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Abstract

Neuronal oscillations are thought to underlie iattions between distinct brain
regions required for normal memory functioning. Sistudy aimed at elucidating the
neuronal basis of memory abnormalities in neurodegeive disorders.
Magnetoencephalography (MEG) was used to measuikatmy brain signals in patients
with Alzheimer’s disease (AD), a neurodegeneratilease causing progressive cognitive
decline, and mild cognitive impairment (MCI), a alider characterized by mild but
clinically significant complaints of memory loss thut apparent impairment in other
cognitive domains. Furthermore, to help interprat AD/MCI results and to develop
more powerful oscillatory MEG paradigms for clirlicememory studies, oscillatory
neuronal activity underlying declarative memorye fiunction which is afflicted first in
both AD and MCI, was investigated in a group of Itiga subjects. An increased
temporal-lobe contribution coinciding with parietoeipital deficits in oscillatory activity
was observed in AD patients: sources in the 6—Hz.%ange were significantly stronger
in the parieto-occipital and significantly weaker the right temporal region in AD
patients, as compared to MCI patients and healithgrly subjects. Further, the auditory
steady-state response, thought to represent babkedvand induced activity, was
enhanced in AD patients, as compared to controlssiply reflecting decreased inhibition
in auditory processing and deficits in adaptation répetitive stimulation with low
relevance. Finally, the methodological study regdahat successful declarative encoding
and retrieval is associated with increases in a@etigamma and right hemisphere theta
power in healthy unmedicated subjects. This resudigests that investigation of neuronal
oscillations during cognitive performance could guiially be used to investigate
declarative memory deficits in AD patients. Takegdther, the present results provide an

insight on the role of brain oscillatory activity memory function and memory disorders.
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1 Introduction

Alzheimer’s disease (AD) is a neurodegenerativerdesr characterized by progressive
cognitive decline, behavioral disturbances and impant in daily activities accompanied
by appearance of neuritic plaques and neurofibyiltangles in the brain (Whitehouse et
al., 1982; Braak and Braak, 1996).

It is estimated that 1.53 % of the population d&8®years has AD (Preston, 1986), and
the prevalence of AD increases with age reachiri 80 more between 80 and 85 years
(Rocca et a).1991). Thus AD is and will continue to be a sub8t economic problem in
Western countries. The most prominent clinical deatof AD is a progressive episodic
memory decline combined with impairment in at leas other cognitive domain (such as
e.g. language, motor or executive functions) (DSMdriteria, American Psychiatric
Association, 1994). Often, normal aging and ADsgen as a cognitive continuum. In this
continuum, the transitional stage between normahga@nd degenerative disorders is
referred to as mild cognitive impairment (MCI). Adugh there has been controversy
regarding the precise definition of MCI, it is gealy characterized by mild but clinically
prominent memory complaints in elderly people witthe impairment in other cognitive
domains (Kluger et al2002). Reported yearly conversion rates from MCAD range
between 1 and 25 % depending on the employed dséigrayiteria and the patient sample
size (for a review, see Petersen, 2004). Notah distinction between normal aging and
MCI or between MCI and AD can be quite subtle. Diagfic accuracy can be improved
by combining various measures, such as clinicabagion, neuropsychological tests,
biomarkers and neuroimaging. MEG oscillatory atfivivhich is thought to reflect the
general mechanism of neuronal communication, ctlduseful in detecting functional
brain abnormalities in AD. In the present study, Mi&as used to investigate oscillatory

abnormalities in degenerative disorders and inesubjwith normal memory function.



2 Review of the literature

2.1 AD and MCI: cognitive, structural and fucntional defificts

2.1.1 Cognitive deficits in AD and MCI

AD is characterized by gradual progression of memoss and other cognitive
changes (Katzman, 1986; Lange et 2002). Already early in the course of the disease
AD patients have difficulty with memory of recentemts (anterograde amnesia) and
deficits in learning, probably due to the inabilitg encode and store the acquired
information (Knopman and Selnes, 2003). Indeedadnordance with the notion that
damage to medial temporal structures preventsdhmadtion of new episodic memories
but spares implicit and old explicit memories, naétdtmporal regions are the first ones to
be affected in AD. However, as the disease progsesdfecting distant memories as well
(retrograde amnesia), other cortical areas (subberdemporal association and frontal)
become involved and implicit memory also startsutier.

The working (or short-term) memory (Fig. 1), whas$rictural basis is represented by
the parieto-frontal system for spatial locationd ahe inferior-temporal dorsolateral
frontal system for objects, appears relatively gresd in early AD. AD patients perform
adequately in working memory tasks for passiveagfercapacity (such as e.g. forward
digit span) but they are impaired in active workingmory capacity (tested in backward
span tasks) (reviewed in Germano and Kinsella, ROl&is selective impairment is most
likely due to the overall deficits in focused atten rather than reduced memory capacity
per se.

The loss of newly learned verbal material is on¢hef major aspects of the memory
impairment in AD (Kaltreider et al.2000). These deficits can be measured with
neuropsychological tests such as the Auditory-Vietlearning Test (AVLT), California
Verbal Learning Test (CVLT), and Hopkins Verbal teiag Test- Revised (HVLT-R)
(Lezak, 1995). Validation studies of the neuropsyobical battery used in The
Consortium to Establish a Registry for AlzheimdDsease (CERAD) have also shown
that delayed recall of a word list is the best tecdminate AD patients from controls
(Welsh et al. 1992; Kaltreider et gl2000) already at the early stages of the disdase (

et al, 1998). AD patients are often able to recall ohly kast presented words on tasks of
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verbal learning (the recency effect) (Lezak, 19989)hough the episodic memory deficit
is initially the primary symptom, AD patients tetalmake semantic errors in the memory
retrival as well: they often tend to make falseities identifications, particularly of non-
target words which are semantically related tottrgets (Brandt and Benedict, 1998).
Overall, in the language domain, AD patients dertrates comprehension difficulties and
their discourse is usually disturbed. Furthermas, the disease progresses abstract
thinking deteriorates as well.

—_——
Memory
| —
1

N

Long-term Short-term Sensory

memory memory memory
J

Declarative Procedural
(explicit) (implicit)

| 1
Semantic (general Episodic
word and fact (personal

knowledge) experiences)

Skills and habits,
priming,
classical conditioning

Figure 1 . Diagram of memory types. The concepivofking memory is presently used as a synonym for
the notion of short-term memory to emphasize thenipudation of information instead of passive
storage.The main fundamental operations of memggssing are encoding (processing and combining of
information), storage (creation of a permanenteratthe encoded information) and retrieval (callback
the stored information). Declarative (explicit)y memy involves conscious recollections of previous
experiences whereas implicit memory is an uncomsciorm of memory. Neural basis of explicit memizry
constituted by the four limbic areas (the rhinattew, the amygdala, the hippocampus and the prifiron
cortex) which have reciprocal connections with tiedial thalamus, the basal forebrain, and the néoab
sensory areas. The central element of the bradwitifor implicit memory is the basal ganglia tmateive
projections from the neocortex and send projectioaghe ventral thalamus and the globus palliduthe
premotor cortex.

Another early manifestation of AD is a prominentpairment in visuospatial skills
(Crystal et al. 1982). AD patients experience problems with drawiconstructions and
orientation in their surrounding (Smith et al., 20endez and Cummings, 2003) leading
to impaired performance on such tests as Clock Digwest or Rey Complex Figure.
Along with cognitive deficits, personality changescur as well, however, usually later in
the course of the disease. AD patients becomefandift and increasingly apathic without
being aware of their impairment (Mendez and Cummirp03). Agitation, aggression
and disinhibited behaviors may also appear asidease progresses, with agitation being

the most persistent symptom (Devanand, 1999; MeaddzZCummings, 2003). Delusions
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occur in almost half of the AD patients (Wragg aleste, 1989), more frequently at the
middle stage of AD, accompanied by progressive itivgn decline (Mendez and
Cummings, 2003).

MCI diagnosis, in turn, is based on the objectivemmory deficit combined with
usually preserved cognitive function, unimpairethdtees of daily life, and no dementia.
Longitudinal studies, which predict conversion frawCl to AD, have shown that
episodic memory (such as delayed recall of wors lide Jager et al2003) and paired-
associates learning (Nestor et @D04), semantic memory (Nestor et 2D03; DeCarli et
al., 2004), attention processing (Amieva et aD04) and mental speed can consistently
predict which patients will develop dementia of Aype. Similarly, in a retrospective
study of patients with MCI who had developed ADibad and visual memory, associative
learning, vocabulary, executive function and otrerbal tests of general intelligence were

impaired at baseline (Guarch et 2004).

2.1.2 Structural and functional brain changes in AD and MCI

AD is characterized by a progressive wide-spreagramal loss in the brain. The
earliest morphological changes in AD have been ntedoin the hippocampal and
parahippocampal region (Hyman et,al984; for review, see Braak et ,all993),
potentially explaining why memory deficits are thmajor symptom of AD. Later in the
course of the disease, distributed neocortical sae@ affected giving rise to other
cognitive dysfunctions. The results of the pathmagreports of AD are confirmed by
findings from structural magnetic resonance imag(MRI) studies. Zakzanis et al.
(2003), who conducted a meta-analysis of multiplRINAnd computerized tomography
(CT) studies of AD, concluded that the structureat tbest discriminate between AD
patients and healthy subjects are the hippocampadigeanporal and parietal cortices. The
results of Pennanen et al. (2004) obtained in Igrgeips of AD and MCI patients also
suggest that the volumes of the hippocampus anerherhinal cortex are significantly
reduced in the following order: controls > MCI >ADAt the cellular level, the
pathological diagnosis of AD is based on the laageounts of extracellular senile or
neuritic plagues containing depositspeémyloid and intracellular neurofibrillary tangles
with the greatest density in the temporal lobe .(eBall et al, 1997). These

neurodegenerative changes are associated witmehgic denervation, specifically in the
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basal forebrain (Mesulam and Geula, 1994; Inestaisal., 1996; Farlow, 2002). Both
enzymes thought to hydrolytically disrupt acetylioh® in the brain, acetylcholinesterase
and butyrylcholinesterase, have been shown tordedi to amyloid plagues (Mesulam
and Geula, 1994; Inestrosa et al., 1996; Guillered., 1997).

Functional imaging studies, such as positron emssbmography (PET) or single
photon emission computerized tomography (SPECTE ldemonstrated that already in
very early AD blood flow and metabolism are redugethe posterior cingulate gyrus and
precuneus (Fox et al2001). This reduction can stem from a functionedfterentation
caused by atrophy in the entorhinal cortex andhippocampus, which are the first to be
pathologically affected in AD. The subsequent ateashow flow or metabolic reduction
are the medial temporal structures and parietoteahpassociation cortex (Matsuda,
2001). Consistent with the cognitive symptomatolofyAD, neuroimaging studies have,
further, shown reduced activation in the hippocanipanation and in the frontal and
temporal cortex in AD patients during memory forioat(Small et al. 1999; Schréder et
al,, 2001; Kato et a).2001; Sperling et al2003). In retrieval tasks, AD patients have
revealed wide-spread deficits (Kessler et, dl991) or reduced activation in the

hippocampus and parietal cortex (Backman ¢t.809).

Anatomical and functional brain changes, much wedkit somewhat similar to AD
and different from normal aging, have been dematestirin neuroimaging studies in MCI
(Pietrini et al, 1993; Berent et al1999; Pennanen et a2004). Computed tomography
and MRI have revealed atrophy of, respectively,léfie(Wolf et al, 1998) and the right
(Pennanen et al2005) medial lobe in MCI patients. Furthermorepagitudinal MRI
study reported that the rate of conversion from M&AD was greater in MCI patients
who had smaller hippocampi at baseline (Jack eR@0D0). A recent post-mortem study
compared the brains of five MCI patients and seage-matched controls and found that
the nucleus basalis, which plays an important ialecholinergic innervation of the
neocortex, contained significantly more tangles gme-tangles in MCI patients than
controls (Mesulam et al2004). This finding suggests that cholinergic déph takes
place already at the preclinical stage of the demeSPECT studies have shown low
parietal-temporal perfusion and left/right parige&hporal asymmetry in MCI (Celsis et
al, 1997). The observed hypoperfusion was intermedateveen that found in healthy
subjects and in patients with AD. Another studyoréed that reduced temporoparietal
blood flow as assessed with SPECT predicts devedopmf AD in 80% of subjects who
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progressed from the point of questionable deméaahnson et §11998).
The role of electroencephalogram/magnetoencepraioEEG/MEG respectively) in

diagnosis of degenerative disorders will be disedss chapter 2.3.

