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Abstract: Cortico-cortical connections might be disturbed in patients with Alzheimer’s disease (AD).
This study aimed to investigate the alterations of functional connectivity in AD during auditory change
detection processing by measuring the local neuronal activation and functional connectivity between
cortical regions. Magnetoencephalographic responses to deviant and standard sounds were recorded
in 16 AD patients, 18 young controls and 16 elderly controls. Larger source amplitudes and shorter
peak latencies were found in the right temporal magnetic mismatch responses of young controls
compared with elderly controls and AD patients. During deviant stimuli, the right theta temporal-
frontal phase synchrony was significantly smaller in AD than in young controls and elderly controls.
Moreover, the left temporal-frontal synchronization at theta and alpha bands was reduced in AD
and elderly controls compared with young controls. In conclusion, the loss in temporo-frontal
theta synchronization might be an electrophysiological hallmark of AD. Hum Brain Mapp 35:5565–5577,
2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Alzheimer’s disease (AD) is characterized by memory
impairment followed by deficits in visuo-spatial and exec-
utive processes. The neuropathology characteristics in AD
are widespread neuronal cell loss, neurofibrillary tangles,
and senile plaques in the hippocampus, entorhinal cortex,
neocortex, and other brain regions [DeCarli, 2001; Selkoe,
1994]. Pronounced insults in the frontal, temporal, and
parietal neocortical association areas have been noted in
AD [Arnold et al., 1991, 1994; Bouras et al., 1994]. Del-
beuck et al. [2003] proposed that AD might be a discon-
nection syndrome according to its symptomology. Of note,
the cognitive functions of attention and memory are early
deteriorated in AD [Parasuraman and Nestor, 1993].

The auditory oddball task without attention and behav-
ioral response has been suggested to be an objective tool
for evaluating memory and cognitive function in various
neurological disorders [Naatanen, 2000; Pekkonen, 2000].
Using this task, mismatch negativity (MMN) and its mag-
netic counterpart (MMNm) can be obtained by electroen-
cephalographic (EEG) [Giard et al., 1990; Naatanen et al.,
1978; Naatanen and Michie, 1979; Rinne et al., 2000] or
magnetoencephalographic (MEG) recordings [Alho et al.,
1998; Hari et al., 1992; Korzyukov et al., 1999; Sams et al.,
1991]. A MMN (MMNm) response is typically elicited by a
rare event (deviance) during a regular acoustic environ-
ment [Naatanen et al., 1978]. Cortical generators in the
temporal [Alho et al., 1998; Hari et al., 1992; Korzyukov
et al., 1999; Sams et al., 1991] and the frontal cortices
[Giard et al., 1990; Naatanen and Michie, 1979; Rinne
et al., 2000] contribute to scalp MMN activity. The tempo-
ral generators are responsible for the establishment of
memory trace and sensory discrimination, whereas the
frontal sources are associated with an involuntary switch
of attention by the deviant [Naatanen, 2000]. Evidence has
shown that MMN may be an index of sensory memory in
auditory modality [Naatanen, 2000].

The auditory sensory discrimination function in AD has
been examined in a passive or active oddball paradigm
using EEG [Bronnick et al., 2010; Gaeta et al., 1999; Kaz-
merski et al., 1997; Pekkonen et al., 1994; Verleger et al.,
1992; Yokoyama et al., 1995] or MEG recordings [Pekkonen
et al., 2001]. These EEG and MEG studies utilized the fre-
quency- or duration-change deviance with a stimulus
onset synchrony at 0.35–3 s and reported normal MMN
responses in AD except for Pekkonen’s study [Pekkonen
et al., 1994], in which prolonged latency and decreased
amplitude of MMN responses with stimulus-onset-
asynchrony (SOA) of 3 s was observed for AD. Conse-
quently, the function of automatic auditory change percep-
tion seemed preserved in AD. However, the auditory
deviance processing is associated with a distributed corti-
cal network that involves temporal and frontal cortices
and initiates the attention switch in normal subjects [Hsiao
et al., 2010]. Of note, our previous studies have found
frontal phase locking phenomena for auditory deviance at

theta band [Hsiao et al., 2009] and modulation of phase
locking activities in epilepsy patients [Lin et al., 2007]. To
date, it remains unknown whether the functional connec-
tivity underpinning auditory deviant processing is altered
in AD.

