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Abstract

Our goal is to understand the neural basis of functional impairment in aging and Alzheimer’s disease (AD) to be able to
characterize clinically significant decline and assess therapeutic efficacy. We used frequency-tagged ERPs to word and
motion stimuli to study the effects of stimulus conditions and selective attention. ERPs to word or motion increase when a
task-irrelevant 2nd stimulus is added, but decrease when the task is moved to that 2nd stimulus. Spectral analyses show task
effects on response power without 2nd stimulus effects. However, phase coherence shows both 2nd stimulus and task
effects. Thus, power and coherence are dissociably modulated by stimulus and task effects. Task-dependent phase
coherence successively declines in aging and AD. In contrast, task-dependent spectral power increases in aging, only to
decrease in AD. We hypothesize that age-related declines in signal coherence, associated with increased power generation,
stresses neurons and contributes to the loss of response power and the development of functional impairment in AD.
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Introduction

Aging is the#1 risk factor for AD, although mechanisms linking

those conditions have long remained obscure [1]. The hypothesis

that aging induced heightened activation may trigger the transition

to early AD [2] has recently found support in neuro-imaging [3,4]

and molecular studies [5,6,7].

We previously found evidence of visual cortical hyper-respon-

siveness in aging [8], consistent with cellular studies in aged

animals which found increased neuronal excitability and dimin-

ished selectivity [9,10]. We consider that age-related cortical

hyper-responsiveness may reflect a variety of contributing factors:

local disinhibition from intra-cortical (e.g., loss of GABAergic

neurons) or cortico-cortical (e.g., fronto-posterior de-afferentation)

[11,12,13], and over-activation as a consequence of, or in

compensation for, signal degradation [14,15].

We have now examined these hypotheses by assaying compet-

itive attentional control of the dorsal and ventral extrastriate

cortical visual systems in aging and AD. These parallel systems

partition signals for object and motion processing [16,17]. The

relative activity of these pathways is shaped by selective attention’s

biasing their competitive interactions [18,19,20] to implement

behavioral priorities and optimize function [21,22,23].

We have explored the attentional control of visual motion and

object processing in monkeys and humans. In monkey single

neurons, we found competitive attentional control between pattern

and object motion [24]. In human studies, we found that this

competition uniquely disrupts perception in early AD [25]. Such

attentional control of sensory processing has been seen in ERP

amplitudes [26,27], evoked power [28,29,30], and phase coher-

ence [31,32].

We have found that ERPs reflect attentional and perceptual

impairments in AD [33,34] and now focus on how those changes

may distinguish aging and AD. We find that aging degrades

response coherence with a paradoxical increase in response power.

This cortical hyper-responsiveness is absent in AD, leading us to

consider whether aging may stress posterior cortical neurons and

contribute to neurodegenerative processes in AD.

Methods

Subject Groups
Young normal subjects (YNs, n = 18) were undergraduates at

the University of Rochester. Older normal subjects (ONs, n= 17)

were from elderly wellness programs or were the spouses of ADs.

ADs (n= 14) were from clinical programs at the University of

Rochester Medical Center, diagnosed by a neurologist or

psychiatrist specializing in dementia within two years of these

studies. Written Informed consent, including screening for

competency to grant consent, was obtained before subject

enrollment. All procedures are approved by the University of

Rochester RSRB. That approval covers this work and ongoing

studies applying similar neurophysiological methods in human

subjects.

All subjects had normal range Snellen visual acuity (monocular

at least 20/40) and contrast sensitivity (5 spatial frequencies, 0.5 to
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18 cycles/u, VisTech Consultants, Inc., Dayton, OH). AD patients

met DSM-IVR criteria for probable AD including: significant

memory impairment with signs and symptoms of either aphasia,

agnosia, apraxia, inattention, disorganization, or executive

dysfunction [35]. All patients would also meet DSMV criteria,

whereas no non-patents would satisfy those criteria.

Diagnostic classification was supported by: the Mini-Mental

State Examination of global function [36], WMS-Revised (WMS-

R) [37] verbal paired associates (immediate and delayed recall),

animal naming verbal fluency, money road map test of

topographic orientation [38], WMS-R figural and facial memory

tests of visual recognition, and line orientation test of spatial

relations [39]. These tests yielded scores consistent with group

membership (Table S1). We note the relatively mild impairment of

our AD subjects on the MMSE, suggesting mild or early

Alzheimer’s, corresponding with more pronounced executive

impairment at this stage in the disease as indexed by Trails B

scores [40,41,42].

Neurophysiological Recordings
Scalp recorded EEG was obtained using a 32-channel

Neuroscan system with electrodes in the international 10–20

configuration at impedances ,5 kV. Activity was low pass filtered

at 100 Hz and a high pass filtered at 0.1 Hz and sampled at

500 Hz/32-bit resolution creating MATLAB files. Subjects

maintained centered visual fixation (+/210u) on a centered spot

screen during recording. Eye position was monitored using

infrared oculometry (ASL, Inc.). EEGLAB created independent

components for each subject and recording session to remove eye

blinks in one or two components.

Visual Stimuli
Subjects sat facing a rear-projection tangent screen’s 60u640u

image. We presented streams of flow and words to activate dorsal

and ventral processing, respectively. Flow alternated with random

motion masks, words with pound sign masks, with a 50/50 duty-

cycle at 1.11 Hz or 1.57 Hz. Target stimuli (25%) were randomly

interspersed with non-targets (75%). (Figure 1A).

