This yields a validity effect (VE) calculated by sub-
tracting participant mean RTs from validly cued trials from
mean RTs from invalidly cued trials. Substantial VE is evident in
YNs and ONs but not seen in LEADs, (F2, 109 = 8.86, P < 0.001,
THSDs: YN = ON > LEAD) without SOA or interaction effects
(Fig. 2C). Thus, aging and LEAD are associated with successively
slower RTs, but only the LEADs lose the attentional cueing VE of
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Figure 2. Behavioral and neurophysiological responses across groups. (A) Percent correct-side responses (ordinate, mean ± 95% CI) by participant group and stimulus
condition (abscissa). The xEAD group represents five LEAD subjects omitted from later analysis due to their inability to complete the task. (B) Button press RTs (ordinate:
RT, median ± SEM) by participant group and stimulus condition (abscissa) shows slowing in ONs and LEADs. (C) Validity effect (ordinate: VE, valid minus invalid RTs)

by participant group. VE is all but lost in LEADs. (D) ERP traces from CPz for valid and invalid trials show N200s are largest in ONs, and both N2VIs and P300s are largest
in YNs. Solid vertical lines marks optic flow onset, dashed vertical lines indicate peak latency for each waveform for each group as labeled for YNs on the left.

faster push-button responses after validly cued trials than after
invalidly cued trials.

The optic flow heading discrimination task evokes three
successive ERP waveforms that are most distinct at the central
parietal zenith (CPz) electrode: N200s are linked to optic flow
onset, N2VIs are linked to cue invalidity associated attentional
shifts, and P300s are linked to attention and decision making
(Fig. 2D). These waveforms show group effects on peak ampli-
tudes (Wilks’ lambda, F1185, 6 = 0.551, P < 0.001): the N200s are
largest in ONs (F2 = 13.01, P < 0.001; THSD: YN < ON > LEAD),
whereas the N2VIs (F2 = 30.71, P < 0.001; THSD: YN > ON > LEAD)
and the P300s (F2 = 204.73, P < 0.001; THSD: YN > ON > LEAD) are
largest in YNs and successively smaller in ONs and LEADs.

Neural Response Spectra

We used neural response spectra to identify power and syn-
chrony changes (see Methods, Neurophysiological Analysis) in
aging and LEAD and plotted as time relative to stimulus onset
versus response frequency with power or synchrony shown by a
response color scale. Neural response power was measured rel-
ative to stimulus onset (event-related) change in RT-frequency
composition (spectral perturbation) (ERSP) of the N200 and P300
responses of each participant group (Fig. 3, left).

ERSP group differences (multivariate λ = 0.26, F10, 180 = 17.21,
P < 0.001) were attributable to increased N200 ERSP in ONs that
is lost in LEADs (F2 = 11.94, P < 0.001, THSDs: YN < ON > LEAD).
In contrast, P300 ERSP power is decreased in both ONs
and LEADs (F2 = 5.27, P = 0.007, THSDs: YN > ON > LEAD). In
addition, high frequency event-related power decrements
(ERDs) are seen in the P300 period with group effects (P < 0.001,
THSDs: YN < ON > LEAD), VEs (P < 0.001), and interaction effects
(P < 0.001).

Response synchrony was measured as intertrial (across tri-
als of a specific condition in an individual participant) evoked
response coherence (ITC) across the same response epochs and
participant groups (Fig. 3, right). Group differences (multivariate
λ = 0.75, F4, 186 = 7.22, P < 0.001) are attributable to decreased
N200 ITC in LEADs (F2 = 5.31, P = 0.007, THSDs: ON > LEAD), and
successively decreased P300 ITC in ONs and LEADs (F2 = 7.93,
P = 0.001, THSDs: YN > ON = LEAD).

The localization of these responses also differs across groups
(Fig. 4). YNs show clear N200 power, but N200 power is broader
and stronger in ONs, and is weakest in LEADs (Fig. 4A, left).
P300 power successively declines from YNs, to ONs, to LEADs
(Fig. 4A, right). ITC also shows posterior N200 coherence changes
across groups, with ITC increasing from YNs to ONs and being
reduced in LEADs (Fig. 4B, left). In contrast, P300 coherence
follows the group changes in P300 power distribution with
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Figure 3. Event-related response spectra by group at CPz with response outline indicating the averaging epochs used for statistical comparisons. (A) ERSP spectrograms
reflect power output across trials. Each plot shows the response period (abscissa) by response frequency (ordinate) for valid (left) and invalid (right) trials, averaged

for each participant group. The black lines demarcate the high signal cut-off that defines the averaging area for each group and condition. YNs show sustained low
frequency power throughout the N200, N2VI, and P300 periods of valid and invalid trials. ONs show increased N200 power. LEADs show significant power loss across
all periods. High frequency power suppression is evident in the P300 period, especially in older groups’ invalid trials. (B) ITC spectrograms reflect response synchrony
across trials. Each plot shows response period (abscissa) by response frequency (ordinate) for valid (left) and invalid (right) trials, averaged for each participant group.