2.1.3 Cholinergic hypothesis of AD

Although AD is associated with deficits in sevamaurotransmitter systems, including
noradrenergic (Mann, 1983; Marcyniuk et, @986) and serotonergic (Palmer et al.
1987), dysfunction of the cholinergic system seeb®s a major neurochemical
phenomenon underlying cognitive and functional gesnassociated with AD (Davies and
Maloney, 1976; Rylett et al., 1983; Arendt et d984; Reinikainen et al., 1988)
(Whitehouse et gl.1982). The brain cholinergic system is involvednrodulation of
various cognitive functions, including arousaleatton, learning and memory (Mesulam,
1987; Goto et al.1990), and in regulation of cortical and thalarmelectrical activity
(Shute and Lewis, 1967; McCormick, 1992). As a draitter substance, it employs
acetylcholine (ACh) which is terminated by hydradyaccelerated by one or more of the
cholinesterase enzymes (acetylcholinesterase gnfetiolinesterase). The action of ACh
is mediated by two major classes of receptors: timiwo and muscarinic. Although
nicotinic receptors also play a role in role in natidg cognitive performance, muscarinic
receptors are thought to be the main type of cbkdljic receptors in the central nervous
system (for review, see Caulfield, 1993). For ai@evon the 8 major cholinergic cell
groups in the CNS, see Mesulam (1988).

Histopathological studies reported the wide-spreadiction of cholinergic markers in
AD patients. The most severely affected structaresnucleus basalis and medial septum
in the basal forebrain which project to the hippopas, amygdala and cortex
(Whitehouse et g1.1982). The amount of choline acetyltransferasglse reduced in the
cortex and hippocampus of AD patients (Perry etl&l77). The reduction of cholinergic
markers has been shown to correlate with the degfreegnitive decline (Bartus et al.
1982) and EEG/MEG slowing in AD (Coben et 4B83; Penttila et a11985; Berendse et
al, 2000). The involvement of the cholinergic systamthe AD pathology is further
confirmed by the observation that in healthy sulsj@holinergic antagonists, such as e.g.
scopolamine, can produce transient cognitive dsfibunderland et al1986; Broks et
al., 1988) and EEG/MEG changes (Sannita et1#187; Neufeld et gl.1994; Osipova et
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al., 2003) similar to those observed in AD. In the lig cholinergic deficits in AD,

cholinesterase inhibitors are the most frequenslgdutype of medication, especially for
patients with mild to moderate symptoms (for revieee Ellis, 2005). The ones currently
used in clinical practice are donepezil hydrocldeyi galantamine hydrobromide, and
rivastigmine tartrate. Neuropharmacologically, dametterase inhibitors prevent
cholinesterase-induced hydrolysis of ACh, resultinghe subsequent increase in ACh

concentration in central synapses and the enhamtevheholinergic function.

Current theories suggest that the ACh system maylate the flow of activity
between different brain regions during memory faiora(reviewed in Hasselmo, 1999),
for example, by coordinating the hippocampus inuirdag recent memories and the
cortex in storing remote memories. More specificall two-stage model of memory
consolidation (for a review, see Buzsaki, 1989)g&sis that the initial memory formation
occurs during active waking and deeper consolidati@curs via the formation of
additional memory traces during quiet waking omsigave sleep. High levels of ACh
during active wakefulness set the appropriate hippypal dynamics for inflow of
information by suppressing feedback connectiongh bwithin the hippocampus and
between the hippocampus and the association cortas. facilitates the encoding and
prevents interference from already existing repreg®ns. At a low level of cholinergic
activation, such as during slow-wave sleep, thera ielease of cholinergic suppression.
This permits outflow of activity, both within theigpocampus and to the cortex.
Interestingly, low doses of cholinergic antagorisbpolamine impair encoding of new
information, but have little effect on the retrievaf information encoded prior to
scopolamine administration (Ghoneim and Mewaldf5tHasselmo and Wyble, 1997).
This evidence supports the notion that reducediredigic modulation interferes with the
feedforward sensory input hindering the encodingest information.

Notably, cellular-level studies suggest that theliciergic system modulates brain
oscillatory activity in the regions crucial for masal memory functions. High levels of
ACh are associated with the presence of thetalaoils in the hippocampus (Winson,
1974), whereas low cholinergic activity is linkedthe presence of the hippocampal sharp
waves. During a theta stage, the model predictsidtdon of new long-term memory
representations in the hippocampus, with littleifgrence from and disruption to remote
memories in the cortex. During a sharp-wave stag@ng repetition and spread of

recently acquired traces become consolidated anggreted with permanent
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representations in the cortex. Rhythms in simitag@iency bands can be also measured
from the neocortex with EEG/MEG but it is unclednether they reflect same cognitive

processes.

2.2 Measurement of brain electromagnetic activity

The clinical prediction of conversion from normalireg to MCI and finally to AD
requires combined measures from neuropsychologesiing, clinical observation and
neuroimaging. Structural and functional brain deda thus provide useful information
about memory disorders. Although the accuracy afiadl diagnosis using NINCDS
criteria is about 80-90 % (Rossor, 2001), it matemfbe problematic to identify AD,
especially at early stage of the disease. Braiotrelmagnetic activity reflects neuronal
synchronization, which is partly modulated by cheligic system. Given abnormalities in
ACh transmission in AD (and possibly MCI), charaiztation of electromagnetic activity
and its sources is likely to provide insights onpaimed brain dynamics in
neurodegenerative disorders in terms of oscillafi@guencies and loci of generation.

This information could add accuracy to early ADgliasis.

MEG and EEG are non-invasive brain-imaging techesgwith millisecond temporal
resolution. While EEG measures electric potentiiéctnces on the scalp, MEG records
extracranial magnetic fields generated by the nalr@urrents (see Figure 2). It is
measured with superconducting quantum interferetieeices (SQUIDs), which are
sensitive detectors of magnetic flux. A sensorynsatus evokes synchronous neuronal
activity in a small part of the cortex causing thevement of ions as a result of their
concentration gradients. Measured signals are titdiogoriginate both from the currents
in the dendrites of neurons during synaptic trassion and the return current in the extra-
cellular mediumA magnetic field produced by action potentialshisught to be invisible
to MEG because these currents flow in oppositectiors and the magnetic fields,
therefore, cancel out. Since neuronal currentsldhoave similar orientations to generate
detectable magnetic fields, MEG signals are betideeoriginate in the pyramidal cells in
the cortex, which are generally aligned perpendidylto its surface. Hence MEG
measures predominantly activity from the sulci veheeurons are oriented parallel to the

surface of the head.
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2.2.1 Sensor-level measurements

MEG allows noninvasive measurement of both spomtasmehythms and magnetic
event-related fields (ERFs). EEG/MEG rhythms ardindd as regularly recurring
waveforms of similar shape and duration (Sterid®93). The frequency bands of the
rhythms are historically termed delta (0—4 Hz)ah@-8 Hz), alpha (8-12 Hz), beta (12—
40 Hz), and gamma (40-100 Hz). Different EEG rhyghame associated with distinct
behavioral states. Delta waves prevail during thepdstage of normal sleep, whereas its
presence during wakefulness in adults is generajarded as a sign of pathological
process in the brain. Normal theta activity is agg#ed with memory processes (e.g.
Klimesch et al. 1996; Klimesch et gl.1997). Alpha rhythm is reported mainly during
relaxed wakefulness, although it has been obsenvetemory tasks as well (Jensen et al.
2002; Sauseng et aR005). Idling alpha rhythm is the strongest over dccipital regions
and is dampened by opening the eyes. Fast betasveaesir during epochs of increased
alertness (Steriade et ,all990b) and gamma activity associated with attenémd
information processing (Tallon-Baudry and Bertrah®99; Gruber et al., 1999; Tallon-
Baudry et al., 2005). Other patterns of synchrahiggindle oscillations in cortical EEG
can be observed during the early stages of sleépaoarousal and vigilance (Steriade et
al., 1990b; Riekkinen et al1991).

ERFs, in turn, are averaged segments of MEG tirokeld to the presentation of an
external stimulus. Averaging MEG signals increasigmal-to-noise ratio of the time-
locked brain activity. Like their electric countarps, event-related potentials (ERPS),
ERFs consist of different components which are masimed according to their polarity
and order (or average latency). The present wolkaddress exlusively auditory ERFs.
Auditory ERFs are though to reflect different stagé auditory processing depending on
their origin. Auditory ERFs are classified as braiam (1-10 ms post stimulus onset),
middle-latency (10—70 ms post stimulus onset) anddlatency (50—-800 ms post stimulus
onset) components. Middle-latency responses (MldRs)the earliest cortical responses,
most distinct components of which peak at approtéga25 and 30 ms post stimulus
(termed Na and Pa respectively). Both intracrafli##geois-Chauvel et al1994) and
MEG (e.g. Mékela et gl.1994) measurements showed that middle-latency EREs
generated near the primary auditory cortex.

With certain stimulation parameters, when prese@rtabccurs periodically at a fast

rate, an ERF starts to oscillate at the frequeridh® stimulus and its harmonics. In this
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case, the ERF is termed steady-state responsepfassed to transient ERFs). The
amplitude of the auditory steady-state responseSESreaches its maximum at
stimulation rates around 40 Hz (Hari, 2005).

In the ongoing discussion about the nature of ASBIRy are either classified as
evoked responses, induced activity or as a sepénate class. Originally, it has been
thought that AASR is produced by the summation dfRV(Galambos et gl.1981).
However, some experimental evidence does not stiipisrnotion failing to explain an
ASSR by superposition of MLR (Santarelli and Coh199; Ross et al., 2002). Ross et al.
(2005) conclude that ASSR is likely to be inducetivity, “facilitated by the rhythmic
stimulation with frequencies close to the best oasing frequency of the underlying
neural network.” Their result supports the hypothed ASSR being a separate neural
oscillation, in addition to ongoing brain activifRoss et aJ.2005). In general, induced
gamma oscillations have been proposed to play g@ort@nt role in sensory information

processing, such as e.g. temporal binding in arydgerception (Joliot et al1994).

2.2.2 MEG source estimation

The second main task of MEG is determination ofdhgin of the signals. This can be
applied to both ERFs and spontaneous activity. Algih source localization procedure is
easier with MEG due to its selective sensitivitypredominantly tangential currents, the
interpretation of the MEG data is complicated du¢hie so called “inverse problem”, i.e.
estimation of the neuronal sources corresponding tertain distribution of magnetic
fields on the scalp. The inverse problem is ill4pdssince it has no unique solution:
infinite number of current distributions can produihe same magnetic field measured
outside the brain. Therefora, priori constraints are employed to determine the source
distributions.

Equivalent current dipole (ECD) is a popular sounsedel in MEG research (for
review, see Hamalainen et,al993). It approximates the flow of electrical @nt in a
small area caused by synchronous activity of tdnhausands of neurons. The ECD is
calculated by fitting the predicted and measuredymatic field patterns in the least-
squares sense. However, the estimation of ECD mddebnly meaningful if the scalp

field has a focal character and there are strosgmagtions about the number of activated
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areas. Other analysis methods, which have the salyamf not making as stromgpriori
assumptions of the number of sources, include ti@nmmm-norm estimates (MNE)
(Hamalainen and limoniemi, 1994). MNE gives the tme$iable results when constraints
based on the known brain anatomy and physiologyapptied. Jensen and Vanni (2002)
have developed a method which calculates minimument estimates (MCE, Uutela et
al,, 1999) in the frequency domain. The algorithm fifsturier-transforms consecutive
time segments, then calculates source estimatethdoreal and the imaginary parts and
averages them. Such estimate of the source curexmisins most of the data while
minimizing the absolute sum of the currents witbpect to the {-norm. This approach
favors a solution with a few distinct source looati. Another source localization
technique, dynamic imagingf coherent sources (DICS), uses a spatial filterthe
frequency domain (Gross et,&2001). Spatial filters are designed to pass dgtivom a
certain spatial location, while suppressing adtivdr noise originating from other
locations. In order to localize oscillatory actwipower is calculated at each point of the
three-dimensional grid that covers the entire braimese source localization techniques

are compared in Liljestrom et al.(2005).

MEG EEG

Figure 2. Schematic illustration of orthogonal widlspect to each other magnetic field and elepwtential
patterns produced by a tangential dipole (whitevayr Since MEG is sensitive mainly to tangentigdales,

it measures predominantly cortical activity frone tiissures where current is oriented parallel eodbrtical
surface. (Reprinted figure with permission from H#&nen M., Hari R.., limoniemi R.., Knuutila J.dan
Lounasmaa O.V. Reviews of Modern Physics 65: p3—487. 1993. Copyright (1993) by the American
Physical Society).