Optic flow stimuli contained 2000 white dots on a dark

background (Michelson contrast = 0.83 at 60 Hz frame rate). Non-

target, optic flow contained a screen centered focus-of-expansion

with dot speed increasing with distance from the center. The

masking, random motion stimulus contained dots moving at the

same average speeds with direction and position randomized to

yield 0% pattern coherence. Target optic flow was the same as

non-target optic flow, except the focus of expansion was shifted to

the left or to the right by 20u.
Word stimuli contained 3 letters occupying the central 4u612u

and alternated with 3 similarly sized modified pound signs (mask).

Target word stimuli consisted of 2 letters from a 3-letter word with

the first (left) or last (right) letter replaced by the mask. The task

required that subjects press the button on the side of the hash

mark. For superimposed stimuli, the region between letters was

transparent and dot motion was visible. Flow and word stimuli

were matched for total number of pixels, luminance, and contrast.

Behavioral Paradigm
All subjects completed five recording blocks. The first block was

two minutes to, ‘‘Rest quietly and remain fixated on the screen.’’

The other blocks engaged subjects in the motion/word task

(Figure 1B). Task blocks presented ,120 target stimuli with

subjects told to use the flow or word stimuli to guide left/right

button presses which were followed by a beep tones if the correct

side, and boops if incorrect. False negatives (no response to targets)

and false positives (responses to non-targets) did not yield tones.

Error intervals were omitted from the analysis, including false

positive responses to non-target stimuli and false negative failures

to respond to target stimuli.

Event-related Potentials Analysis
The continuous dataset for each recording block was divided

into 1s epochs (–100 to 900 ms post-stimulus onset), averaged for

subjects and groups and low pass filtered at 10 Hz. Epochs were

created for all sessions and stimulus conditions including single,

superimposed, target and non-targets for flow and word stimuli.

All stimuli preceded by correct response were included in the

analyses. Grand averages were created for subjects and groups.

These were low pass filtered at 10 Hz for display. N2 responses to

target and non-target stimuli were identified as the first negative

deflection 150–200 ms after stimulus onset.

Group and subject averages were peak detected in MATLAB by

finding the time point where the first derivative of the voltage was

approximately zero. Individual subject amplitudes were measured

as the mean voltage in the 20 ms centered on the group peak

latency. P1s were prominent in the ON and AD word responses,

making P1N2 amplitudes the most consistent measure across all

conditions and groups.

Latencies and amplitudes were derived for P1N2, N2b and P3s

for each stimulus, task condition, and subject group and entered in

to 3-way ANOVAs. The two stimulus frequencies (1.11, 1.57 Hz)

did not effect P1N2, N2b or P3s (F3, 370= 1.62, p = 0.184) but for

shorter P3 latencies at the higher frequency (F3, 370= 6.10, p,

0.001). Analyses of the two different stimulus frequency data sets

yield nearly identical results for all reported measures. Thus, our

analyses combined these data.

Spectral Analysis of EEG
Power spectra from Fourier transformation (EEGLAB) were

estimated at a frequency resolution of 0.05 Hz. The resting, eyes-

open condition was subtracted from the task-recorded spectra.

Power at each stimulus fundamental frequency and their

harmonics were measured peak to trough at OZ. Three YN

subjects, two ON and one AD subject did not complete the two

minute eyes-open session and were not included in the spectral

analysis. The spectral peak amplitudes were entered into a 3-way

analysis of variance to identify main effects of stimulus, task

condition, and subject group. Tukey’s Honestly Significantly

Different (THSD) post-hoc tests (p,.05) were applied to ascertain

the sources of significant effects.

Time-Frequency Coherence
The time-frequency analyses of inter-trial phase coherence was

based-on the continuous data files from each stimulus and task

condition [43]. These files were aligned on the onset of the target

or non-target stimuli. Phase coherence (EEGLAB) was calculated

over 4s windows across log-spaced frequencies from 0.5 to 40 Hz

and increasing wavelet cycles from .5 to 1 cycle/Hz. Phase

coherence measures the consistency in phase across time/

frequency points and trials and is scaled 0 to 1, where 1 represents

identical phase coherence across trials. These measures were

entered into 3-way ANOVAs to identify effects across stimuli, task

condition, and subject group.

Results

Behavioral Task Performance
Despite the complexity of the behavioral tasks, all groups

perform well with single and superimposed word and flow stimuli

Cortical Responsiveness in Aging and AD
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Figure 1. Behavioral paradigm and responses used in these studies. A. Schematic diagram of the visual stimuli and behavioral paradigm.
Top: The optic flow stimulus stream consists of radial pattern motion alternating with random dot motion. The radial stimuli present a random series
of non-targets with a centered focus of expansion (75%) and targets with a left or right side focus of expansion (25%). Middle: The word object
stimulus stream consists of letters alternating with a dot grid. The letter stimuli present a random series of non-target three letter words (75%) and
target letter pairs with a left or right side dot grid (25%). Bottom: Superimposed optic flow and word object stimulus streams including a word task
left target (blue frame) and a flow task right target (red frame). B. Performance scored by button presses during the word task (left) and flow task
(right) with stimuli presented alone at 1.11 Hz (top) or with superimposed stimuli (bottom). Bar graph of percent of total responses to target stimuli
scored as correct (green), incorrect (black), and false negative (gray, no response to a target stimulus) for all subject groups (abscissa). ADs showed

Cortical Responsiveness in Aging and AD
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(Figure 1) with differences attributable to group membership

(Table S1). We assessed task performance in the alone and

combined recording blocks, measuring accuracy, as percent

correct push-button responses, and response time (RT). The only

significant influence on these measures was subject group

(MANOVA of accuracy and RT, for word or flow alone vs. with

a 2nd stimulus, in the word or flow tasks, at the fast or slow stimulus

frequencies, yields a group effect: F4, 328= 38.5, p,.001; THSDs

for accuracy: YNs=ONs . ADs; THSDs for RT: YNs , ONs ,

ADs). Thus, we considered task difficulty to be fairly well-balanced

across the word and flow stimuli and tasks, with single and

superimposed stimuli.