This study aimed to quantify the cortical connectivity
dynamics of MMNm responses in the young, elderly con-
trols and AD patients using minimum-norm estimate
(MNE) analysis and phase synchronization analysis. We
hypothesize that the cognitive decline in AD could be
characterized by altered neural synchrony within the corti-
cal network associated with auditory change detection.

MATERIALS AND METHODS

Participants

Eighteen young controls (11 men, 7 women; mean age of 30
years), 16 elderly controls (9 men, 7 women; mean age of 73.5
years) and 16 patients with probable AD (11 men, 5 women;
mean age of 76.8 years), all right-handed and with normal
hearing, participated in this study. The study was approved
by the Institutional Review Board of Taipei Veterans General
Hospital. Before MEG measurement, a written informed con-
sent was obtained from each participant. All of the patients
were recruited from the outpatient department of neurology
and were diagnosed according to the guidelines [McKhann
et al., 2011]. Control subjects had no history of neurologic,
psychiatric, or any other severe medical diseases. A Mini-
Mental State Examination (MMSE) score of over 26/30 was
demanded for the healthy controls [Folstein et al., 1975]. A
significantly lower MMSE score was found in AD compared
with that in elderly controls (P< 0.001, AD 5 21.15 6 2.26,
elderly controls 5 28.61 6 1.26). The mean clinical dementia
rating [Morris, 1993] in the AD patients was 1.0 (60.35).

Stimuli

The sound stimuli at 65–70 dB sound pressure above
the hearing level were delivered binaurally through plastic
tubes and earpieces to each subject. An auditory oddball
paradigm that comprised standard (burst duration of 100
ms, including rise/fall times of 10 ms, probability 85%)
and deviant stimuli (burst duration of 50 ms, including
rise/fall times of 10 ms, probability 15%) in a random
order with a 500-ms SOA was used on all subjects. In the
stimulus sequence, at least three standard stimuli were
continuously delivered between two deviant stimuli. Dur-
ing the recording, the subjects were instructed to atten-
tively watch a self-chosen silent movie on a screen in front
and ignore the auditory stimuli being presented.

MEG Recordings

The MEG recordings were conducted in a magnetically
shielded room with a whole-scalp 306-channel neuro-
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magnetometer (VectorviewTM, Elekta Neuromag, Helsinki,
Finland) that was composed of 102 identical triple sensor
elements. Each sensor element was composed of one mag-
netometer and two orthogonal planar gradiometers. Four
coils to stand for the head position were placed on the
subject’s scalp, and their positions in the head coordinate
frame specified by the nasion and two preauricular points
were measured with a 3-dimension digitizer. Then, in the
magnetically shielded room, the head position with respect
to the MEG sensor array was determined by feeding cur-
rent to the four indicator coils. These landmarks of the
head position allowed for further alignment of the MEG
and magnetic resonance (MR) imaging coordinate systems.
During the recordings, the subject sat comfortably with the
head supported against the helmet of the neuro-
magnetometer. The MEG signals were bandpass filtered
(0.1–130 Hz) and digitized at 400 Hz. Averaged and raw
data with an epoch length of 50 ms prestimulus and 480
ms poststimulus were stored for offline analysis. Epochs
were excluded from being further analyzed whenever the
amplitude of the corresponding electro-oculogram and
MEG signals were larger than 300 mV and 6000 fT/cm,
respectively. For offline further analysis, approximately
100 trials were recorded for the deviant stimuli, and the
same number of trials was randomly selected from the
recording of standard-elicited activities