Another advantage of MEG over EEG with respecoiree modeling stems from the
fact that magnetic fields are not distorted by dkell and surrounding tissues. Therefore,
the head model used in MEG source localizationlmaconstructed from the brain only,
whereas accurate EEG head model requires informabout conductivities and shapes of

the skull, cerebrospinal fluid and scalp.
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2.3 MEG/EEG activity in AD and MCI

2.3.1 Spontaneous rhythms in AD and MCI

AD is a predominantly cortical dementia which makasctional brain abnormalities
more detectable with EEG/MEG. The most prominenicfional deficit, slowing of
spontaneous EEG/MEG rhythms, has been reportedultiphe studies of AD (Coben et
al., 1983; Penttila et gl1985; Schreiter-Gasser et,dl993; Berendse et aR000; Huang
et al, 2000). In other words, similarly to the effectssaopolamine, delta (2—4 Hz) and
theta (4—7 Hz) power are enhanced and alpha (7-22kt beta (12-30 Hz) power are
decreased. Furthermore, EEG deficits have beendféarcorrelate with the degree of
cognitive impairment (e.g. Soininen et,dl982; Erkinjuntti et aJ.1988; Brenner et al.
1988). As discussed in detail in Chapter 2.3.4¢cesiACh and ascending cholinergic
pathways are involved in generation of desynchemhZEG/MEG activity, the reason for
the EEG/MEG slowing in AD is likely to be the los$ cholinergic innervation of the
neocortex, to the greatest extent in the nuclesaliza

However, the handful of EEG studies investigatipgrganeous oscillations in MCI
has produced less clear results. Huang et al. §208 Jelic et al. (2000) found no power
differences between MCI and controls in any freqyebands. There is evidence of
reduced beta-band synchronization in MCI (Stam let 2003), which is however
contradicted by more recent studies (Stockholmemibjohort in Koenig et al. (2005)).
EEG/MEG studies of synchronization in AD have, umnt revealed decreased alpha and
beta band coherence suggesting functional discéionecamong various regions (e.g.
Leuchter et a).1987; Besthorn et al1994; Locatelli et al.1998). The reason for the
reduced long-range coherence can be both anatodiE@dnnection manifesting in the

atrophy of the long cortico-cortical fibers and agtic changes.

2.3.2 Sources of spontaneous activity in AD

Although the power of various frequency bands hasnbinvestigated in multiple
studies, fewer authors have attempted to investighe distribution of sources of
spontaneous brain rhythms in AD. However, an irstimg question remains whether it is

the frequency of existing sources that graduallftsko lower frequencies (the so-called
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“slowing”), or the oscillators in other frequencyarils take over. EEG studies of
oscillatory sources in AD have reported an antestuft of alpha and beta generators in
AD patients (Dierks et g11993; Huang et al2000). However, these attempts were based
on equivalent current dipole (ECD) models, thoughtepresent the “center of gravity” of
neuronal activation possibly reflecting a largeeaaof activation. Recent studies have
therefore tried to investigate the spontaneoushrhygeneration by using distributed
source analysis that allows modeling of multiplee@ators. For example, in their EEG
study, Babiloni et al. (2004) reported changeh@donfiguration of alpha sources, found
to be more profoundly attenuated in the posteraiher than anterior brain regions.
However, the EEG source modeling approach utilipetthis study did not reveal specific
source locations, since the analysis rather coretext on the activation in entire brain
regions. The only EEG study in MCI did not show mges in the distribution of

oscillatory sources (Huang et,&000).

2.3.3 Auditory ERPs/ERFs in AD and MCI

Certain components of event-related potentials @RRnd their magnetic
counterparts, event-related fields (ERFs) have Iséemn to be altered in AD (Green et
al.,, 1992; Pekkonen et all994; Pekkonen et all999). Whereas the late auditory ERP
components (such as N1m) appear to decrease irfPAKkonen et 311999), there is also
evidence suggesting that earlier auditory ERP camapts might be increased in
amplitudein subjects at risk for AD (Boutros et,gl995). Sensory gating measured by the
P50 response also seems to be impaired in AD (Qaeteal., 2006). In MCI, such
middle-latency component as P50, seems to be sedegGolob et al.2002; Irimajiri et
al,, 2005).

2.3.4 Cholinergic modulation of EEG/MEG activity

As discussed above, the brain cholinergic systeaysph central role in synchronizing
large-scale brain oscillations across various bragions (Kanai and Szerb, 1965; Celesia
and Jasper, 1966). This modulation is presumabtgiechout via both local and long-

distance oscillatory networks, whose dynamics can swuccessfully studied with
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EEG/MEG. Well-documented cholinergic deficits in AB.g. Mesulam and Geula, 1994;
Inestrosa et al.,, 1996) and MCI (Mesulam et 2004) can thus underlie EEG/MEG
abnormailities observed in these disorders.

During the waking stage, EEG/MEG is representedtijmdyy desynchronization. It
has been demonstrated that release of ACh fronedftex is high during the periods of
EEG desynchronization, and reduced when EEG ishsgnzed (Kanai and Szerb, 1965;
Celesia and Jasper, 1966). Pathological changeghén cholinergic system and
pharmacological interventions, such as administmatiof ACh antagonists, affect
neocortical EEG/MEG activity, blocking desynchratipn and producing high amplitude
slow wave activity (Longo, 1966; Vanderwolf and Rwwon, 1981). In human EEG
studies with scopolamine these changes of spontianactivity manifest themselves in
decreased alpha (Sannita et 4B87; Ebert et 31.1998) and beta (Sloan et,al992)
power and increased theta (Sannita etl®87) and delta (Sannita et, d987; Neufeld et
al., 1994; Ebert et 811998) power. This synchronization is thought tigioate from the
summation of hyperpolarizing outward currents froontical pyramidal cells (e.g. Amzica
and Steriade, 1998).

There is evidence that both the cholinergic pathweging in the brain stem and
projecting to the thalamus and the cholinergic wathof the basal forebrain projecting to
the neocortex play a role in EEG modulation, simegvorks of both thalamic and cortical
oscillators are thought to modulate cortical oatitins (Lopes da Silva et a1973; Lopes
da Silva et a). 1980). In the thalamus, ACh depolarizes relay owsirin brain slices
(McCormick, 1989). This notion is important sinoepdlarization of the membrane of the
thalamic neurons is associated with desynchronyhgmpeérpolarization is associated with
synchrony of the EEG (e.g. Curro Dossi et 891). However, the role of basal forebrain
cholinergic neurons in regulation of neocorticalG&Eray be greater than that of the
brainstem cholinergic pathway, since the major icleoyic projections to the cortex
originate in the basal forebrain and lesions to liaeal forebrain produce greater EEG
deficits (Stewart et gl.1984) than lesions to the brainstem mesopontigenéatum
(Webster and Jones, 1988). The major effect of A€lcholinoceptive cortical neurons is
a relatively prolonged reduction of potassium cartdnce that makes cortical
cholinoceptive neurons more susceptible to otheit&ory inputs (Steriade et al990b).

In addition, ACh increases the frequency of intlat® membrane oscillations and

reduces inhibitory after-hyperpolarization aftesdliarge (McCormick and Prince, 1986;
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Metherate et al., 1992). However, the effect of A@h cortical neurons can also be
inhibitory, either directly or through the mediatiof GABAergic interneurons (Kimura
and Baughman, 1997).

Cholinergic system is thought to play an importeoié in plasticity of the auditory
cortex (McKenna et al., 1988; Hars et al., 199%iBand Weinberger, 1996), modulating
responses to temporal and sequential stimuli. Sivaptentiation in the auditory cortex
was shown to be attenuated by cholinergic antagoriesg. atropine) and restored by
cholinergic agonists (Seki et aR001; Kudoh et al.2004). Long-term pairing of basal
forebrain and sound stimulation leads to substhmieanges in the area of cortex
responsive to the paired acoustic stimulus (Kilgand Merzenich, 1998; Mercado et al.,
2001).

Data obtained in rats indicates that ACh may fet#i auditory signal perception
through a mechanism of parallel synaptic modulaiiorthe thalamus (Mooney et al.
2004). In the primary sensory (lemniscal) pathwa@h enhances synaptic signal relay in
a global fashion. In the nonlemniscal pathway, iclesfjic modulation adapts to the
context of local neuronal activities suppressingagtic transmission in more depolarized
neurons and preventing thus “irrelevant” acoustimgi from overloading the limbic
system. In more hyperpolarized cells and in thesgmee of synchronized cortico-thalamic
and sensory afferents, ACh prompts burst firingchSavent-triggered synaptic bursting
may facilitate the induction of long-term synappiotentiation or recurrent excitation in
the lateral amygdala (Clugnet and Ledoux, 1990)arwbrtical networks (Beierlein et al.
2002), which cannot be fulfilled by random, singpeke discharge (Lisman, 1997).

Many components of auditory magnetic evoked respomshealthy subjects appear to
be modulated by cholinergic transmission (Jaasketdiet al. 1999; Ahveninen et al.
1999; Pekkonen et akR001; Ahveninen et al2002). The enhanced amplitude of earliest
cortically-generated components of the auditory ERES been reported in MEG studies
after the administration of scopolamine, the amégjaf the muscarinic ACh receptors, in
young (Jaaskelainen et,al999; Pekkonen et al2001) and elderly (Ahveninen et ,al.
2002) subjects.
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2.4 Electrophysiological studies of declarative memory in non-
demented subjects: methodology for predicting AD?

Impairment of declarative (primarily, episodic) memy is a major symptom of AD.
The insight on neural basis of episodic memory @althy subjects is essential for
understanding memory deficits observed in AD.

A widely used paradigm to study declarative menforynation is to compare brain
activity during encoding of items which subsequemtkre retrieved versus those which
were forgotten (“subsequent memory effect”) (e.gn@uist et al., 1980; Paller et al.,
1987; Rugg, 1990). Declarative memory retrievabfiten investigated by comparing the
brain activity recorded during correctly recognizeld versus correctly identified new
items (the “old/new effect”) (reviewed in Rugg, B)9Previous fMRI and PET studies
have shown an increased activation in the medmapteal lobe and inferior prefrontal
areas associated with memory formation (Wagnerl.et1898; Brewer et al., 1998;
Kirchhoff et al., 2000; Otten et al., 2001; Davaahd Wagner, 2002; Strange et al., 2002;
Weis et al., 2004), whereas anterior prefrontatecgrparietal cortex, and medial-frontal
areas were activated during the old/new effect ddaret al., 1999; Konishi et al., 2000;
Donaldson et al., 2001; reviewed in Rugg and Hen2082; Weis et al., 2004; Wagner et
al., 2005). To investigate the brain dynamics daster time scale, EEG and MEG have
been applied to characterize respectively ERPsERIgs (Rugg, 1995; Tendolkar et al.,
2000; Friedman and Johnson, 2000; Takashima eR@06). These studies have shown
that the differential effects with respect to eringdand retrieval start relatively late (~0.3
s) after stimulus onset. Unfortunately, given tteise ERP/ERF effects are spatially very
distributed, reliable localization of the involvedurces has been problematic.

Relatively late oscillatory responses (>0.2 s)alhare induced by, but not phase-
locked to the stimulus like ERPS/ERFs, can refiegiortant cognitive processing as well
(Tallon-Baudry and Bertrand, 1999). Strong argumesupport the case that oscillatory
neuronal synchronization plays an essential rolen@uronal processing in general
(reviewed in Singer, 1999; Salinas and SejnowsB12. Indeed, successful declarative
encoding of words was first shown to be associatigal changes in EEG theta (4-8 Hz)
power (Klimesch et al., 1996) and coherence (Wetisd., 2000); however, the sources of
the theta activity in these studies were not idiexcki A study employing intracranial EEG
recordings in epileptic patients reported an inseeia the frontal and right temporal theta

activity and widely distributed gamma (30-100 Hz)iaty (Sederberg et al., 2003)
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associated with successful encoding of words. Usilepth-electrode recordings in
epileptic patients, Fell et al. (2001) demonstratad increase in rhinal-hippocampal
gamma-band synchronization during word encodingis Tihcrease was subsequently
shown to correlate with theta coherence over stbjéell et al., 2003).

These intracranial studies suggest that thetegamima oscillations play an important
role in memory formation. However, the electrodeakions were defined by the surgical
requirements and some of the findings might betedléo the pathologper seor to the
administered drugs. Due to its good temporal arati@presolution, MEG allows us to
monitor the temporal dynamics of oscillatory adyivin various frequency bands and to
identify the involved sources. The role of oscilas in memory encoding and retrieval is
an essential question for research on AD, the digsdknown to be associated with theta-

rhythm abnormalities probably due to the defiaitgholinergic transmission.
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3 Aims

Given the role of oscillatory activity in cognitiyerocessing, our major goal was to
study oscillatory abnormalities in degenerativeodiers and in subjects with normal
memory function.