Stimulus, Task, and Group Effects on ERPs
Group averaged ERPs to word and flow stimuli have tri-phasic

waveforms at occipital electrodes (Fig. 2, center column). Word

P1N2s are largest at Oz, without significant lateralization (O1 vs.

O2, Group-by-Electrode Interaction F1, 466= 1.02, p = 0.313).

Flow P1N2s were largest at Oz across groups, but equally so at Pz

in YNs (Group-by-Electrode Interaction F1, 666= 4.90 p,0.001).

Peaks at Oz across stimuli and groups led us to focus on that site,

but other active sites yield similar results.

We compared P1N2s evoked by target word and flow stimuli,

for the three subject groups, recorded in three conditions: 1) word

or flow presented alone, 2) word or flow presented with the other

stimulus superimposed as a task-irrelevant 2nd stimulus, and 3)

word or flow presented with the other stimulus superimposed as

the task relevant stimulus.

P1N2 amplitudes are larger with task-irrelevant 2nd stimuli

(condition F2, 421= 6.87, p= .001), especially with flow added to

word stimuli (condition-by-stimulus F2, 421= 12.41, p,.001).

Group effects are prominent in N2 latencies, with delays in ONs

and ADs (group F2, 421= 8.1, p,.001), especially to word stimuli

(group-by-stimulus F2, 421= 4.76, p = .009; condition F2,

421= 14.49, p,.001, THSDs alone , combined; condition-by-

stimulus F2, 421= 7.11, p,.001, THSDs word with flow in word

task . others). (Figures 2A and B).

Later response components (the negative and positive compo-

nents following the N200 response, the N2b and P3) also showed

significant effects of stimulus, condition, task, and subject group:

N2b amplitudes are largest with flow in YNs (group-by-stimulus

F2, 421= 5.53, p = .004) and delayed in ONs and ADs, especially

with words (stimulus-by-group F2, 421= 3.99, p = .02, THSDs

YN flow , others). P3s are also largest in YNs (group F2,

421= 16.78, p,.001) and delayed in ONs and ADs, especially to

flow (group-by-stimulus: F2, 421= 17.67, p,.001, THSDs all

others . YN).

P1N2 amplitudes evoked by non-target stimuli show larger

responses to words, especially in YNs (stimulus F1, 416= 39.52,

p,.001, THSDs word . flow; group F2, 416= 4.35, p = .014,

THSDs YN . AD; stimulus-by-group F2, 416= 6.95, p = .001,

THSDs word . flow, YN=ON . AD; stimulus-by-condition F2,

416= 12.2, p,.001, THSDs word combined . others). Non-

target N2 latencies show group and condition effects, with the

fastest peak in YNs (condition F2, 416= 6.01, p= .003, THSDs

combined with task . others; group F2, 416= 4.02, p = .02,

THSDs YN , AD). (Figure 2C and D).

Parallel analyses at Pz show a similar pattern of condition and

group effects for word responses. At Pz, the flow responses are less

distinct, but show the same pattern of relative response amplitudes

without statistical significance. Latency effects are the same across

Oz and Pz.

Thus, stimulus and task conditions affect word and flow ERPs

with unexpectedly larger responses with superimposed task-

irrelevant 2nd stimuli, and delayed peaks in the older subject

groups. The insensitivity of ERP amplitudes to group is consistent

with our previous finding that rapidly repeating flow stimuli

minimize group differences [34,44]. This prompted our use of

spectral analyses that are suited to repetitive stimuli.

Spectral Power Analyses
The use of frequency tagged stimuli enables Fourier analysis of

EEG data across the time period of each condition. These analyses

reveal task effects, but not 2nd stimulus effects, on the power

spectra at the stimulus frequency.

Power spectra for word stimuli, presented alone in the word

task, show a peak at the stimulus frequency and at five harmonics

with main effects of group but not of a 2nd stimulus (added flow)

(MANOVA: group F12, 118= 2.31, p= .011, THSD: ON . AD,

condition p= 0.380, interaction p= 0.895). Power spectra for flow

stimuli, presented alone, also show a clear peak at the stimulus

frequency, with group effects but not 2nd stimulus effects

(MANOVA group F12, 122= 2.04, p= .026, THSD: ON .

YN=AD; condition p= 0.577; interaction p= 0.992).

Mirroring our approach to the ERPs, we compared the

amplitudes of spectral peaks at the stimulus fundamental

frequencies for word and flow stimuli, across the three subject

groups, and three stimulus conditions. A three-way ANOVA

shows larger peaks to the task-linked stimulus (condition F2,

421= 13.000, p,0.001; condition-by-stimulus F2, 421= 33.01,

p,0.001, THSDs task-relevant . irrelevant) with the largest

peaks in ONs (group F2, 421= 6.5, p= 0.002; THSDs ON .