The red lines demarcate the high signal cut-off that defines the averaging area for each group and condition. YNs show strong coherence during the N200 and P300
periods. ONs show more prominent N200 coherence and a decrease in P300 coherence. LEADs show the further loss of coherence across time periods.

successive declines of P300 ITC from YNs, to ONs, to LEADs
(Fig. 4B, right).

Independent Components

We tested whether these findings were specific to the CPz peak
response site or also seen across recording sites by using ICA
to identify neural sources contributing to these responses (see
Methods, Independent Components). ICA yields 30 ICs from 30
recording electrodes, here ordered by their relative contribution
to total signal independence. In this case, the first 10 ICs account
for 81.8% of the total signal independence (Supplementary Mate-
rial, Fig. S1).

The top 10 ICs defined five sources, three from individual
components (frontal IC 2, parietal IC 5, and occipital IC 3) and
two from combining symmetrical pairs of components (lateral
parietal ICs 4 and 7, and temporal ICs 8 and 10). The remaining
three ICs from the top 10 were not included because they reflect
blinks (IC 1) or eye movements (ICs 6 and 9). The other ICs are
omitted as they either come from single electrodes, had ERPs

that appear unrelated to the stimulus cycle, or account for little
independence.

Each IC reflects contributions from each electrode, and the
relative magnitude of those contributions yield the cranial
topography of each IC (Fig. 5B). ONs show the largest N200 ERSPs
(multivariate λ = 0.35, F10, 186 = 12.89, P < 0.001) at parietal IC
5 and occipital IC 3 (ps < 0.001, THSD: YN < ON > LEAD) and
the largest P300 ERSPs (multivariate λ = 0.24, F10, 186 = 19.45,
P < 0.001) at parietal IC 5, occipital IC 3, and lateral parietal ICs 4,7
(ps < 0.001, THSD: YN < ON > LEAD). P300 ERSPs also show high
frequency power decrements in ONs and LEADs at parietal IC 5
(P = 0.001, YN > ON > LEAD), and in all groups at lateral parietal
ICs 4,7 (P = 0.146). In contrast, ONs and LEADs lose frontal IC2
N200 and P300 power (ps = 0.001, YN > ON > LEAD). Thus, ONs
show power increases at parieto-occipital sites with decreases
at the frontal site.

LEADs show robust decreases in N200 ITC coherence
(multivariate λ = 0.29, F10, 186 = 15.96, P < 0.001) across posterior
sites (IC 3, IC 5 and ICs 4,7, ps < 0.001, IC 2, P = 0.002, THSD:
YN = ON > LEAD), with aging and AD effects at temporal IC 8,10
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Figure 4. Cranial topologies of the response spectra shown for each participant group across all electrodes as measured at the time of their N200 and P300 peaks,
bar graphs show signal magnitude (mean ± SEM) across participant groups and response waveforms. (A) N200 ERSP power increases posteriorly in ONs and decreases
in LEADs. P300 ERSP power decreases frontoparietally in ONs and decreases further in LEADs. (B) N200 ITC coherence increases posteriorly in ONs and decreases

posteriorly in LEADs. P300 ITC coherence decreases across all electrodes in ONs and decreases further in LEAD. (C) Bar graphs of ERSP (left) and ITC (right) for N200
and P300 epochs as recorded at CPz with indicators of significant group differences by P values.