(a) MEG was used to examine abnormalities in ttstridution of focal oscillatory
sources in AD patients and healthy elderly controls

(b) Given that MCl and AD represent a continuum coignitive impairment, in
continuation to Study |, MEG was employed to inigege abnormalities in oscillatory
sources in MCI and elderly controls, and compaesdbtained data with that from Study
I

(c) Since auditory steady-state response is thotmhtepresent both evoked and
induced activity at the 40 Hz range reflecting #hrainment in the underlying neural
networks, MEG was used to investigate differenads/éen AD patients and healthy age-
matched subjects in responses to the fast-ratelstiion

(d) MEG was used to investigate oscillatory acyivitvolved in memory encoding and
retrieval in young healthy subjects, aiming at depmg a paradigm suitable for clinical

memory studies.
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4 Methods

4.1 Subjects

All studies were approved either by the Ethics Cattem of the Helsinki University
Central Hospital or Commissie Mensgebonden Ond&rzoe&kegio Arnhem Nijmegen
(Title: “Imaging Human Cognition”, # CMO 2001/095). written informed consent was
obtained from all the subjects and patients orrtleddsest relatives after a detailed
explanation of the procedures. Control subjectsthadubjects of study IV had no history
of neurological, psychiatric, or other severe diesa Patients had no history of stroke,
head trauma, or any other neurological diseasespéxgradual decline of cognitive
functions and memory. Neither patients, nor contsabjects reported using drugs
affecting the central nervous system. The pati¢o& various antihypertensive drugs,
statins, and antiplatelet agents, but none of thead diabetes or thyroid disease.

Demographic data and the number of subjects fdr stacly are presented in Table 1.

Age Number (females) MMSE
AD 72.1+75 11(6) 20.8+4.0
Study |
Controls 71.2+5.8 12(5) 29.3+1.0
MCI 79.0+3.0 9(0) 28.1+1.2
Study II AD 68.0 +5.5 5(0) 24417
Controls 72.0+4.8 10(0) 29.5+0.7
AD 725+7.7 10(5) 21.5+3.5
Study Il
Controls 71.1+57 12(5) 29.3+1.0
Study IV Controls 25.0+4.8 13(9) -

Table 1. Age, gender and MMSE scores for all pigdiats.

AD diagnosis was established following the Natiohradtitute of Neurological and
Communicative Disorders and Stroke/the Alzheim@®isease and Related Disorders
Association (NINCDS-ADRDA) criteria (McKhann et all984). MCI diagnosis was
based on the presence of a new subjective memanplemt, objective evidence of
impairment in one or more memory tests appliedhe patients’ clinical evaluation
according to age-norms, normal general cognitivetions and activities of daily living in
the absence of dementia (Petersen, 2003). In addibi clinical neurological evaluation,

patients underwent a head MRI or computer tomogr&ph scan (all but one subject) to
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exclude other underlying neurological pathology.

The cognitive assessment included the Mini MenttlteS Examination (MMSE)
(Studies I-1ll) and the five subtests of ConsortitorEstablish a Registry for Alzheimer's
Disease (CERAD): Word List Memory; Constructiona&Xs; Word List Recall; Word
List Recognition; Constructional Praxis Recall (8&s | and Ill). Only controls with an
MMSE score exceeding 25/30 were included in tha&st{Folstein et a).1975). The

results of neuropsychological tests are presentdalble 2.

Study | Study Il
Wordlist Learning (10) 4.0£1.7 4.0£1.8
Copy of Figures (11) 8.1+1.9 8.5t1.4
Wordlist Recall (100%) 37.3+£36.0 36.0+£38.0
Wordlist recognition (100%) 63.5+27.6 63.3+29.3
Recall of drawings (100%) 47.7+39.3 51.2+35.7

Table 2. The results of the neuropsychological ssaent of AD patients (CERAD, Studies | and IlIheT
number in parenthesis indicates a maximal possiiibee.

4.2 Measurements of brain function

4.2.1 General methodology

Measurements for Studies |-l were carried outha&t Biomag laboratory, Helsinki
University Central Hospital using 306-channel Newag Vectorview system (Elekta-
Neuromag, Helsinki, Finland). Measurements for $tiM were conducted at the F.C.
Donders Center for Cognitive Neuroimaging, Nijmedtre Netherlands) using a whole-
head MEG with 151 axial gradiometers (VSM/CTF Syse Port Coquitlam, Canada).
The pass band and sampling rate were 0.1-190 Hz 68@d Hz (Studies I-lll),
respectively. In Study IV low pass filtering wasfoeemed at 150 Hz with a sampling rate
of 600 Hz.

Subjects were seated comfortably in a magnetishliglded room with the head inside
the helmet. Vigilance of the subjects was obsebxyedn-line video monitoring during the
recordings. For Studies I-Ill respective locatiafisnarker coils to cardinal points of the
head (nasion, left and right preauricular point®revdetermined with an Isotrak 3D-
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digitizer (Polhemus, Colchester, VT). The magngéltls produced by the coils were used
in determining the position of the subject’'s headelation to the MEG sensor array. A set
of additional physiological landmarks was digitiZed the individual characterization of a
spherical conductor model used in Studgnd II. All source modeling conducted was
based on the coordinate system, in which xhaxis points from the left to the right
preauricular point, y axis is perpendicular to xhexis and passes through the nasion, and
z axis is orthogonal ta andy. In Study IV head localization was done before after the
experiment using marker coils placed at the catdioats of the head (nasion, left and
right ear canal). In all studies, electrooculograas recorded for the subsequent artifact
rejection. Artifact rejection was performed offdinand all epochs containing eye blinks
or with amplitude exceeding 3000 fT/cm were rejdc{&tudies I-Ill). The artifact
rejection algorithm employed in Study 1V is desedbelow.

The frequency bands investigated in Studies | dndvdre based on definitions
commonly used in clinical practice (NiedermeyerP20 In studies | and I, relative
power was calculated by dividing the mean deltal (Bz), theta (4-7), alpha (7-12), and
beta (12—-30) power by the total power at 2—30 Hhe ean power spectra were obtained
for five brain regions by averaging activity frord ffontal, 32 central, 32 occipital, and 38

left and 38 right temporal planar gradiometers .(Big

O ||y’ O

E= Frontal Il Left and right temporal
[ Central M Occipital

Figure 3. Gradiometers assigned to the each divadrain regions. The outer gradiometers werdusied
from the analysis due to the low signal-to-noisgorgReprinted from Neuroscience Letters 405: Og#®
D., Rantanen K., Ahveninen J., Ylikoski R., Happ@la Strandberg T., Pekkonen E. Source estimation o
spontaneous MEG oscillations in mild cognitive innpgent. pp: 57—-61. Copyright (2006), with permissio
from Elsevier).

MCE source modeling performed in Studies | andslthe most reliable in case a
significant peak is present in a power spectrumgde and Vanni, 2002). Alpha rhythm is
known to be the strongest over the posterior regi@almelin and Hari, 1994; Ciulla et

al., 1999) resulting in a good signal-to-noise aafTherefore, peak frequencies were
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determined from the mean spectra of the postebdatéral temporal and occipital)
channels. In case of bimodal peaks, the peak dtgranagnitude was chosen. MCEs
were then calculated from Fourier-transformed couthee data segments with respect to
the individual peak frequency (6-12.5 Hz in Studlyot (6—10.3 Hz in Study Il). The
current estimates for all data segments were agdr@tensen and Vanni, 2002), resulting
in a distributed current estimation for a specffiequency. The lattice constant was 10
mm, and points closer than 30 mm to the spheranovigre excluded from the current
estimates. A spherical conductor model was applath the origin individually

determined for every subject.

Figure 4. Sagittal view of the parieto-occipital)(&nd coronal (B) view of left temporal, and rigémporal
regions of interests (ROIS) in one subject. Sdgitew of the temporal ROIs in the left (C) andhigD)
hemispheres. (Reprinted from Neuroimage 27. Osifmya#hveninen J., Jensen O., Ylikoski A., Pekkonen
E. Altered generation of spontaneous oscillationg\izheimer's disease. pp: 835-841. Copyright (2005
with permission from Elsevier).

Three regions of interest (ROIs) of identical sizere placed individually for each
subject in the parieto-occipital and right and tefihporal areas. The ROIs were selected
after visual inspection based on the loci of th®rgjest activation in single subjects.
Single subject data strongly resembled the GA ibigion. ROIs were positioned with
respect to the individually digitized head coordéenaystem (Fig. 4). The center of the
parieto-occipital ROl (mean coordinates acrossestibjin Study I: x = 0 0.3 mm; y = -
31 £6.7; z = 82.8 £9.2; in Study II: x = 0 £0.3 my= -35.5 £7.2; z = 82.3 +8.5) was
placed at the midline of the head, and the temge@ik (In Study I, left: x =-42.8 £3.7; y
=0.4 £4.2; z = 61.5 £8.3; right: x = 44.7 +3.157y0.3 +4.7; z = 62.7 £7.0; in Study I,
left: x =-44.3+£4.8;y = 1.6 £6.2; z = 58.9 zright: X = 46.4 #4; y = 0.8 £5.5; z = 60.5

30



+7) were located above the line connecting prealaicpoints. The uniform-sized ROIs
were selected to standardize the magnitude of aadiv within an ROl between the
subjects. Activities in ROIs were calculated usan@aussian kernel with a radius of 15
mm (60% activation defined the radius). The absokdlue of the total current at the
frequency of interest was used to normalize thivattdn within the ROI, thus reducing

the variance between the subjects.

4.2.2 Sources of oscillatory brain activity in AD (Study I)

Spontaneous activity was recorded for 2 min witeseglosed. On the average, 60
epochs (minimum 35) 3.4 s each underwent Fast &otiransform (2048 points, Hanning

window with 50% overlap).

4.2.3 Source of oscillatory brain activity in AD, MCIl and normal aging (Study II)

The measurement was conducted for 2 minutes wétsdibjects being awake with the
eyes closed. 67 £5 epochs each 3.4 s long undefeesni-ourier Transform (2048 points,
sliding Hanning window shifted with 50% overlap)n®MCI patient was excluded from

the ROI analysis due to insufficient source estanat

4.2.4 Auditory steady-state response in AD (Study llI)

The subjects were presented with 40-Hz trains wfs3ursts of pure tones (700 Hz) to
the left ear at 60 dB above subjective hearingstiwkl that was individually measured
before the recording. There were no significantedénces between the two groups in the
threshold valueper se(p > 0.6) The subjects were instructed to ignore the stinarat
and to concentrate on a silent video movie.

The ASSRs were averaged online. At least 500 aesragere obtained for each
subject. The analysis period was 750 ms (inclu@irih0-ms prestimulus baseline). The
responses were band-pass filtered at 10-48 Hz.I®ipodels representing an estimate of

the “center of gravity” of the cortical activatiowere calculated with the center of
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symmetry at ¥, y, z} {0, 0, 45 mm}. Equivalent current dipole (ECD) wanodeled at one
ASSR peak for each subject, separately in each dpdmaie, based on a subset of
gradiometers over the right and left temporal lodé® ECD fitting procedure was guided
by the total-field power in the respective charséset to select a peak consistent across
this subset. One ECD per hemisphere was then entet@ a time-varying multidipole
model to explain the measured whole-head MEG datathe least-squares sense
(Hamalainen et al.1993). The absolute values of dipole amplitudesewaveraged
between 0-500 ms post stimulus onset, and subjéctsitistical analysis. Additionally,
a frequency domain analysis (Fast Fourier Transfa@liding Hanning window of 4096
points with 50% overlap) was conducted to compéréld power between the two groups
in both hemisphereS.he power values were averaged across the lefrightitemporal
channels. The channel selections were identicahtse used in source analysis. On
average, 105+44 epochs underwent frequency analgsise the aim of the frequency
domain analysis was simply to verify the time damfadings, we did not perform source

analysis in the frequency domain.

4.2.5 The role of theta and gamma oscillations in declarative memory (Study V)

Ongoing brain activity was recorded in two sessiot80 real-life photographs of
either buildings or landscapes (240 in each caj@gmere used as stimuli. Pictures were
obtained from websites and had resolutions excget®® x 640 pixels. Pictures of well-
known buildings and landscapes were avoided. Eabjest participated in an encoding
session followed by a retrieval session.

In the encoding session, 120 images of buildingevpeesented randomly intermixed
with 120 images of landscapes. Stimuli were prej@ainto a screen with a visual angle of
approximately 8.5 degrees vertically and 10.8 deglerizontallyEach trial started with
a fixation cross displayed with a random duratiéri. @-1.8 s (mean 1.5 s) followed by
the actual stimulus presented for 1 s (Fig. 5).u&sgion mark was displayed for 1 s after
the stimulus offset, followed by the next fixatienoss. During the presentation of the
guestion mark, the subjects were instructed to naakeilding/landscape decision by a
button press with the left or right index fingespectively. Note that no motor responses

were given during the presentation of pictures. Tésponse time of the subject had no
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influence on the duration of each trial. The sutsewere instructed to memorize the
images for the subsequent memory test in the velrgession.