Source Localization

The subtraction of averaged-MEG data for standard
stimuli from that for deviant stimuli yielded the MMNm
responses. Depth-weighted MNE was used to obtain the
dynamics of cortical sources of the MEG data [Hamalainen
and Ilmoniemi, 1994]. MNE offers fine spatial accuracy
using depth weighting [Lin et al., 2006] and enable one to
obtain simultaneous cortical sources that are distributed
onto the brain surface [Hamalainen and Ilmoniemi, 1994].
The baseline activities (250 to 0 ms) were used to calculate
the noise covariance matrix. For details of the calculations
of the forward model and inverse operator, see Hsiao
et al. [2013a]. In the present analysis, the activation at each
vertex (a given source space point which is defined as an
equilateral triangle in the tessellation of the cortical sur-
face) was estimated every 2.5 ms. MNE analysis was per-
formed with Brainstorm [Tadel et al., 2011], which is a
documented program available for free download online
under the GNU general public license (http://neuroimage.
usc.edu/brainstorm).

Spectral Power and Phase Synchronization

Analysis

The raw data for deviant- and standard-elicited activ-
ities were further analyzed for brain dynamic activities.
Oscillatory phase synchrony was computed by a Morlet
wavelet-based time frequency analysis [Lachaux et al.,

1999], using Matlab computing software (The Math Works,
Natick, MA). The Morlet wavelet function of time t and
frequency f0 is defined as:

wðt; f0Þ 5A exp ½2t2=ð2rt
2Þ� exp ði2pf0tÞ;

where rt51=ð2prf Þ and A51=ð2prt
2Þ1=2

The wavelet width (m 5 f0/rf) was 7 [Hsiao et al., 2009;
Lachaux et al., 1999]. The time-varying power P(t,f0) of the
MEG signals for frequency f0 is the squared norm of the
convolution of the complex wavelet w(t,f0) with the MEG
signal s(t):

Pðt; f0Þ5½wðt; f0Þ � sðtÞ�2

The spectral power was normalized by means of divid-
ing the power at each frequency band by the total power
of 1–40 Hz, which has been reported to adequately reduce
the interindividual variability in the previous studies and,
consequently, reveal the slowing of cortical rhythms in AD
[Babiloni et al., 2006; Hsiao et al., 2013b].

To quantify the instantaneous phase characteristics,
single-trial MEG epochs were decomposed. For trial i at
time t and frequency f0, the phase representation was
obtained by normalizing the result of the convolution of
the complex wavelet w(t,f0) with the recorded neuromag-
netic signal sa

i (t):

Ua
i ðt; f0Þ5

wðt; f0Þ � sa
i ðtÞ

jwðt; f0Þ � sa
i ðtÞj

The phase activities Ub
i ðt; f0Þ of another signal sb

i (t) were

also calculated as above equation. The phase synchroniza-

tion (PS) at time t and frequency f0 over N trials between

Ua
i ðt; f0Þ and Ub

i ðt; f0Þ was then defined as:

PSðt; f0Þ5
1

N

XN

i51

Ua
i ðt; f0Þ=Ub

i ðt; f0Þ
� �

The phase synchronization value (PSV) specified the
degree of synchrony at a given time point and frequency
band between the neuromagnetic signals of two separate
channels. PSV was one when the phases between the
responses of the two channels were locked and was 0
when the phases were completely uncorrelated. The study
used the Rayleigh test [Fisher, 1993] to assess the statistical
significance. For N 5 100, the value of phase synchroniza-
tion above 0.18 and 0.22 was statistically significant with
P< 0.05 and P< 0.01, respectively. To remove the contribu-
tion of common locking to the stimuli, all of the values
were corrected by the estimation of phase-locking statistics
[Lachaux et al., 1999]. Moreover, phase synchronization
analysis is better than frequency coherence analysis
because it can be applied to nonstationary signals, and the
results using this technique can be independent from
amplitude modulation [Lachaux et al., 1999]. PSVs of all of
the channels were estimated with the reference channel
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over the left or right temporal regions for each subject’s
data. According to previous findings [Hsiao et al., 2010],
the PSV of each subject was averaged over the time inter-
val of 150–300 ms after stimulus onset for topographic
plots and further statistical analysis.