(P < 0.001, THSD: YN > ON > LEAD) (Fig. 5C). P300 ITCs also show
aging and AD effects (multivariate λ = 0.22, F10, 186 = 20.99,
P < 0.001) in midline frontal IC 2, parietal IC 5 (ps < 0.001,
YN > ON > LEAD), and occipital IC 3 (P < 0.001, YN > LEAD), with

an isolated AD effect only at lateral parietal ICs 4,7 (P < 0.001,
YN = ON > LEAD). Thus, LEADs lose N200 coherence, while ONs
and LEADs lose N200 and P300 coherence at both frontal and
parietal sites.
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Figure 5. Event-related response spectra of the five ICs. (A) ERSP of valid trials across components and groups show posterior N200 increases (ICs 5 and 3) and P300

decreases in posterior aging (ICs 3, 5, and 4, 7). (B) Topoplots show the distribution of electrode contributions to the ICs. The bottom two components are averaged from
pairs that reflect symmetrical ICs across the midline. (C) ITC of valid trials across components and groups show declines in aging and LEAD across posterior sites (ICs
5, 3, and 8, 10) and an isolated decline in LEADs at lateral parietal sites (ICs 4, 7). In sum, aging increases N200 power and coherence at parieto-occipital sources and
decreases P300 coherence at frontal, as well as posterior, sources. LEADs show wide decreases in N200 and P300 power and coherence.

Discussion
Alzheimer’s Is Not Severe Aging

Cueing primes spatial attention (Posner 1980; Klein 2000) with
valid cues speeding responses to the cued heading direction in
optic flow and invalid cues slowing responses to other headings
(Fig. 2). ERPs are comparably altered by cueing: invalid cues
leave optic flow N200s unchanged, which are followed by N2VIs
that showing shifting hemispheric lateralization to the side
contralateral to the attended side with larger task-related P300s.
These effects link frontal spatial attentional and parietal spatial
visual activation (Lockwood et al. 2018).

Spectral analyses show that ONs have stronger and more
coherent parieto-occipital N200s, but weaker and less coherent
fronto-parietal P300s. In contrast, LEADs have both weaker and
less coherent N200s and P300s. This suggests a fundamental
distinction between the effects of aging and Alzheimer’s: aging
slows behavioral responses with temporally scattered, incoher-
ent task-related P300s, but hyper-responsive visual N200s. LEAD
disrupts attentional VEs and reduces both the strength and
coherence of the optic flow N200s and P300s (Fig. 3). These
effects are robust despite the inherent inhomogeneity of both
our unimpaired ON group and our early stage LEAD group.
Our findings might have been further refined by genetic and
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cerebrospinal fluid biomarker subgroup classification that is not
available in this dataset (Molinuevo et al. 2018).

Our earlier findings were derived from studies of optic
flow ERPs recorded during simple heading discrimination
tasks. Those studies showed that aging increases N200 latency,
and LEAD decreases N200 amplitude (Fernandez et al. 2013;
Monacelli et al. 2003). We took these effects to be consistent with
aging-related declines in optic flow heading acuity (Warren et al.
1989), heading discrimination (O’Brien et al. 2001), and steering
(Berard et al. 2009) and successively poorer real-world navigation
in aging and LEAD (Kavcic et al. 2006).

Our current combination of optic flow stimulus heading
discrimination, spatial attentional cueing, and the spectral anal-
yses of ERPs reveals more textured links among behavior, ERPs,
aging, and LEAD: first, aging increases N200 coherence and
power while decreasing P300 coherence and power, with the
net effect of delaying push-button responses while maintaining
attentional cue VEs. In contrast, LEAD decreases N200 coherence
and power with the failure of attentional cue VEs (Fig. 4).

Signals, Sources, and Senescence

Optic flow N200s and spatial attentional P300s show distinct
cortical sources identified by the ICA of the ERPs (Fig. 1). Ten
ICs accounted for >82% of the signal, seven of which identified
five sources with central frontal, parietal, and occipital sites and
symmetrical lateral parietal and lateral temporal sites. IC spec-
tra show increased parieto-occipital N200 and P300 power and
coherence in ONs, but decreased frontal P300 power. In LEADs,
N200 and P300 power and coherence are decreased across all
sources, creating response profiles that distinguish aging from
LEAD.

The disruption of top-down fronto-parietal control in aging
(Greenwood 2000; Tisserand and Jolles 2003) is linked to func-
tional decline (Rabbitt et al. 2007; Sullivan et al. 2010). Those
effects may be the harbinger of progression to fronto-parietal
disconnection leading to the overt functional impairment of AD
(Morrison et al. 1991; Leuchter et al. 1994). Aging reduces frontal
myelin sheath thickness as seen in magnetic resonance and dif-
fusion tensor imaging measures of water mobility (Pfefferbaum
et al. 2000; Bartzokis et al. 2004; Pfefferbaum et al. 2005) including
fiber bundles linked to optic flow processing impairments (Kav-
cic et al. 2008). This dismyelination reflects the combined impact
of aging-related increases in myelin degeneration and decreases
in myelin regeneration (Sim et al. 2002; Shen et al. 2008).