YN=AD). Task effects were also present in the higher harmonics

of the word spectra (1st harmonic p,0.001; 2nd harmonic

p= 0.005; 3rd harmonic p= 0.012) but not of the flow spectra.

(Figure 3) Again, responses at Pz show the same main effects of

task and group, as described above for the spectra recorded at Oz.

Thus, unlike the ERPs, the power spectra show similar task

effects on both word and flow responses, but do not show effects of

adding a 2nd task-irrelevant stimulus. The spectra also show robust

group effects, with the surprising finding of spectral power

increasing from YNs to ONs, but decreasing from ONs to ADs.

Phase Coherence Analyses
We considered that differences between the ERPs and the

power spectra might reflect changes in the domain of response

phase coherence. We focused our analyses on the frequency range

of the stimuli with comparisons across stimuli, task conditions, and

subject group.

Inter-trial coherence (ITC) in the 0–2 Hz range decreases

across subject groups (group F2, 421= 24.72, p,.001, THSDs YN

. ON . AD). ITC is also affected by condition and stimulus, the

strongest ITCs elicited with task-irrelevant 2nd stimuli, especially

for flow (condition-by-stimulus F2, 421= 88.49, p,.001). ITCs in

the 2–7 Hz range of the spectral harmonics, only show group

difference in YNs (F2, 421= 21.24, p,.001, THSDs YN .

ON=AD). These too are affected by condition and stimulus,

especially with words in the word task (condition-by-stimulus F2,

421= 88.49, p,001). These analyses show 2nd stimulus and task

effects, with the largest responses to superimposed stimuli, and the

lower accuracy than the other groups. C. Number of trials (ordinate) yielding the indicated push button response times (abscissa) for all conditions of
the word and flow tasks in the three subject groups. ONs and AD showed longer response times then YNs.
doi:10.1371/journal.pone.0105962.g001
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Figure 2. ERP traces and scalp maps of responses. Group average ERPs +/2 sem envelope for YNs (top), ONs (middle), and ADs (bottom). A.
Responses to target words presented alone (black), include P1, N2, N2b and P3 components. The amplitude of the N2 and P3 components increases
with the addition of a task irrelevant flow stimulus superimposed on the word stimulus (blue). The N2 decreases, and the N2b and P3 are eliminated,
when the superimposed flow and word stimuli are presented in the context of task change to the flow task (red). Voltage scalp maps (center) with
prominent occipital/posterior activation of the N2 response to the word alone stimuli. B. ERPs target optic flow presented alone include N2, N2b and
P3 (black) with the P3 increased by adding an irrelevant word stimulus (red). The N2b and P3 are eliminated when switching to the word task (blue).
Voltage scalp maps (center) show prominent parietal/posterior activation of the optic flow N2. C. ERPs to non-target words presented alone (black)
and the effect of adding an irrelevant motion stimulus (blue) or switching tasks (red). D. ERPs to non-target flow presented alone (black) and the

Cortical Responsiveness in Aging and AD
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smallest responses to task-irrelevant stimuli, all most evident in

YNs. (Figure 4A and B).

The ITCs evoked by non-target stimuli show the same stimulus,

task, and group effects as the targets, but without effects of task-

irrelevant 2nd stimuli. These effects are most prominent in YNs for

word stimuli in the 0–2 Hz range (stimulus F1, 416= 17.46, p,

.001, THSDs word . flow stimuli; condition F2, 416= 5.60,

p = .004, THSDs word . flow tasks; group F2, 416= 7.89, p,

.001, THSDs YN . AD; condition-by-stimulus F2, 416= 16.73,

p,.001, THSDs word alone and combined . all others; group-

by-stimulus F2, 416= 10.15, p,.001, THSDs YN word . all

others) with the same pattern of significant effects obtained for the

2–7 Hz range (all p,.001, THSDs as for the 0–2 Hz). (Figure 4C

and D).

In sum, task-irrelevant 2nd stimuli greatly enhance target word

and flow coherence with little effect on spectral power. In contrast,

changing tasks greatly diminishes coherence, as well as decreasing

power. Like task effects, aging and AD effect coherence and

power, with successive decreases in coherence, but a paradoxical

increase in power with aging, that is lost in AD.

Relating Neurophysiologic and Behavioral Measures
We explored relations between neurophysiological measures

and task performance, focusing on ADs as the only group with

substantial variability in performance. Multiple linear regression

identified variables predicting percent correct responses in the

word and flow selective attention conditions.

Word task accuracy (R2 = 0.758, F3, 19= 20.6, p,0.001) relates

to phase coherence (b=1.31), with small contributions from the

word spectral fourth harmonic (b=0.028) and P3 amplitudes

(b=0.002). Similarly, flow task accuracy relates (R2 = 0.605, F3,

19= 11.4, p,0.001) to phase coherence (b=1.12), with small

contributions from the third harmonic (b=0.023), and P3

amplitudes (b=0.0012). Thus, we find that phase coherence is,

by far, the best predictor of selective attentional task performance

in AD.

Discussion

Mechanisms of Selective Attention
ERPs to task-related words and flow are enhanced by

superimposing a task-irrelevant 2nd stimulus, potentially related

to increased phase coherence. Previously, task-irrelevant stimuli

were seen to reduce responses to task-relevant stimuli. That

distractor inhibition [45,46,47] is smaller with complex stimuli and

larger with demanding tasks [48,49,50]. Our selective attention

task reverses that effect, with the 2nd stimulus enhancing responses

(Figure 2).