Statistical Analysis

The peak strength and latency of MMNm sources
obtained from MNE analysis were statistically compared
by ANOVA for the effect of Group (young control, elderly
control, and AD) and Hemisphere (left and right). The
averaged values of normalized spectral powers at 150–300
ms within the frequency bands (theta, alpha, beta, and
gamma bands) were also statistically examined by
ANOVA for the effect of Group. The averaged PSV in the
time interval of 150–300 ms was selected at the channel
with predominant synchrony in the temporal and frontal

areas. On the basis of previous findings [Hsiao et al.,
2010], with respect to the reference channel in the left or
right temporal area, the phase synchronization values in
the contralateral temporal and bilateral frontal regions at
all frequency bands were statistically examined by
ANOVA with factors of Group and stimuli (deviant and
standard).

Post hoc tests were adjusted for multiple comparisons
using the Bonferroni correction. Statistical analyses were
conducted using the SPSS Statistics Package (SPSS). A P
value of <0.05 was considered to be statistically
significant.

RESULTS

The left panel of Figure 1 shows the spatial distribution
of the 204-channel MEG activities, obtained from the
waveform difference between the responses to the deviant

Figure 1.

Left panel: topographic distributions of MMNm responses from

a young control #2, elderly control #1 and AD patient #1. The

head is flattened to a plane and viewed from above with the

subject’s nose pointing upward. The inserts show the prominent

MMNm from the bilateral temporal areas. Note that the

MMNm of the right temporal area are selected from the upper

(for young control) or lower channel (for AD patient and

elderly control) of the dashed-line encircled region. Right panel:

the upper part is the superimposition of all gradiometer chan-

nels from young control #2. Remarkable MMNm peaks are at

�150 ms. The middle and lower parts are the topographic field

pattern at 144 and 154 ms, respectively.
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and standard stimuli, in young control #2. The predomi-
nant MMNm waveforms are observed and peaked at 154
ms and 144 ms in the left and right hemispheres, respec-
tively. The right upper panel illustrates the superimposed
MEG responses of young control #2, where the explicit
cortical activities at �150 ms are the MMNm component.
The right lower panel was magnetic field patterns at 144
and 154 ms, showing clear cortical sources over bilateral
auditory cortex.

The MNE-derived distributed cortical source maps of
MMNm activities from 250 to 400 ms in young control #2
were plotted with the right and left lateral view (Fig. 2a).
Remarkable cortical source strength occurred at �150 ms
and localized in the bilateral auditory cortex (Fig. 2b). The

bottom panel showed the time varying source waveforms
in the left (Fig. 2c) and right (Fig. 2d) auditory cortex.

For the peak amplitude of the MMNm sources, we
found a main effect for Group [F(2,94) 5 6.2, P< 0.01] and
Group 3 Hemisphere interaction [F(2,94)5 3.2, P< 0.05]
but no main effect for Hemisphere [F(1,47) 5 1.8, P> 0.2].
For the peak latency, a main effect for Group
[F(2,94) 5 31.8, P< 0.001], no main effect for Hemisphere
[F(1,47) 5 1.0, P> 0.3], and no Group 3 Hemisphere inter-
action [F(2,94) 5 0.9, P> 0.4] were observed. A post hoc
test revealed that the source amplitude in the right hemi-
sphere was larger in the young controls than in the elderly
controls (P< 0.01) and in AD (P< 0.02) (Fig. 3a). In the
between-group comparison, the latencies in young controls

Figure 2.