Aging-related dismyelination (Bastin et al. 2010; Hasan et al.
2010) reduces central conduction velocities (Waxman 1977;
McDougall et al. 2018) and increases the temporal dispersion
of transmitted volleys (Peters 2002; Sullivan et al. 2010; Kim
et al. 2013). That temporal dispersion may overwhelm axonal
adaptive plasticity (Fields 2015; Etxeberria et al. 2016) and
disrupt fronto-parietal signal coherence as seen in the current
findings (Fig. 5C). Those effects may be amplified by age-related
shrinking of neuronal dendritic fields (Duffy and Teyler 1978;
Duffy and Rakic 1983) that reduce the half-life of neuronal
integration (Gulledge et al. 2005). Dismyelinative temporal
dispersion and dendritic atrophy may combine to require more
sustained, synaptic volleys to support postsynaptic integrate-
and-fire mechanisms (Spruston 2008; Xiumin 2014), delaying
behavioral responses, as in aging.

In addition, the loss of top-down signal coherence may
exceed the temporal integrative capacity of posterior cortical

recipient neurons (Burzynska et al. 2011). The reduction of top-
down control may undermine frontal cortical tuning of posterior
neuronal optic flow stimulus selectivity (Chorghay et al. 2018).
This could increase the proportion of the posterior neuronal
population that is activated by a given optic flow stimulus,
increasing response power (Fig. 5A).

Linking Aging and Alzheimer’s: What Is All the
Excitement About?

Aging has contrasting effects on posterior stimulus-related
N200s and frontal task-related P300s: power and coherence
increase in N200s and decrease in P300s. If bottom-up processing
(Bisley and Goldberg 2003; Cabeza et al. 2012) creates the N200-
P300 complex, stronger N200s in aging should yield stronger
P300s. Thus, P300 decrements in aging may reflect a disruption
of posterior-frontal transmission from the same superior
longitudinal fascicular dismyelination that disrupts fronto-
posterior transmission in aging (Bressler et al. 2008; Gazzaley
et al. 2008; Li and Zhao 2015).

Top-down signals shape posterior cortical stimulus selec-
tivity (Sato et al. 2013) to support task-related focusing of
processing (Patel and Sathian 2000) that declines in aging
(Schmolesky et al. 2000; Yang et al. 2009; Liang et al. 2010). This
can explain the contrasting effects of aging on the N200 and
P300: (1) Dismyelination leads to the loss of the top-down, task-
related tuning of posterior cortical stimulus selectivity. (2) The
loss of top-down tuning leaves more posterior cortical neurons
responding to more stimuli. (3) The increase in neuronal activity
may be seen as N200 hyper-responsiveness, as in our studies
(Fig. 5).

Our finding N200 hyper-responsiveness in aging may mark
the transition to the hyper-excitability of early AD (Busche and
Konnerth 2015; Stargardt et al. 2015). Hyper-excitability may
drive increasing synaptic amyloid production (Palop et al. 2007)
and create a positive feedback “vicious cycle” of increasing
activity and increasing amyloid (Yamamoto et al. 2015; Zott
et al. 2019). Our finding P300 response incoherence in aging is
consistent with dissynchronous neural activity accelerating the
development of AD pathology in transgenic AD mice (Cirrito
et al. 2005; Bero et al. 2011).

Hyperexcitability may promote amyloid accumulation,
oligomerization (Walsh and Selkoe 2007; Arendt 2009; Ding
et al. 2019), and plaque formation at the transition to early
AD (Price and Morris 1999; Jagust 2009; Fjell et al. 2014). Those
changes may promote (Jin and Selkoe 2015) the development
of p-tau mediated synaptic dysfunction (Hoover et al. 2010),
hypo-responsiveness (Busche et al. 2019), and neuron loss
(Giannakopoulos et al. 2003) with tangle formation (Buerger
et al. 2006).

We consider that top-down disconnection in aging may
degrade P300 coherence, undermine response selectivity, and
promote N200 hyperexcitability. Posterior cortical hyperex-
citability may undergo polysynaptic propagation through
cortico-cortical and cortico-subcortical projections to mesial
temporal and subcortical structures (Seltzer and Pandya
1976; Blatt and Rosene 1998; Rockland and Van 1999; Rolls
2000) to promote AD pathology (Van and Hyman 1990; Braak
and Braak 1991). Hence, aging-related frontal cortical signal
incoherence may trigger posterior cortical hyperexcitability,
possibly compensating for signal incoherence, but potentially
promoting LEAD.
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