The attentional control of visual processing has been linked to

fronto-posterior signals seen as late ERP components (N2b, N2pc,

etc.) [51,52]. These late components are lost when distraction

[45,53,54] blocks frontal stimulus selection [55,56]. Our 2nd

stimuli do not distract our subjects, performance is not impaired,

or block late ERPs. This may reflect the independence of ventral

extrastriate word processing and dorsal extrastriate flow processing

[57,58], controlled by parallel, reciprocal, fronto-posterior path-

ways.

The neural mechanisms of selective attention may be revealed

by phase coherence increases when adding task-irrelevant 2nd

stimuli, with increased coherence (Figure 4) potentially reflecting

phase locking on the task-relevant stimulus stream [59]. Phase

locking could create fronto-posterior resonance, promoting the

frontal propagation of task-relevant visual input [60,61,62]. In

naturalistic circumstances, phase locking could be linked to

intrinsic posterior cortical rhythms [63,64,65,66]. In our studies,

phase locking is seen by synchronizing our analyses to the tagging

frequency of the task-relevant stimulus.

Distinguishing Aging and AD
Aging is thought to be associated with a degradation of top-

down fronto-posterior control mechanisms [12,13,67], with effects

that may be compounded by cortico-cortical disconnection in AD

[68,69,70]. In our studies, such effects are seen as successive

declines in attention dependent phase coherence in aging and AD

(Figure 4). Our cross-sectional data do not support inferences

about disease progression in individual subjects. However, across

our subjects and groups, phase incoherence is the best predictor of

attentional dysfunction, which is consistent with the prominent

group differences in executive function (Table S1).

Paradoxically, aging causes an increase in total spectral power,

whereas AD causes a still greater decrease (Figure 3). Mechanis-

tically the differential effect of aging and AD on total power and

phase coherence may be linked. That is, in aging, the loss of signal

coherence might trigger an enhancement of the net neural activity

evoked by that signal to boost the reliability of signal transmission.

Such an increase in net activity of engaged neuronal populations

would cause more neurons, to be more active, more of the time.

That would be the case whether individual neurons in a

circumscribed area are responding more, or whether more

neurons are responding in or across networked areas, or both.

Our study does not support definitive inferences about the

underlying pathophysiologies of aging, AD, or their potential

inter-relations. However, our finding that cortical hyper-respon-

siveness is task-dependent, may favor mechanisms operating at the

level of network dynamics. One scenario for compensatory task-

dependent hyper-responsiveness might link signal incoherence to

the recruitment of functionally overlapping neuronal populations

to maintain task performance. This is consistent with our finding

that the neurophysiological changes seen in aging are associated

with success in the behavioral tasks, and with reports suggesting

that older adults show greater neural activity than younger

subjects when achieving comparable levels of task performance

[12,14,71]. Neuro-behavioral compensation could be actively

engaged by greater effort in older adults, or by a passive feedback

control process. In fact, subjective effortfulness could reflect such a

process; effort as neural recruitment [72].

Aging related cortical hyperactivity may contribute to the

pathophysiology of AD [2,3,6], potentially triggering the transition

from aging to AD [7]. These views are consistent with likely

molecular pathophysiologies of AD, with increased total power

generation in aging causing hyper-metabolic changes [73] that

promote excito-toxicity [5]. Excito-toxicity could promote changes

in the generation and processing of endogenous proteins that

compose the plaques and tangles of AD [74]. This might further

exacerbate network incoherence [75] and critically impair spectral

power generation [76]. Thus, aging and AD are neurophysiolog-

ically distinguishable, and their association may be causal.

effect of adding an irrelevant word stimulus (red) or switching tasks (blue). The non-target responses after 700 ms illustrate subtler effects of the
transition to the masking noise stimulus.
doi:10.1371/journal.pone.0105962.g002
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Figure 3. Frequency spectra of scalp recorded electrical activity. Stimulus specific frequency spectra of cortical responses to superimposed
optic flow at 1.11 Hz and words at 1.57 Hz during the flow (red) or word (blue) button press tasks. A. Task effects are seen for all groups, with larger
responses at the frequency of the task-relevant stimulus. B. Spectral density scalp maps with prominent occipital/posterior activation of the word
(left) and flow (right) responses, substantially more evident in ONs than YNs or ADs. C. Bar graphs of spectral power (ordinate, mean +/2 sem) show
task effects for the word (left) and flow (right) stimuli at the fundamental frequencies, during the flow (red) and word (blue) push button tasks, for the
three subject groups (abscissa).
doi:10.1371/journal.pone.0105962.g003
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Figure 4. Inter-trial coherence (ITC) of recorded responses. Mean ITC of response phase (color) elicited across frequencies (ordinate) and the
time-course of the 1.11 Hz stimulus cycle (abscissa). Phase coherence for target word (A) and flow (C) stimuli is most pronounced for superimposed
stimuli during the word task (middle), relative to the word alone stimulus (left), or superimposed stimuli during the flow task (right). ITC for non-
target word (B) and flow (D) stimuli show similar effects.
doi:10.1371/journal.pone.0105962.g004
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Supporting Information

Table S1 Demographic and neuropsychological profiles
of subject groups. Post hoc tests of group differences were

performed using Tukey’s honestly significant differences (THSDs,

P,0.05). For each measure, group differences that are not

significant are included in the box frame; those that are

significantly different are in different box frames.