(a) Distributed current activations of the MMNm response from young control #2 at 250 to

400 ms in the right and left views. Dashed lines encircle the significant activation with respect to

the baseline. (b) The prominent activations at 150 ms are displayed on MRI; they are located in

the bilateral auditory cortex. (c) The current source waveform at the left auditory cortex. (d)

The current source waveform at the right auditory cortex.
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were significantly shorter than those in elderly controls
(P< 0.001) and AD (P< 0.001) (Fig. 3b).

For deviant or standard stimuli, statistical examination
of the normalized spectral power values yielded no main
effect for Group in the bilateral temporal regions [left tem-
poral region: all F(2,94)< 1.5 and all P> 0.2 for all fre-
quency bands; right temporal region: all F(2,94)< 2.5 and
all P> 0.05 for all frequency bands] (Table I).

Figure 4a depicts the topographic distribution of the
phase synchrony at the theta, alpha, beta, and gamma
bands in young controls, elderly controls, and AD patients
for deviant and standard stimuli. Note that the white
square in the plots, located over the right temporal region,

Figure 3.

(a) Mean peak amplitude and (b) peak latency of MMNm

responses in young controls, elderly controls and AD patients.
*P< 0.05; **P< 0.01; ***P< 0.001. LH, left hemisphere; RH, right

hemisphere.
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Figure 4.

(a) Topographic plots of phase synchrony estimates of standard-

and deviant-evoked responses at 150–300 ms after stimulus

onset in 4–40 Hz in young controls (Subject 2, S2), elderly con-

trols (Subject 5, S5) and AD patients (Subject 6, S6). The syn-

chrony value is relative to a reference channel (white square) in

the right temporal region. The head maps are viewed from the

top, with the nose pointing upward. The strength of the phase

synchrony is color-coded; a large value is denoted with red and

a small value is denoted with blue. (b) Topographic plots of

phase synchrony were estimated with respect to the left tempo-

ral region. Theta, 4–8 Hz; Alpha, 8–13 Hz; Beta, 13–25 Hz; and

Gamma, 25–40 Hz.



stands for the reference sensor. The plots are arranged
according to the position of the corresponding sensor on
the helmet. Downward views of the head are shown with
the nose pointing toward the upper edge of the figure.
The topography of phase synchrony is color-coded; red
denotes a large PSV while blue represents a small PSV.
The sensors that neighbor the reference channel were
neglected because they originated from the same source
activity. Moreover, Figure 4b shows the distributions of
phase synchronization with reference to the left temporal
region.

To examine the statistical significance, the PSV with ref-
erence to the right temporal area were submitted to
ANOVA tests (Table II). Concerning the factors of Group
and Stimulus Conditions, we examined the significant lev-
els for the frequency range from theta to gamma bands
and the analyzed channels localized in the left temporal,
left, and right frontal regions. For the theta band in the
right frontal region, there were main effects of Group
[F(2,94) 5 4.69, P< 0.02] and Condition [F(1,47) 5 27.96,
P< 0.0001] and a significant interaction of Group 3 Condi-
tion [F(2,94) 5 6.59, P< 0.002]. For Group, a smaller PSV
was found in AD when compared with young and elderly
controls (all P< 0.03). Regarding the alpha band in the
right frontal region, there was a main effect of Condition
[F(1,47) 5 8.19, P< 0.01] but no significant effect of Group
[F(2,94) 5 1.34, P> 0.05] or Group 3 Condition interaction
[F(2,94) 5 2.44, P> 0.05]. In the frontal region, PSVs elicited
by deviant stimuli were larger than those by standard
stimuli.

Similarly, statistical examination was conducted for the
PSV with reference to the left temporal area (Table III).
Significant PSV values were found at the theta band in
the left frontal region. There was a main effect of Condi-
tion [F(1,47) 5 6.89, P< 0.01] and a significant interaction
of Group 3 Condition [F(2,94) 5 4.93, P< 0.01]. For the
factor of Group, the difference failed to reach significance
[F(2,94) 5 0.64, P> 0.05]. Similar to at the alpha band in
the left frontal region, there were main effects of Group
[F(2,94) 5 4.44, P< 0.02] and Condition [F(1,47) 5 10.38,
P< 0.002] as well as a significant interaction between these
two factors [F(2,94) 5 11.09, P< 0.0001]. These findings
suggest that, in the frontal area, PSVs were larger for
deviant stimuli than for standard stimuli. At the alpha
band, a post hoc test revealed that the PSVs for young
controls were significantly larger than for AD patients
(P< 0.02).