The retrieval session followed approximately 5-lilutes after the encoding session
(Fig. 5). The 240 stimuli from the encoding sessiere randomly intermixed with 240
new pictures. The timing of the retrieval sessiomsvgimilar to the encoding session.
Subjects were instructed to respond with a lefeintinger button press when they were
highly confident that the presented picture hadnbgeviously shown in the encoding
session. When subjects were highly confident thnat picture was new, they were
instructed to give a right index finger button @e$o avoid guesses, subjects were asked
not to respond when they were uncertain. The stinmulthe encoding session were
counterbalanced across subjects such that the fsetldo pictures for one subject
corresponded to the set of new pictures for anahbject. All investigations were carried

out between 9 a.m. and 6 p.m.

Encoding Retrieval

Figure 5. The experimental design used in the studythe encoding session subjects were shown
photographs (e.g. S1, S2) and instructed to makailding/landscape decision by a button press.hi t
retrieval session, participants were shown pict@ires the encoding session (e.g. S2) intermixedh e
new stimuli (e.g. P1). They were instructed to oggpto whether the picture had been shown in theipus
session. Based on the answers trials in the engagiasion were classified as later rememberedaad |
forgotten. Trials in the retrieval session wereelald as correctly recognized (HITs), correctly ctge, and
forgotten old items (MISSes).(Reprinted with persios from: Osipova D., Takashima A., Oostenveld R.,
Fernandez G., Maris E., Jensen O. Theta and gansuo#lations predict encoding and retrieval of
declarative memory. Journal of Neuroscience. 2@@6pp.:7523—-7531. Copyright 2006 by the Society for
Neuroscience).

All data analysis was performed using the FieldTtoplbox developed at the F.C.
Donders Centre for Cognitive Neuroimaging (httpwiwru.nl/fcdonders/fieldtrip) using
Matlab 7.0.4 (The MathWorks, Inc). The trials frone first session were divided into two
categories: later remembered and later forgottepedding on the response given in the
recognition session. Trials in the recognition Eass/ere classified as correctly identified

previously seen pictures (HIT), correctly rejectedv stimuli, not recognized old pictures
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(MISS), and new pictures incorrectly identified @d, i.e. false alarms. The number of
trials with false alarms was too low for the anay3he performance rates are presented
at Table 1. The chance level in this task was 50%.

In this study partial artifact rejection was perf@d by rejecting segments of the trials
containing eye-blinks, muscle and SQUID artifaBg this procedure smaller segments of
a trial, rather than a whole trial, can be rejecfBis is advantageous when calculating
time-frequency representations based on sliding tiimdows since fewer full trials have
to be rejected (in the subsequent averaging thebaumf segments applied is of course
taken into account). In order to ensure that segsnarere sufficiently long for the
subsequent analysis, segments shorter than 0.8esdigezarded as well. On the average,
the fraction of data segments rejected due to aatif were 16.4+9.2 % (later
remembered), 16.8+10% (later forgotten), 21.9+13.(1bT), 20.0+10.9% (correctly
rejected), 19.9£10.4% (MISS). For the sensor lamlysis, an estimate of the planar
gradient was calculated for each sensor using itirals from the neighboring sensors.
The horizontal and vertical components of the plagradients approximate the signal
measured by MEG systems with planar gradiometdrs.planar field gradient simplifies
the interpretation of the sensor-level data siee mhaximal signal is located above the
source (Hamalainen et al., 1993).

Time-frequency representations (TFRs) of power wateulated for each trial using a
FFT (multi)taper approach applied to short slidimge windows (Percival and Walden,
1993). The data in each time window were multipieith a set of orthogonal Slepian
tapers. The Fourier transforms of the tapered twnmelows were then calculated and the
resulting power estimates were averaged acrossstapee power values were calculated
for the horizontal and vertical component of theainested planar gradient and then
summed. The planar gradient power estimates wdrsesjuently averaged over multiple
trials for a given condition. For the frequencies3% Hz, an adaptive time window of 3
cycles for each frequencyT = 3/f) and an adaptive smoothingAff= 1/AT was applied.
This resulted in one taper being applied to the diam the sliding time window. In the
higher frequency bands (35-180 Hz), a fixed timedeiv of AT = 0.2 s and a frequency
smoothing ofAf = 10 Hz was used which resulted in three tapeiagapplied to the
sliding time window. The change in power was calted with respect to a baseline period

-0.5 to -0.3 s prior to the presentation of theatus.

A frequency-domain beamforming approach (Dynamiadmg of Coherent Sources,
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DICS) was used to identify sources of oscillatorgtivaty. Note, that for source
reconstruction the data from the true axial senandsnot the planar gradient estimate was
used. The DICSs technique uses adaptive spatiatsfito localize power in the entire
brain (Gross et gl.2001; Liljestrom et al.2005). The filter employs the cross-spectral
density matrix which is calculated separately ia fiie- and post-stimulus periods of the
individual trials and averaged. The data lengtthefsegmented trials for the theta sources
was no less than 0.5 s and for the gamma sourckssaadhan 0.2 dMultisphere forward
models were fitted to individual head-shapes idietifrom the individual MRIs (Huang
and Mosher, 1997) obtained for 12 out of 13 subjelie brain volume of each individual
subject was discretized to a grid with a 0.5 cnoltgfon. Using the cross-spectral density
matrices and the forward models, a spatial filteaswonstructed for each grid point and
the power was estimated for each condition in esdbject. The individual subjects’
source estimates were overlaid on the corresporahiagomical MRI, and the anatomical
and functional data were subsequently spatiallymadized using SPM2 (Statistical
Parametric Mapping, http://www.fil.ion.ucl.ac.ukfspto the International Consortium for
Brain Mapping template (Montreal Neurological Ihst2, Montreal, Canada,
http://www.bic.mni.mcgill.ca/brainweb). After spalti normalization, the beamformer

source reconstructions were averaged across ssibject

4.3 Statistical analysis

In Study |, a three-way repeated measures ANOVAUgrby frequency by region)
with contrasts was carried out to compare poweneslbetween the groups. The
activations within the ROIs, as well as the pea&kjfiencies, were compared usirgsts.
The distribution of the results of neuropsycholagitesting and the activation in ROIs
were tested for normality and compared using tviledéPearson correlation coefficient.

In Study Il spectral power at the five brain regioand four frequency bands was
compared between the MCI patients and controlsguaithree-way repeated measures
ANOVA (with group as a between-subject factor, drejuency and brain regioas
within-subject factors) with age as a covariate. ifeestigate more specifically which
regions and frequency bands differ between thegg@u case of significant main effect, a
set of univariate ANOVAs with contrasts and ageaovariate was employed. Disease-

related changes in the ROI activity, in turn, wenealyzed using two-way repeated
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measures ANOVA (group as a between-subject faaidrROI as within-subject factor)
with contrasts and age as a covariate, and thosleeirpeak frequency with a one-way
ANOVA, with age as a covariate. Greenhouse-Geisggection was used in all repeated-
measures analyses.

In Study Il a two-way repeated measures ANOVA (graby hemisphere) with
contrasts was carried out to compare ASSR dipalations and amplitudes between AD
patients and controls. A two-way repeated measdiBVA (group by hemisphere) was
employed to test the log-transformed 40-Hz powéedinces between AD patients and
controls.

In Study IV the significance of the difference beem the two trial types in the
encoding session (later remembered and later temgotand the three trial types in the
retrieval session (HIT, correct rejection, MISS)swestablished using a randomization test
(Maris E. and Oostenveld R., unpublished work).sTiest effectively controls the Type-I
error rate in a situation involving multiple comigans (such as 151 sensors) by clustering
neighboring sensor pairs that exhibit the sameceffEime points were averaged within
the 0.3-1 s interval, which is in agreement witle time course of memory effects
indicated in ERP studies. This window of analyss® avoids interference of early visual
evoked responses. Data points were also averadkuhiiequency bands. The frequency
boundaries of theta, alpha, and beta bands weredbas those widely accepted in
EEG/MEG literature (Niedermeyer, 2009he frequency boundaries of the gamma band
were based on visual inspection of the TFRs for #weraged conditions. The
randomization method identified sensors whosetissitzs exceeded a critical value when
comparing two conditions sensor by sengok (0.05, two-sided). To correct for multiple
comparisons, the sensors which were neighborirgpate were grouped as clusters. The
cluster-level test statistic was defined as the sifinthe t-statistics of the sensors pairs
constituting a cluster. The Type-l error rate foe tcomplete set of 151 sensors was
controlled by evaluating the cluster-level testtiste under the randomization null
distribution of the maximum cluster-level test sti¢. This was obtained by randomizing
the data between the two conditions across mulsplejects. By creating a reference
distribution from 3000 random draws, thevalue was estimated according to the
proportion of the randomization null distributiorxceeding the observed maximum

cluster-level test statistic.
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5 Results

5.1 Sources of oscillatory brain activity in AD (Study 1)

The three-way ANOVA revealed a significant groufeef (F (1,21) = 11.2p< 0.01),
and a significant group by frequency band inteaac{ (3,63) = 5.0p < 0.01), indicating
increased slower and reduced faster activity inpsilents. Contrasts revealed an increase
in delta power in the frontaF((1,21) = 7.3,p < 0.05) and occipitalR (1,21) = 5.7p <
0.05) regions; overall increase in theta powemfib F (1,21) = 6.3,p < 0.05; centralF
(1,21) = 6.2,p < 0.05; left temporalF (1,21) = 8.7,p < 0.01; right temporalF (1,21) =
7.3,p < 0.05; occipitalF (1,21) = 6.9p < 0.05); and decrease in beta power in the frontal
region ¢ (1,21) = 7.1p< 0.05) in AD group (Fig. 6).

Relative
power (a.u.)

0
Delta Theta Alpha Beta

—— AD patients
---- Controls

Figure 6. Mean relative power and standard ermordeita, theta, alpha and beta bands in AD andr@ont
groups in the frontal, left temporal, central, tighmporal and occipital regions. * p < 0.05; **<p0.01.
(Reprinted from Neuroimage 27: Osipova D., Ahvenide, Jensen O., Ylikoski A., Pekkonen E. Altered
generation of spontaneous oscillations in Alzhelsnatisease. pp: 835-841. Copyright (2005), with
permission from Elsevier).

Activation in the parieto-occipital ROl was sige#intly weaker in AD patient$ (<
0.01) whereas activation in the right temporal R@is enhancedo(< 0.05) (Fig. 7). In
addition, there was a statistically insignificamertd toward the increase in the left
temporal ROI in the AD. The neuropsychological estres, presented in Table 2, were
correlated against the ROI activations. The resoticated that only one out of eighteen
correlations was found to be significant. The ssasé the constructional praxis (figure
copying) subtest inversely correlated with thewation in the right ROI in AD patients (
= -0.73,p < 0.05).

37



The peak frequency for the AD group was 8.5 Hz3@&) and 9.5 Hz (£1.25) for the
controls. The peak frequency showed a trend foredese in the AD group but the result
was not significantg < 0.07). However, in the AD group, peak frequenoyersely
correlated with the activation in the right ROH-0.8,p < 0.01).

AD patients

nAm
2

IO

Controls

Figure 7. Grand averages of MCEs in AD and corgrolps. Parieto-occipital activation in AD patieigs
decreased whereas temporal activation is enhafegatiated from Neuroimage 27: Osipova D., Ahveninen
J., Jensen O., Ylikoski A., Pekkonen E. Altered ggation of spontaneous oscillations in Alzheimer's
disease. pp: 835-841. Copyright (2005), with pesiaisfrom Elsevier).