(PDF)

Acknowledgments

We gratefully acknowledge the scientific and computer programming

contributions of William Vaughn and the assistance of Dr. Anthony

Monacelli, Teresa Steffenella, and Eva Perelstein in recording sessions. We

appreciate the comments of Dr. William K. Page, William Vaughn, and

Colin Lockwood on earlier drafts of the manuscript. This work was

supported by NEI R01-EY022062, NEI P30-EY01319, R01-NIA

AG17596, ONR N000141110525, and UofR CTSI RR024135.

Author Contributions

Conceived and designed the experiments: MSJ CJD. Performed the

experiments: MSJ. Analyzed the data: MSJ CJD. Contributed reagents/

materials/analysis tools: MSJ. Contributed to the writing of the

manuscript: MSJ CJD.

References

1. Evans DA, Funkenstein HH, Albert MS, Scherr PA, Cook NR, et al. (1989)

Prevalence of Alzheimer’s disease in a community population of older persons.

Higher than previously reported. JAMA: the journal of the American Medical

Association 262: 2551–2556.

2. Jagust WJ, Mormino EC (2011) Lifespan brain activity, beta-amyloid, and

Alzheimer’s disease. Trends Cogn Sci 15: 520–526.

3. Sheline YI, Morris JC, Snyder AZ, Price JL, Yan Z, et al. (2010) APOE4 allele

disrupts resting state fMRI connectivity in the absence of amyloid plaques or

decreased CSF Abeta42. J Neurosci 30: 17035–17040.

4. Oh H, Mormino EC, Madison C, Hayenga A, Smiljic A, et al. (2011) beta-

Amyloid affects frontal and posterior brain networks in normal aging.

NeuroImage 54: 1887–1895.

5. Mamelak M (2007) Alzheimer’ s disease, oxidative stress and gammahydrox-

ybutyrate. NeurobiolAging 28: 1340–1360.

6. Dolev I, Fogel H, Milshtein H, Berdichevsky Y, Lipstein N, et al. (2013) Spike

bursts increase amyloid-beta 40/42 ratio by inducing a presenilin-1 conforma-

tional change. Nat Neurosci 16: 587–595.

7. Suberbielle E, Sanchez PE, Kravitz AV, Wang X, Ho K, et al. (2013)

Physiologic brain activity causes DNA double-strand breaks in neurons, with

exacerbation by amyloid-beta. Nat Neurosci 16: 613–621.

8. Fernandez R, Kavcic V, Duffy CJ (2007) Neurophysiologic analyses of low- and

high-level visual processing in Alzheimer disease. Neurology 68: 2066–2076.

9. Schmolesky MT, Wang Y, Pu M, Leventhal AG (2000) Degradation of stimulus

selectivity of visual cortical cells in senescent rhesus monkeys. Nature

Neuroscience 3: 384–390.

10. Fu Y, Yu S, Ma Y, Wang Y, Zhou Y (2013) Functional degradation of the

primary visual cortex during early senescence in rhesus monkeys. Cerebral

cortex 23: 2923–2931.

11. Hua T, Li X, He L, Zhou Y, Wang Y, et al. (2006) Functional degradation of

visual cortical cells in old cats. NeurobiolAging 27: 155–162.

12. Prvulovic D, Van de Ven V, Sack AT, Maurer K, Linden DE (2005) Functional

activation imaging in aging and dementia. Psychiatry Res 140: 97–113.

13. Tumeh PC, Alavi A, Houseni M, Greenfield A, Chryssikos T, et al. (2007)

Structural and functional imaging correlates for age-related changes in the brain.

Semin Nucl Med 37: 69–87.

14. Park DC, Reuter-Lorenz P (2009) The adaptive brain: aging and neurocognitive

scaffolding. Annu Rev Psychol 60: 173–196.

15. Li L, Gratton C, Fabiani M, Knight RT (2013) Age-related frontoparietal

changes during the control of bottom-up and top-down attention: an ERP study.

Neurobiology of aging 34: 477–488.

16. Ungerleider LG, Mishkin M (1982) Two cortical visual systems. In: Ingle DJ,

Goodale MA, Mansfield RJW, editors. Analysis of Visual Behavior. Cambridge:

MIT Press. 549–586.

17. Goodale MA, Milner AD (1992) Separate visual pathways for perception and

action. TINS: 20–25.

18. Hopfinger JB, Woldorff MG, Fletcher EM, Mangun GR (2001) Dissociating top-

down attentional control from selective perception and action. Neuropsycho-

logia 39: 1277–1291.

19. Gazzaley A, Rissman J, Cooney J, Rutman A, Seibert T, et al. (2007) Functional

interactions between prefrontal and visual association cortex contribute to top-

down modulation of visual processing. Cereb Cortex 17 Suppl 1: i125–135.

20. Siegel M, Donner TH, Engel AK (2012) Spectral fingerprints of large-scale

neuronal interactions. Nat Rev Neurosci 13: 121–134.

21. Desimone R (1998) Visual attention mediated by biased competition in

extrastriate visual cortex. Philosophical Transactions of the Royal Society of

London - Series B: Biological Sciences 353: 1245–1255.

22. Cook EP, Maunsell JH (2002) Attentional modulation of behavioral perfor-

mance and neuronal responses in middle temporal and ventral intraparietal

areas of macaque monkey. Journal of Neuroscience 22: 1994–2004.