As depicted in Figure 5, the PSVs between the temporal
and frontal regions were further examined with the inter-
action between Group and Condition. For the right
temporal-frontal connection, the PSVs for deviant stimuli
at the theta and alpha bands were significantly larger than
for standard stimuli in young controls (all P< 0.01) and
elderly controls (all P< 0.05). Moreover, theta PSVs for
deviant stimuli in AD were significantly smaller than for
young controls (P< 0.001) and elderly controls (P< 0.01).
With regard to the left temporal-frontal synchronization,
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in young controls, a significant difference in the PSVs
between the deviant and standard stimuli was found at
the theta (P< 0.01) and alpha (P< 0.01) bands. The PSVs
for deviant stimuli in young controls was significantly
larger than in elderly controls and AD at the theta (elderly
controls, P< 0.05; AD, P< 0.01) and alpha (elderly con-
trols, P< 0.001; AD, P< 0.001) bands.

DISCUSSION

In this study, we investigated the alteration of cortical
activation and cortico-cortical synchrony during auditory
oddball processing in AD. In the bilateral auditory cortex
of AD, there was no significant difference of the cortical
sources in comparison with elderly controls, whereas,
compared to young controls, the cortical sources revealed
attenuated strength and prolonged latency. With regard to
temporo-frontal connectivity, deteriorated synchronization
at theta band was found in the right hemisphere in AD;
moreover, decreased synchronization at theta and alpha
band was observed in the left hemisphere in elderly con-
trols and AD patients.

Similar activation of MMNm responses between AD and
elderly controls was obtained in the bilateral auditory cor-
tex. In line with previous EEG [Bronnick et al., 2010; Gaeta
et al., 1999; Kazmerski et al., 1997; Pekkonen et al., 1994;
Verleger et al., 1992; Yokoyama et al., 1995] and MEG
studies [Pekkonen et al., 2001], preserved auditory change
detection in AD is suggested in the present study. This
finding also supports the prior suggestions that sparse
MMN-related neurons were lost in the early stage of AD
[Gaeta et al., 1999; Kazmerski et al., 1997; Pekkonen et al.,
2001] because of relatively intact neural tissue in the audi-
tory cortex [Arnold et al., 1991, 1994; Bouras et al., 1994].
In MNE analysis, activation of the bilateral auditory cortex
displays normal patterns in AD.

A significant aging effect on the MMNm sources was
observed for the attenuated and delayed responses in
elderly controls and AD patients. Impairment of the audi-
tory automatic discrimination in aged subjects was noted
for sound duration deviance in EEG [Cooper et al., 2006;
Pekkonen et al., 1996] and MEG [Jaaskelainen et al., 1999]
studies but not for sound frequency deviance with short
ISI [Gaeta et al., 1998; Gunter et al., 1996; Pekkonen et al.,
1993]. Cognitive decline was associated with a diminished
efficiency of inhibitory processing and attentional control
[Fabiani and Friedman, 1995; Gazzaley et al., 2005; Logan
et al., 2002; McDowd and Filion, 1992] and a faster decay
of the sensory memory trace [Jaaskelainen et al., 1999; Pek-
konen et al., 1993, 1996]. The cortical source measurements
in this study confirm the deterioration of sensory memory
processing in elderly subjects, in agreement with the aging
effect on MMN amplitude [Lindin et al., 2013], and prom-
ise to be an estimate of the cortical cognitive function.