5.2 Sources of oscillatory brain activity in MCI (Study 1)

The three-way ANOVA revealed a significant groufeef (F(2, 20) = 3.7p < 0.05),
and a significant group by frequency band by regmeraction F(3,63) = 5.0p < 0.01).
According to contrasts, a significant group eff@eas found in the theta band in the central
(F(2, 20) = 6.5p < 0.01), left temporalK(2, 20) = 6.2p < 0.01), right temporalF(2, 20)
= 3.9,p < 0.05) and occipitalH(2, 20) = 5.6p < 0.05) regions (Fig. 8). Specifically, the
theta spectral power was lower in the controls M@l patients than that in the AD
patients in the central (controls versus AD pasientontrast estimate -1.0, 95%
confidence interval (Cl) [-1.5-0.4p < 0.01; MCI versus AD patients: contrast estimate
-1.0, 95% CI [-1.8-0.3]p < 0.05), left temporal (controls versus AD patiemsntrast
estimate -1.1, 95% CI [-1.7-0.4),< 0.01; MCI versus AD patients: contrast estimate
-0.9, 95% CI [-1.8-0.1]p < 0.05) and occipital (controls versus AD patiemtsntrast



estimate —-1.3, 95% CI [-2.2-0.5),< 0.01; MCI versus AD patients: contrast estimate
-1.3, 95% CI [-2.4-0.2]p < 0.05) regions. Theta band power in controls wagel than
that in AD patients in the right temporal regionorftrast estimate -1.0, 95% CI
[-1.7-0.2], p < 0.05). There were no significant differences iwpr between MCI

patients and controls.

power (a.u.)

o
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A - Controls
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Figure 8. Mean relative power and standard ernordeilta, theta, alpha and beta bands in MCI, AD and
control groups in the frontal, left temporal, cahtright temporal and occipital regions. * p <®.6* p <
0.01.

As shown by the grand-average minimum-current edém (Fig. 9), the source
distributions at individual alpha peak frequencggested significant abnormality of alpha
generation in AD patients, while there was no ddfee between the MCI patients and
controls in the parieto-occipital alpha activatioBe ROI analysis showed a significant
source amplitude difference between the AD vers@ phtients and controls (contrast
estimate -0.012, 95% CI [-0.023-0.00p,< 0.05), while there was no significant
difference between the MCI patients and controlghi@ parieto-occipital or temporal
regions. However, the main effect of the repeatedsures ANOVA remained non-
significant o = 0.07).

According to the ANOVA with age as a covariate, gneup difference in alpha peak
frequency, being lower in MCI (8.2+0.7 Hz) and AB.§£1.5 Hz) patients than the
controls (9.2+0.7 Hz), was non-significapt 0.09).
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Controls '

MCI pattents
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Figure 9. Grand average MEG source estimates itdhé&ols, MCl and AD patients. Source estimates fo
each subject were calculated for the individualkpieaquency in the spectrum (range 6-10.3 Hz). fodst
and MCI patients have a similar pattern of stromgigio-occipital activation, whereas in AD patients
parieto-occipital activation is decreased and tempeources are enhanced. (The loci of temporal and
parieto-occipital activation, determined individyalwith the ROl approach, have been encircled).
(Reprinted from Neuroscience Letters 405: OsipovaRantanen K., Ahveninen J., Ylikoski R., Happola
0., Strandberg T., Pekkonen E. Source estimatiospointaneous MEG oscillations in mild cognitive
impairment. pp: 57-61. Copyright (2006), with pesaidbn from Elsevier).

5.3 Auditory steady-state response in AD (Study IlI).

The main effect of ANOVA (group by hemisphere) icated a significant increase of
ASSR dipole amplitude in AD patients (1,20) = 5.4,p < 0.05). Contrasts revealed a
significant increase in ASSR dipole amplitude ia tight (F(1,20) = 5.0p < 0.05) and a
trend in the left hemisphere in AD patients £ 0.057). The difference in the left
(ipsilateral) hemisphere was not significant prdpadue to the reduced signal-to-noise
ratio and increased variance. In the right hemismh@ean dipole amplitude was 3.4+1.3
nAm in the AD group, and 2.3+£0.9 nAm in the congiabup. In the left hemisphere, mean
dipole amplitude was 2.7+£1.7 nAm for AD patientsldn5+0.8 nAm for controls. Grand
averaged dipole amplitudes for both groups and hethispheres are presented in Figure
10A.

There were no significant differences in the solocations (Table 3) or orientations.

A given extracranial magnetic field can be modddgdan indefinite number cfolutions,
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for example, by a weaker superficial or a strongeep source. The lack of significant
differences in dipole locations thus suggeststtimatsource amplitude differences between
the groups did not result from group differencestl® source depth. The dipole
coordinates for both groups were averaged in tlea ledordinate system and then co-
registered to the International Consortium for BraWlapping template (Montreal
Neurological Institute, Montreal, Canada; http:/Awdvic.mni.mcgill.ca/brainweb/) (Fig.
10B).

Right hemisphere

i 1k

(AL

i 500 réis

—
Fpm—— TTLT
—

———

10 nAm

e AD patients
= controls

.......... AD patients
controls

Figure 10. A. Grand averaged dipole amplitudesiénright and left hemisphere in AD and controlsugs
Dipole amplitudes of the AD patients were signifitg increased in the contralateral (right) hemesghand
showed a strong trend for increase in the ipsgdtgeft) hemisphere. B. Mean locations of ASSRotis in
both groups overlaid on the standard brain (Mohtieaurological Institute, Montreal, Canada). The
horizontal view is tilted along the Sylvian fissufReprinted from Clinical Neurophysiology 117: Pmva

D., Ahveninen J., Pekkonen E. Enhanced magnetiitaaydsteady-state response in early Alzheimer’'s
disease, pp.1990-1995, 2006, with permission frohe Tinternational Federation of Clinical
Neurophysiology).

Consistent with the ECD modeling results, the feegry domain analysis indicated
significantly increased 40 Hz power in AD patieats compared to control§ (1,20) =
10.3,p < 0.01). The means and standard deviations ofapdransformed power values
are presented in Table Fhe fact that no source analysis has been perforimedte
frequency domain is unlikely to confound the resufliven the similarity between the
time and frequency domain findings. Finally, thBfedence between ipsi- and contralateral
hemispheres was significamt € 0.01) in controls but in not in AD patien{s> 0.1).
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Right hemisphere (mm) Left hemisphere (mm)

X y z X y z

AD patients 47.3 £9.6 19.4 £12.7 56.9 £7.3 -48.6 £5.6 20.5+10.9 60.4 £7.0

Controls 48.8 +5.8 15.3+12.0 62.1 +4.6 -51.3+7.6 12.2 9.7 61.4 +12.6

Table 3. Mean coordinates and standard deviatibAS8R dipole locations in both hemispheres in Ald a
control groups. Dipole locations did not differ sificantly between the groups.

5.4 The role of theta and gamma oscillations in declarative memory
(Study 1V).

Behavioral performance

In the encoding session, the building/landscapésitecwas performed with a mean
accuracy of 96.5+ 2.8% demonstrating that subjewtse attending to the stimuli.
Incorrect (2.7+1.8%) and no response (0.6+1.0%)stnvere excluded from the analysis.
Notably, the d-prime values were higher for buitinthan landscapes. Recognition
memory performance for buildings and landscapesraggly is presented in Table 1.
Accuracy of recognition was calculated as a difieeein probabilities of a correct old
judgment (HIT) and an incorrect old judgment fonew item (false alarm; FA)P{=
probability HIT — probability FA). Due to the lowumber of FA trials, the recognition
performance substantially exceeded chance levedrffdie= 0.44 (SD 0.12), t12 = 12.48;
p < 0.001).

Encoding session

The time-frequency representations (TFRs) of pdaethe combined planar gradients
were calculated for different conditions. In thergaa band (60—90 Hz), strong activity
was identified over posterior areas for both latsnembered and forgotten items (Fig.
11). The TFRs revealed that the gamma activity wsisnger for later remembered
compared to later forgotten items during the 0.8+iine interval of the item presentations
(Fig 11B,C). This reflects the subsequent memorfecef Randomization analysis
identified two clusters of occipital sensors copasling to a significant difference in the
gamma band between the two conditiops<(0.01 andp < 0.05) (Fig 11A). Further,
sources of gamma activity were identified with teamformer analysis (Gross et, al.
2001; Liljestrom et aJ.2005). As shown in Figure 11D gamma sources ih bonditions
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were located bilaterally in Brodmann areas (BA) d& 19. Comparison of source
strength for the later remembered and later foegotirials revealed that the source
difference between the conditions was in the sareasa The location of these sources is
consistent with the topographies of power in FIA1

In the theta band (4.5-81z), a systematic difference in theta power waseoksi
when comparing the encoding period for later remenedh to forgotten trials (Fig. 12).
This difference was most pronounced over the tiginporal areas (Fig. 12A). The TFRs
over right temporal sensors showed that the diffegavas the strongest during the 0.3-1 s
period of the presentation interval (Fig 12B,C).tte theta band, statistics was done for
6.0+2.2 Hz, where the +2.2 Hz smoothing was deteeochiby our spectral estimation
approach. The randomization approach identifiedluster of sensors over the right
temporal cortex with a significant difference irettheta bandp(< 0.05) (Fig 12A). The
sources of the effect in the theta band could eauxcessfully identified, most likely due
to an insufficient signal-to-noise rati@.prerequisite for a good signal-to-noise ratidha
Beamformer analysis is a reliable estimate of powtach is based on a sufficiently high
number of cycles. In the theta band, that requieschs of much longer duration as
compared to higher frequencies (since each cydledrnheta band is longer than that e.g.
in the gamma band). The insuffiently low numbetr@ls results in inaccurate estimation
of the covariance matrix employed in the Beamforauaallysis. The source estimates in
the theta band were discarded based on the ladomdistency between subjects and
between source and sensor data.

There were no significant effects in either alplg&a13 Hz) or beta (13-25 Hz)

frequency bands during encoding.

Retrieval session

Old/new effects were identified by comparing hdscorrect rejections. Strong gamma
band activity was observed over the posterior br@gions during retrieval. The frequency
range was 60-90 Hz, similarly to that observedrduthe encoding session. This gamma
activity increased in the last part of the retriaagerval (0.3—1 s) over the occipital region
for hits compared to correct rejections, reflectthg old/new effect. The increase was
weak but statistically significanp(< 0.05). The primary sources of the gamma activity
were localized in BA18 and 19, similarly to the snm the encoding session. The

difference in source strength involved parietal andipital sources. However, due to the
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relatively low signal-to-noise ratio, the spatiétdbution of this source power difference

outside BA18/19 should be interpreted with caution.
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Figure 11. Gamma activity during the encoding sessthe subsequent memory effect. (A) The grand
average of the topography of gamma power for ther lemembered (LR), later forgotten (LF) trialdan
their subtraction (LR-LF). Two adjacent clustersoctipital sensors showed significant increaseaimma
power (p < 0.01, marked with *; p < 0.05, markedthwit). (B) Grand-averaged time-frequency
representations of power from one significant sesiowing the time course of gamma oscillationsrdyr
LR, LF and their difference. (C) Grand-averaged geampower averaged between 60-90 Hz for both
conditions for the same sensor as in (B). (D) Sesuecronstruction of gamma activity, averaged over
subjects, and overlaid on the MNI standard braine Bources for LR and LF conditions were located
bilaterally in BA18/19. The difference in power (LEF) revealed sources in BA18/19 as well. The poofer
the source representations was thresholded atrteaffmum. (Reprinted with permission from Osipova D.
Takashima A., Oostenveld R., Fernandez G., MarjsJénsen O. Theta and gamma oscillations predict
encoding and retrieval of declarative memory. Jaliaf Neuroscience. 2006; 26 pp.:7523—-7531. Copyrig
2006 by the Society for Neuroscience).
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During retrieval, a modulation in theta (4.5-8.5) Hand was found when comparing
hits to correct rejections. The difference in thbtand activity when comparing hits to
correct rejections was lateralized over right pasteregions; this effect was statistically
significant in the time window 0.3-1 § € 0.05). Similarly to the first session, source
analysis for the theta band did not produce anyiogcing results, again, probably due to
an insufficient signal-to-noise ratio. Recognitigffiects were identified by comparing hits
to misses. No significant effects were observetha theta band; however, the gamma
band modulations were highly robust. The differeiltehe gamma activity was also
significant between hits and misses (two adjactrsters of p < 0.01 and p < 0.05). The
sources of the gamma activity were located bil#liera BA18 and 19;the difference in
source strength was also confined to the same.areas

Beta power was bilaterally significantly decreasedthe hits as compared to correct
rejections f < 0.01; data not shown). For hits vs. misses, pet@er was also decreased
bilaterally over wide areap € 0.03; data not shown). However, since hits respsnvere
consistently given with the left index finger, andrrect rejections and miss responses
with the right index finger, the lateralized effecin the beta band are most likely
explained by motor preparation (e.g. Pfurtschedteal., 1998). No effects were found in
the alpha band in the retrieval session.

Figures illustrating the findings from the retrieg®ssion are shown in the appendix
(Study V).