23. Reynolds JH, Heeger DJ (2009) The normalization model of attention. Neuron

61: 168–185.

24. Kishore S, Hornick N, Sato N, Page WK, Duffy CJ (2011) Driving Strategy

Alters Neuronal Responses to Self-Movement: Cortical Mechanisms of
Distracted Driving. Cereb Cortex 22: 201–208.

25. Mapstone M, Duffy CJ (2010) Approaching objects cause confusion in patients
with Alzheimer’s disease regarding their direction of self-movement. Brain 133:

2690–2701.

26. Morgan ST, Hansen JC, Hillyard SA (1996) Selective attention to stimulus

location modulates the steady-state visual evoked potential. Proc Natl Acad

Sci U S A 93: 4770–4774.

27. Hillyard SA, Vogel EK, Luck SJ (1998) Sensory gain control (amplification) as a

mechanism of selective attention: electrophysiological and neuroimaging
evidence. Philos Trans R Soc Lond B Biol Sci 353: 1257–1270.

28. Pei F, Pettet MW, Norcia AM (2002) Neural correlates of object-based attention.
J Vis 2: 588–596.

29. Muller MM, Andersen S, Trujillo NJ, Valdes-Sosa P, Malinowski P, et al. (2006)
Feature-selective attention enhances color signals in early visual areas of the

human brain. Proc Natl Acad Sci U S A 103: 14250–14254.

30. Palomares M, Ales JM, Wade AR, Cottereau BR, Norcia AM (2012) Distinct
effects of attention on the neural responses to form and motion processing: a

SSVEP source-imaging study. J Vis 12: 15.

31. Kim YJ, Grabowecky M, Paller KA, Muthu K, Suzuki S (2007) Attention

induces synchronization-based response gain in steady-state visual evoked
potentials. Nat Neurosci 10: 117–125.

32. Gregoriou GG, Gotts SJ, Zhou H, Desimone R (2009) High-frequency, long-
range coupling between prefrontal and visual cortex during attention. Science

324: 1207–1210.

33. Kavcic V, Duffy CJ (2003) Attentional dynamics and visual perception:
Mechanisms of spatial disorientation in Alzheimer’s disease. Brain 126: 1173–

1181.

34. Fernandez R, Duffy CJ (2012) Early Alzheimer’s disease blocks responses to

accelerating self-movement. Neurobiol Aging 33: 2551–2560.

35. McKhann G, Drachman D, Folstein M, Katzman R, Price D, et al. (1984)

Clinical diagnosis of Alzheimer’s disease: report of the NINCDS- ADRDAWork
Group under the auspices of Department of Health and Human Services Task

Force on Alzheimer’s Disease. Neurology 34: 939–944.

36. Folstein MF, Folstein SE, McHugh PR (1975) ‘‘Mini-mental state’’. A practical
method for grading the cognitive state of patients for the clinician. Journal of

Psychiatric Research 12: 189–198.

37. Wechsler D (1997) Wechsler memory scale-III Manual. San Antonio, TX: The

Psychological Corp.

38. Money J, Alexander D, Walker HT (1965) A Standardized Road Map Test of

Direction Sense. Baltimore, MD: Johns Hopkins Press.

39. Benton A, Hamsher K, Varney NR, Spreen O (1983) Contributions to

neuropsychological assessment: a clinical manual. New York: Oxford University

Press. 44–54 p.

40. Binetti G, Cappa SF, Magni E, Padovani A, Bianchetti A, et al. (1996) Disorders

of visual and spatial perception in the early stage of Alzheimer’s disease. Annals
of the New York Academy of Sciences 777: 221–225.

41. Perry RJ, Hodges JR (1999) Attention and executive deficits in Alzheimer’s
disease. A critical review. Brain : a journal of neurology 122 (Pt 3): 383–404.

42. Terada S, Sato S, Nagao S, Ikeda C, Shindo A, et al. (2013) Trail making test B
and brain perfusion imaging in mild cognitive impairment and mild Alzheimer’s

disease. Psychiatry research 213: 249–255.

43. Makeig S, Debener S, Onton J, Delorme A (2004) Mining event-related brain

dynamics. Trends Cogn Sci 8: 204–210.

44. Fernandez R, Monacelli A, Duffy CJ (2013) Visual Motion Event Related

Potentials Distinguish Aging and Alzheimer’s Disease. J Alzheimers Dis.

45. Niedeggen M, Michael L, Hesselmann G (2012) Closing the gates to
consciousness: distractors activate a central inhibition process. J Cogn Neurosci

24: 1294–1304.

46. Hesselmann G, Niedeggen M, Sahraie A, Milders M (2006) Specifying the

distractor inhibition account of attention-induced motion blindness. Vision Res
46: 1048–1056.

Cortical Responsiveness in Aging and AD

PLOS ONE | www.plosone.org 9 September 2014 | Volume 9 | Issue 9 | e105962



47. Michael L, Hesselmann G, Kiefer M, Niedeggen M (2011) Distractor-induced

blindness for orientation changes and coherent motion. Vision Res 51: 1781–

1787.

48. Lavie N (2005) Distracted and confused?: selective attention under load. Trends

Cogn Sci 9: 75–82.

49. Parks NA, Hilimire MR, Corballis PM (2011) Steady-state signatures of visual

perceptual load, multimodal distractor filtering, and neural competition. J Cogn

Neurosci 23: 1113–1124.