The normalized spectral powers were not significantly
different between the groups, suggesting that the
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oscillatory activities of bilateral auditory cortex, engaged
in auditory mismatch processing, exhibited a similar pat-
tern in young, elderly controls and AD patients. This is in
agreement with previous findings that increase of theta
power was associated with the auditory sensory memory
processing [Hsiao et al., 2009] and MMN responses were
preserved in AD [Bronnick et al., 2010; Gaeta et al., 1999;
Kazmerski et al., 1997; Pekkonen et al., 2001; Verleger
et al., 1992; Yokoyama et al., 1995]. Although slowing of
the spontaneous cortical activity was reported to character-
ize the neuropathological changes in AD [Babiloni et al.,
2011; Hsiao et al., 2013b]; the oscillatory characteristics

during auditory change detection in the bilateral auditory
cortex were not deteriorated for AD.

In the present study, AD was characterized as attenu-
ated right temporo-frontal synchronization at the theta
band, which was reported to be engaged in the auditory
deviance detection processing [Hsiao et al., 2010]. In AD,
previous EEG studies found reduced upper alpha coher-
ence between central and right temporal cortex by Stern-
berg memory task [Hogan et al., 2003] and a decrease in
the upper alpha and beta synchronization likelihood dur-
ing working memory processing [Pijnenburg et al., 2004].
By the visual oddball task, theta coherence in the left

Figure 5.

Mean phase synchronization values between the temporal and frontal regions in (a) the left

hemisphere and (b) the right hemisphere in response to deviant (filled bar) and standard (empty

bar) stimuli in young controls, elderly controls and AD patients. *P< 0.05; ***P< 0.001.
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fronto-parietal connection was decreased in AD [Guntekin
et al., 2008]. These results suggested the association of
EEG abnormalities in AD patients with functional impair-
ment of information transmission in long cortico-cortical
connections. In this study, using the passive auditory odd-
ball task without the subjects’ attention or response and
phase synchronization analysis that was free of amplitude
modulation, attenuation of functional connectivity in the
right temporo-frontal connection was demonstrated in AD,
especially in the theta band. Given the association between
theta oscillation, short-term memory [Jensen and Tesche,
2002; Klimesch, 1996; Sarnthein et al., 1998] and directed
attention [Aftanas and Golocheikine, 2001; Basar et al.,
2001], it is postulated that the cognitive decline in AD
[Grunwald et al., 2002; Schreiter-Gasser et al., 1993; Soini-
nen et al., 1991] can be reflected by altered cortical rhythm
in distributed cortical networks [Sauseng et al., 2008; von
Stein and Sarnthein, 2000].

Theta and alpha phase synchronizations in the left
temporo-frontal connection during deviant processing
were the predominant features to differentiate between
young and elderly adults. Age-related decline has been
characterized by the functional disruption of distributed
brain networks, such as in the frontoparietal network dur-
ing executive control processing [Madden et al., 2010], the
anterior to posterior components within the default net-
work [Andrews-Hanna et al., 2007], and interhemispheric
coherence during the resting state [Duffy et al., 1996; Kiku-
chi et al., 2000]. These findings suggest that the coordina-
tion of the temporo-frontal network was ineffective in
elderly adults.

This study discovered attenuated synchronization in AD.
Further studies with larger populations would need to ver-
ify these results, and, in a longitudinal follow-up evaluation,
examine the effect of cognitive impairment severity. The
medication effect on the phase synchrony between cortical
regions during auditory change detection processing
remains unclear. It will be worthwhile to investigate the
changes in the temporo-frontal connection in AD with treat-
ment using cholinesterase inhibitors or Memantine.

CONCLUSIONS

Deteriorated coordination between temporal and frontal
regions to auditory deviance input delineated the alterations
in AD, even though preserved neural activities were found
in the auditory cortex. We suggest that, in the theta band,
the loss of synchronization of oscillatory phases in the
temporo-frontal connection, which is engaged in both sen-
sory memory and attentional processes and acts on neural
communications, characterizes the cognitive decline in AD.
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