Induced vs. evoked activity

The EEG/MEG literature distinguishes between evolked induced oscillatory
activity. Evoked activity is phase-locked to thémetli and is thus also present in the
ERPs/ERFs. Induced activity is not strictly phaseked to the stimuli and is not present
in the ERPS/ERFs (see Tallon-Baudry and Bertra@89)1L In order to clarify whether the
changes we observed are due to modulations in dvag&tvity, we calculated the TFRs
for the ERFs. Only one cluster of six fronto-temrgdasensors in the gamma band was
significant for HITs compared to CRg € 0.05). However, the location of this significant
cluster was clearly different from the posterionster showing the increase in induced
gamma activity (Fig. 4). No other significant memoelated changes in evoked activity
were observed (data not shown). Notably, Takasktrad. (2006) found memory effects
in the ERFs during the encoding session usingdhgesparadigm. These ERF effects had
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very slow time courses and were sustained overrakkiendred milliseconds. Therefore,
they would be present only in the low frequencygem (<2 Hz) and cannot be considered
oscillatory phenomena. We conclude that the memalgted effects in the gamma and
theta band are explained by induced oscillatorwiigtrather than the difference in the
ERFs.
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Figure 12. Theta activity during the encoding sassihe subsequent memory effect. (A) The grandamee

of topography of theta power for the later remeradgiLR), later forgotten (LF) trials and their difénce
(LR-LF). The cluster of right temporal sensors vwhghowed significantly increased power in the LR as
compared to the LF condition is indicated by thesses (p < 0.05). (B) Grand-averaged time-frequency
representations of power from a significant repnestéve sensor showing the time course of theta
oscillations during LF, LR and their difference.)(Grand-average of theta power (4.5-8.5 Hz) fohbot
conditions for the same sensor as in (B). (Repdintéth permission from Osipova D., Takashima A.,
Oostenveld R., Fernandez G., Maris E., Jensen @taTaAnd gamma oscillations predict encoding and
retrieval of declarative memory. Journal of Neuresce. 2006; 26. pp.:7523-7531. Copyright 2006Hey t
Society for Neuroscience).
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6 Discussion

Oscillations are thought to be one of the mechasishtommunication between brain
regions required for cognitive processing, inclgdimemory tasks. In this study,
abnormalities of oscillatory brain signals were @stigated in order to elucidate the
neuronal basis of degenerative abnormalities in amgriunction. First, power and sources
of oscillatory activity were investigated in patigrwith memory disorders and healthy
aged subjects. The results revealed abnormalitispontaneous MEG activity in AD but
not in MCI and normal aging, manifesting, mostlyjncreased theta power and enhanced
temporal and reduced occipito-parietal oscillateoyrces in 6-12.5 Hz frequency range.
Further, the amplitude of ASSR to auditory stimigiatwas significantly increased in AD
patients as compared to healthy subjects. Finallythe attempt to develop an optimal
paradigm suitable for the analysis of brain rhythimgolved in memory processing
directly, it was found that increase in theta aathma oscillations can predict successful
memory encoding and retrieval. This approach cdaédpotentially used to investigate

declarative memory deficits in AD patients.

6.1 Abnormalities in oscillatory activity in AD and MCI

The distribution of sources of spontaneous actiwitghe 6-12.5 Hz frequency band
was studied in AD, MCI and healthy aged subjectamylying MCE (Uutela et gl1999),
which allows simultaneous mapping of several aaitilly sources in the brain (Jensen and
Vanni, 2002). In the control subjects, similarly N&CI patients, sources of spontaneous
alpha-band activity were concentrated, as expgtt8iamson and Kaufman, 1989; Hari
and Salmelin, 1997; Ciulla et al., 1999), in or m#lae parieto-occipital sulcus. AD
patients, on the other hand, had reduced pariatipitel activation, accompanied by
enhanced sources in the temporal regions. Theth pp@amer was increased in AD patients
but not in MCI patients or controls. Our findingbus suggest that changes in
electromagnetic activity in AD are mostly due to ianrease in activation of temporal
generators oscillating in the frequency of 6-122% Hather than to slowing of existing
sources. Functionally, these generators might sepiteeither upper theta or lower alpha
band activity.

One possible interpretation is that the temporalrees represent the so-called
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temporal “tau” rhythm, and the observed activityghii reflect increased relative
contribution of the 6-10 Hz sources in the tempoaatex, which have been suggested to
coincide or replace occipital alpha when the subjeadrowsy (Hari, 2005). However,
given that the duration of the measurement didexaeed two minutes and the data was
subsequently checked for the presence of sleeglspirand no increase was found at 12—
15 Hz (Zygierewicz et gl.1999), there is no direct evidence suggesting theit AD
patients were drowsier than MCI patients or costréliso, in terms of clinical diagnosis,
these patients were at an early stage of the dise@h no fundamental problems in
understanding, or following the task instructionsridg the 2-minute recording. The
second possible interpretation is related to thetatirhythm. The peak frequencies for
which source localization was performed varied frérto 10.2 Hz in the AD group but
due to blurred definitions of frequency bands inunoelegenerative diseases it is
problematic to strictly differentiate alpha andtthbands in AD. Furthermore, as pointed
out by Niedermeyer (1997), the midtemporal alphaebghythm may partially overlap
with the upper theta. Thus one could interprettémeporal activation in AD as an increase
in upper theta power, also supported by the resfilfower analysis. This explanation is
particularly interesting, because theta activitytlimught to be engaged in memory
operations (Klimesch et al., 1996; Jensen and Bex002; Sederberg et al., 2003; Fell et
al., 2003), which is the first cognitive domainkie impaired in both AD and MCI. The
role of theta activity in memory performance hasrbaddressed in Study IV. However, it
remains to be determined whether focal task-reldheta rhythm and the resting-state
theta which manifests in the diffuse pathologiggi@ancement in AD patients are based on

a common neurophysiological mechanism.

Even though not statistically significantly, theakerequencies showed a strong trend
for being lower in AD as compared to the contrddjeats. Moreover, the peak frequency
in AD patients inversely correlated with the activa in the right ROI, indicating the
possible involvement of the upper theta band (uB.foHz) in patients with specifically
pronounced temporal activation. These resultsralme with the data of Fernandez et al.
(2002), who reported increased dipole density @ivsictivity (up to 8 Hz) in the temporo-
parietal regions of AD patients, and PET studidsctv demonstrated correlation between
the increased slow rhythms and reduced oxygen rmlktabin temporo-parietal regions in
AD (Buchan et al.1997). In MCI patients, the posterior alpha peakidiency, on average,

was also lower than in control subjects. Althoulgis tifference was non-significant, it is
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interesting to note that this tendency resemblesBRG abnormalities reported in other
studies on MCI (Fernandez et,&006) and AD (Penttila et all985; Schreiter-Gasser et
al,, 1993).

The enhanced temporal-lobe contribution associateith parieto-occipital
deactivation, suggest that the “anterior shift'sources identified with ECD modeling in
AD shown in EEG studies of Dierks et al. (1993) afAdang et al. (2000) can be
interpreted as a relative change in posterior/teaienerators. This pattern of generator
changes is partly in agreement with the interpiatatof Babiloni et al. (2004) who found
that suppression of alpha sources in AD is speadijigoronounced in the posterior brain
regions as compared with their central counterpd@ite study of Babiloni et al. (2004), on
the other hand, revealed no enhancement of souncéise temporal regions in AD
patients. Fernandez et al. (2002), however, regarereased temporoparietal sources of
slow activity, which is consistent with our resulfShe reasons for the discrepancy
between our results, as well as the results of dretez et al. (2002), and the data of
Babiloni et al. (2004) are unclear at present. Qrason could be that the EEG/LORETA
approach used by Babiloni and his collaborator§42@roduced quite diffuse sources for
the spontaneous rhythms, although other source Imgdmethods, such as ECD, MCE
and Dynamic imaging of coherent sources (DICS)mstepoint to fairly focal generators
of oscillatory sources (Liljestrom et aR005). Our MCE models of MEG activity, with
relatively narrow point-spread function, indicatedlear pattern of focal loci of activity at
the individual level, robust in most controls budimy abnormal in AD patients. In MCI,
however, our result is principally consistent wéthrlier EEG observations (Huang et al.
2000) although only few MEG source estimation stadon alpha activity have been

published to date.

Notably, differences in the temporal ROI activatibatween the AD and control
groups were statistically significant only in thght hemisphere and inversely correlated
with the results of a constructional praxis subtidss noteworthy that this change in the
right hemisphere MEG source pattern correlated wigerformance in a
neuropsychological tests that are generally befiet@ measure predominantly right
hemispheric functions (Lezak, 1995). Although thésult requires further empirical
corroboration, it suggests that our MCE estimatesisure clinically relevant functional
changes in the brains of AD patients. The latea#ibn of this correlation result also

supports the interpretation that the observed adwiage not due to reduced vigilance in

49



AD patients.

Animal studies suggest that alpha rhythm is likelype generated by networks of both
thalamic and cortical oscillators (Lopes da Silvale 1973; Lopes da Silva et all980).
Thalamic pathology has been observed in both ADM@d, by using functional (Callen
et al, 2002; Nestor et gl2003) and anatomical (Karas et 2004; Pennanen et a2005)
neuroimaging methods. However, the temporoparietex seems more spared in MCI
than in AD patients (Nestor et a82003; Karas et 3l2004). One might thus speculate that
the tendency toward a reduction of the alpha peeguency in MCI reflects thalamic
pathology, whereas the temporoparietal changesnpally explaining the “anterior shift”
of alpha sources in AD (Huang et,a000), might only be associated with clinically
evident AD. To test this hypothesis, follow-up sasdin MCI patients with a much larger
number of subjects are needed.

Furthermore, alpha rhythm generators are thoughtmuelulated by brainstem
cholinergic neurons (Steriade et, d@l990a). Given that deficits in the brain cholinerg
transmission are suggested to be the major neurmachk phenomenon underlying
cognitive and functional changes associated with(BBvies and Maloney, 1976; Rylett
et al., 1983; Arendt et al., 1984; Reinikainen let £988), it is possible that the present
abnormalities in MEG oscillatory sources and powpectra could reflect pathological
changes in the cholinergic system . Interestinijig,increased delta and theta power, and
the trend toward the peak-frequency reduction gfhal resemble the pattern of
spontaneous EEG changes observed after admirostiaftiscopolamine, a centrally acting
antagonist of muscarinic ACh receptors (e.g. Osap@t al, 2003). Further, the
administration of scopolamine was shown to impagaged memory performance
(Ahveninen et a).2002) suggesting the involvement of cholinergistegn in mnemonic

operations.

Taken together, mapping of oscillatory sources WWMEGE revealed the decreased
power of alpha sources within the parieto-occipidion often accompanied by the
enhanced activation in the temporal lobes in ADgoa$, as opposed to MCI patients and
controls. Thus resting brain activity in MCI patierseems to differ from observations in
early AD. The conclusiveness of this negative reisusupported by the fact that the MCI
patients were, on average, slightly older tharcth@rols (and the non-medicated, recently
diagnosed AD patients), which decreases the prbtyabhat there was an undetected

abnormality in the control sample. However, thedemncy toward the slowing of
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spontaneous alpha activity in MCI suggests thatesofrthe MCI patients might develop

more profound oscillatory abnormalities inheremtA®.

6.2 A lack of inhibition in AD? Auditory steady-state response in AD
(Study II)

Another important finding of the present studyhattthe amplitude of the ASSR, most
likely reflecting both induced and evoked activityas significantly increased in AD as
compared to healthy subjects. One possible inteoa of this result is an impaired
adaptation of auditory neurons. ASSR experimentsemthy subjects have demonstrated
a differential pattern of refractoriness for tramgi and steady-state responses: in case a
short gap is present in a sequence of stimuli AR8R quickly return to its initial
amplitude, whereas the transient response (suahgasP50) has an inverse pattern of
remaining refractory for the short gaps (Gutschetllal, 2004). The present result thus
suggests that ASSR evoked by continuous fast-tateilation is a sensitive measure of
inhibition, which seems to be impaired in AD as pamed to healthy subjects.