50. Hindi Attar C, Muller MM (2012) Selective attention to task-irrelevant

emotional distractors is unaffected by the perceptual load associated with a

foreground task. PLoS One 7: e37186.

51. Luck SJ, Hillyard SA (1994) Electrophysiological correlates of feature analysis

during visual search. Psychophysiology 31: 291–308.

52. Eimer M (1996) ERP modulations indicate the selective processing of visual

stimuli as a result of transient and sustained spatial attention. Psychophysiology

33: 13–21.

53. Zhao G, Liu Q, Zhang Y, Jiao J, Zhang Q, et al. (2011) The amplitude of N2pc

reflects the physical disparity between target item and distracters. Neurosci Lett

491: 68–72.

54. Sawaki R, Geng JJ, Luck SJ (2012) A common neural mechanism for preventing

and terminating the allocation of attention. J Neurosci 32: 10725–10736.

55. Cohen JY, Heitz RP, Schall JD, Woodman GF (2009) On the origin of event-

related potentials indexing covert attentional selection during visual search.

J Neurophysiol 102: 2375–2386.

56. Heitz RP, Cohen JY, Woodman GF, Schall JD (2010) Neural correlates of

correct and errant attentional selection revealed through N2pc and frontal eye

field activity. J Neurophysiol 104: 2433–2441.

57. Goodale MA, Meenan JP, Buxlthoff HH, Nicolle DA, Murphy KJ, et al. (1994)

Separate neural pathways for the visual analysis of object shape in perception

and prehension. Current Biology: 604–610.

58. Ungerleider LG, Haxby JV (1994) ‘What’ and ‘where’ in the human brain.

Current Biology: 157–165.

59. Klimesch W, Sauseng P, Hanslmayr S, Gruber W, Freunberger R (2007) Event-

related phase reorganization may explain evoked neural dynamics. Neurosci

Biobehav Rev 31: 1003–1016.

60. Ullsperger P, Neumann U, Gille HG, Pietschmann M (1987) P300 and

anticipated task difficulty. Int J Psychophysiol 5: 145–149.

61. Bledowski C, Prvulovic D, Goebel R, Zanella FE, Linden DE (2004) Attentional

systems in target and distractor processing: a combined ERP and fMRI study.

Neuroimage 22: 530–540.

62. Ng BS, Schroeder T, Kayser C (2012) A precluding but not ensuring role of

entrained low-frequency oscillations for auditory perception. J Neurosci 32:
12268–12276.

63. Rousselet GA, Husk JS, Bennett PJ, Sekuler AB (2007) Single-trial EEG

dynamics of object and face visual processing. Neuroimage 36: 843–862.
64. Kuba M, Kubova Z, Kremlacek J, Langrova J (2007) Motion-onset VEPs:

characteristics, methods, and diagnostic use. Vision Res 47: 189–202.
65. Lakatos P, Karmos G, Mehta AD, Ulbert I, Schroeder CE (2008) Entrainment

of neuronal oscillations as a mechanism of attentional selection. Science 320:

110–113.
66. Besle J, Schevon CA, Mehta AD, Lakatos P, Goodman RR, et al. (2011) Tuning

of the human neocortex to the temporal dynamics of attended events. J Neurosci
31: 3176–3185.

67. Velasco ME, Smith MA, Siedlak SL, Nunomura A, Perry G (1998) Striation is
the characteristic neuritic abnormality in Alzheimer disease. Brain Res 813:

329–333.

68. Morrison JH, Hof PR (2007) Life and death of neurons in the aging cerebral
cortex. Int Rev Neurobiol 81: 41–57.

69. Andrews-Hanna JR, Snyder AZ, Vincent JL, Lustig C, Head D, et al. (2007)
Disruption of large-scale brain systems in advanced aging. Neuron 56: 924–935.

70. Oh H, Jagust WJ (2013) Frontotemporal network connectivity during memory

encoding is increased with aging and disrupted by beta-amyloid. The Journal of
neuroscience : the official journal of the Society for Neuroscience 33: 18425–

18437.
71. Buckner RL (2004) Memory and executive function in aging and AD: multiple

factors that cause decline and reserve factors that compensate. Neuron 44: 195–
208.

72. Henneman E, Somjen G, Carpenter DO (1965) Excitability and inhibitability of

motoneurons of different sizes. Journal of neurophysiology 28: 599–620.
73. Scheef L, Spottke A, Daerr M, Joe A, Striepens N, et al. (2012) Glucose

metabolism, gray matter structure, and memory decline in subjective memory
impairment. Neurology 79: 1332–1339.

74. Jack CR Jr, Knopman DS, Jagust WJ, Petersen RC, Weiner MW, et al. (2013)

Tracking pathophysiological processes in Alzheimer’s disease: an updated
hypothetical model of dynamic biomarkers. Lancet Neurol 12: 207–216.

75. Neufang S, Akhrif A, Riedl V, Forstl H, Kurz A, et al. (2011) Disconnection of
frontal and parietal areas contributes to impaired attention in very early

Alzheimer’s disease. J Alzheimers Dis 25: 309–321.
76. Jardanhazy A, Jardanhazy T, Kalman J (2008) Sodium lactate differently alters

relative EEG power and functional connectivity in Alzheimer’s disease patients’

brain regions. Eur J Neurol 15: 150–155.

Cortical Responsiveness in Aging and AD

PLOS ONE | www.plosone.org 10 September 2014 | Volume 9 | Issue 9 | e105962