Middle latency components, the superposition ofclhis often thought to result in
ASSR (Galambos et al1981), have been investigated in several EEG esudih AD.
While the later P50 component was reported to beedsed (Buchwald et all991;
O'Mahony et al. 1994) or absent (Green et,&l992) in mild-moderate AD, there is
evidence that earlier MLR components could be ungéd (Buchwald et al.1991;
O'Mahony et al.1994). However, the present findings of increaB8&R amplitudes in
AD patients resemble the findings in subjects sit for AD (Boutros et al.1995) and in
patients with MCI (Golob et gl2002), showing an increased P50 amplitude as cadpa
to healthy controls. The lack of inhibition in a ulde-click paradigm has also been
reported in non-medicated AD patients (Cancelklet2006). Further, the administration
of the muscarinic antagonist scopolamine, ofterd wsea pharmacological model of AD,
has resulted in enhanced amplitudes of early aydE®RF components (Jaaskeldinen et
al., 1999; Pekkonen et aR001; Ahveninen et al2002). Our results thus resemble those
obtained in high-risk groups which subsequentlyedi@y into clinically prominent AD.
Notably, patients in our study have been only rdgetsiagnosed with AD. This may
explain the similarity of the present results tost reported in MCI and subjects at risk
for AD.
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However, some experimental evidence fails to erpéai ASSR by superposition of
MLR (Santarelli and Conti, 1999; Ross et al., 200R)is implies that ASSR can be
viewed as induced activity. The results of RosalgR005) support the hypothesis of
ASSR being a separate neural oscillation overlappiith the ongoing brain activity. To
our knowledge, at present no studies on inducedngaractivity in AD have been
conducted, although changes in synchronizationpohtneous gamma activity in AD
have been reported (Stam et 2002; Koenig et al.2005). In general, induced gamma
oscillations have been proposed to play an importate in sensory information
processing, such as e.g. temporal binding in anydjterception (Joliot et al1994), but
the actual relationship between the steady-statergaand binding is largely unknown
(Tallon-Baudry and Bertrand, 1999).

In our study, ASSR sources were most likely loedimn the primary auditory cortex,
which is supported by the previous human (Mékeld Biari, 1987; Hari et al., 1989;
Pantev et al., 1993) and animal (Franowicz andBda®95; Eggermont, 1997) studies. It
is thought that cortical neurodegeneration in Aértstfrom the medial temporal regions,
and then progresses to the higher order areasaidbcortex (for a review, see Braak et
al., 1999). At the same time, the cortical degenerasosccompanied by the progressive
changes in the basal forebrain ACh system thatruates the neocortex, including
auditory cortices. It is possible that the preseifiécts reflect changes in such diffuse
projection systems, regulating the function of &luelitory cortex (reviewed in Hu, 2003).
The conclusion that the cholinergic system mayrbelived in the modulation of auditory
cortex can also be supported by the fact that AB@R increased, not decreased, in AD
patients, resembling earlier findings obtained bplackage of cholinergic muscarinic
receptors in both elderly (Ahveninen et &002) and young subjects (Jaaskelainen gt al.
1999; Ahveninen et al1999; Pekkonen et ak001).

Several theories of cognitive aging (e.g. Hasher Zacks, 1988) have suggested that
aging is associated with deficits in inhibitory @tion, leading to inadequate filtering of
relevant information. This notion is consistent lwibur results. Moreover, our results
support the idea that such deficient gating magcaftimulus processing already at an
early cortical stage. Interestingly, previous stsdsuggest that abnormal adaptation of
auditory neurons may be associated with cholineabimormalities; genetic linkage studies
suggest that abnormal P50 suppression to pairekl sfimuli in schizophrenia may stem

from an impairment in a specific nicotinic receptme (Freedman et al997). This is
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especially interesting given the crucial role o ttholinergic system in the modulation of
higher cognitive functions and its reported abnditea in AD. Although it has been
shown that application of ACh in cell studies proes mainly excitatory effects in the
auditory cortex (Cox et al1994; Aramakis et gl.1999), it has also been shown that
muscarinic receptors, in turn, have both excitatang inhibitory subtypes (Durieux,
1996), and that the ACh effects depend on the ¢§pestsynaptic neuron (Pirch, 1995). It
is possible that the cholinergic modulation mighpsress weak and enhance strong input
activation functioning analogously to the noisdefil In AD this mechanism might be
impaired, leading to the lack of inhibition in dogtl auditory processing.

The results of Study Il suggest an enhancemetiteoASSR in AD patients with mild
to moderate cognitive deterioration, as compardueadthy elderly subjects. This possibly
reflects decreased inhibition in auditory procegsind deficits in adaptation to repetitive

stimulation with low relevance, probably due to afmnalities in cholinergic modulation.

6.3 Optimal paradigm to investigate oscillatory abnormalities in
AD?

Despite providing some insight on neurophysiologaeficits in AD, recording MEG
during a mnemonic task can be more sensitive #sing-state measurements. Therefore,
this study aimed at developing an MEG paradigmaslet for investigating the neural
basis of memory abnormalities in memory disordsush as AD. A declarative memory
task was specifically chosen since deterioriatidndeclarative (or more specifically,
episodic) memory is one of the earliest and mayjongoms of AD. Our results showed
that declarative memory encoding and retrieval associated with modulations of
oscillatory activity in the gamma and theta bar@lsccessful memory trace formation, the
subsequent memory effect, was accompanied by & larggnitude of gamma power
produced in occipital areas (BA18/19). This gammaer was significantly stronger for
the later remember than for the later forgottemge The effects in the gamma band
occurred in the 0.3-1 s interval with respect tmslus onset. Further, theta power was
increased over the right temporal areas with rdgpesubsequent memory but the sources
could not be identified. In the retrieval sessiba tld/new effect was expressed as gamma
power being significantly greater for hits compatedcorrect rejections. The old/new

effect was also associated with a significant iasee in the theta power over right
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parietotemporal regions. The recognition effect vexpressed as high power in the
gamma band when comparing hits to misses. The gasowma&es for both effects were
identical to those in the encoding session. Tobist of our knowledge, this is the first
study demonstratingnduced gamma activity in the occipital areas assed with
declarative memory encoding and retrieval.

Present results are consistent with previous EEGiet which have demonstrated an
increase in theta power for the subsequent memibegte(Klimesch et al.,, 1996) and
old/new effect (Klimesch et al., 2000). These stadipplied words, whereas in the present
study pictorial stimuli were utilized. In additioour results show that the effects in the
theta band most likely originate in the right temgddobe. The effects in the theta band
over right temporal cortex are consistent with iiigd from intracranial EEG recordings
(Sederberg et al., 2003). In addition to theseltgsincreased power in the gamma band
was identified in the occipital cortex. Understaoigia the locations of electrodes in
intracranial EEG depend on the type of pathologymithe requirements of presurgical
mapping, which often leave the occipital region avered. Moreover, it is difficult to
differentiate pathology- or medication-related higdquency activity from regular gamma
oscillations, whereas in the present study unmégticyoung healthy subjects were
measured.

Further, given important differences in evoked amdliced activity, we can conclude
that our findings do not stem from changes in edokelds but rather from induced
activity in the theta and gamma band3verall, these findings support previous
intracranial EEG data suggesting a role for bothtahand gamma oscillations in

declarative encoding.

6.3.1 Physiological role of theta and gamma oscillations during declarative
memory encoding

Synchronization in the gamma bands in the visusiesy has been related to feature
binding and selective attention in cats (Eckhoralgt1988; Gray and Singer, 1989) and
monkeys (Kreiter and Singer, 1996; Gail et al., @0Bries et al., 2001). Several MEG
studies have likewise shown a relationship betwthengamma-band activity and visual
perception (Kaiser et al., 2004; Adjamian et al04£ Hoogenboom et al., 2006). Thus,

the increase in gamma band power during declaratemory encoding and retrieval most
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likely reflects enhanced neuronal synchronizatiBxperimental and theoretical work
shows that a neuron receiving multiple inputs isreniikely to fire if these inputs are
synchronized (see Salinas and Sejnowski, 2001 foeview). Thus, the increase in
synchronized activity in BA18/19 is likely to le&ol a stronger drive to downstream areas

directly involved in memory encoding and retrieval.

Theta oscillations could play a role in synaptiagpicity. It has been shown bothim
vitro andin vivo recordings that long-term potentiation in the mggpocampus can be
induced by pairing of the inducing stimulus witle thbeak of the hippocampal theta rhythm
(Huerta and Lisman, 1993; Hoélscher et al., 199)s Ipossible that the right temporal
theta activity reflects neuronal dynamics that gimal for synaptic plasticity which
facilitates memory encoding. Notably, a flow of anhation between different brain
regions during memory formation is modulated by A@viewed in Hasselmo, 1999). In
animals, high levels of ACh are accompanied by higpocampal theta oscillations
(Winson, 1974) coinciding with the encoding of nepresentations. Memory formation
in humans also seems associated with an increasieinneocortical theta activity
(Sederberg et al.2003). Low doses of cholinergic antagonist scopat@ impair
encoding of new information, but have little effect the retrieval of information encoded
prior to scopolamine administration (Ghoneim andardlelt, 1975; Hasselmo and Wyble,
1997) which supports the notion that reduced clkaodiit modulation interferes with the

feedforward sensory input, disrupting the encoaihgew information.

In AD, cholinergic markers are decreased (Daviat Maloney, 1976; Whitehouse et
al., 1982; Arendt et al., 1984), whereas thetaviigtis significantly increased in rest (e.g
Coben et a).1983; Penttila et gl1985; Schreiter-Gasser et,dl993). Therefore, it seems
that the relationship between ACh and pathologrcatthanced diffuse theta activity in
AD differs from that between ACh and memory-relatieeta oscillations. It is unlikely but
possible that the increase in theta power in thiet temporal region observed in Study IV
represents hippocampal activation, whereas wideasptheta in Studies | and Il is mainly
of neocortical origin. If it is not the case, aheta activity observed in all of these studies
originates in the neocortex, increase in the tipetaer in AD can either represent the
overcompensation of theta activity without the ilvemnent of the cholinergic system or
reflect an independent phenomenon. Thus, it woeldnkeresting to investigate how the
loci and other properties of memory-related thes@llations are modulated by the overall

theta during a successful memory formation in pesgion of AD.
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6.3.2 Working memory needed for declarative memory formation

It has been proposed that there are strong coonectietween working memory and
processes involved in declarative encoding andeketr (Baddeley, 2000). Both theta and
gamma activity has been reported during maintenahesrking memory representations
in monkeys (Pesaran et al., 2002; Lee et al., 2@0&) humans (Gevins et al., 1997;
Sarnthein et al., 1998; Tallon-Baudry et al., 20Baghavachari et al., 2001; Jensen and
Tesche, 2002; Howard et al., 2003; Kaiser and lndeeger, 2005)Additionally, a
physiologically realistic computational model whicaccounts for the functional
interaction between these two rhythms during wagkimemory maintenance was
proposed by Lisman and Idiart (1995). Predictiorsnf the model has been tested in
several studies (reviewed in Jensen, 2006). Theemads later extended to account for
the encoding of long-term memory representatioms.péarticular it was argued that
synaptically dependent hippocampal encoding requires working engnmaintenance
(Jensen and Lisman, 2005). These ideas are cansigtd a recent study by Mormann et
al. (2005) who observed that declarative memoryratfins were modulating the theta
and gamma band activity recorded from the mediaipt@al lobe (MTL) in epileptic
patients. Recent neuroimaging studies support Waking memory plays a role for
declarative encoding (Davachi and Wagner, 2002;gRaath et al., 2005). This leaves
open the possibility that the theta and gamma ictobserved during encoding and
retrieval in our study is related to working memanyerations required for declarative
memory operations. From that perspective the gaagtheity in visual areas might reflect
representations being reinforced by top-down agtifiom areas directly engaged in
encoding and retrieval (see e.g. Fig. 6 in Randeetal., 2004). This reinforcement might
be related to working memory operations suppoiimgcessful memory performances.

A handful of studies, which employed a memory tagie recording MEG from AD
patients, to our knowledge, has investigated onlyrking memory. They reported
decreased alpha (Hogan et @003; Pijnenburg et al2004) and beta (Pijnenburg et, al.
2004) synchronization, along with reduced amplitafiiong-latency ERFs (Maestu et,al.
2004) in AD patients. However, if occipital gammetiaty in our study indeed reflects
activation of visual representations required fasrking memory performance during
declarative memory formation, it would be intenegtito see whether there are
abnormalities in the gamma band power in AD.

In conclusion, successful declarative encodingrairieval seem to be associated with
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increases in occipital gamma and right hemisphéetat power in healthy young
unmedicated subjects. This paradigm may be seeditiinvestigate declarative memory

operations whose impairment constitutes the majgnitive deficit of AD.
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7 General conclusions

This study demonstrated abnormalities in oscillagond evoked brain activity in AD.
(i) The power of oscillatory sources in the 615 band was decreased in the parieto-
occipital and enhanced in the temporal regionsbinpatients, as opposed to MCI patients
and healthy elderly subjects. Thus MCI and early #dpear to have different impact on
resting brain activity. However, the tendency tadvéite slowing of spontaneous alpha
activity in MCI suggests that some of the MCI patge might develop more profound
oscillatory abnormalities inherent for AD. (i) ABSwas enhanced in AD patients, as
compared to healthy elderly subjects, possiblyertiihg decreased inhibition in auditory
processing and deficits in adaptation to repetisitimulation with low relevance. (iii) A
paradigm sensitive to neurophysiological correlatedeclarative memory, which is one
of the major cognitive deficits in AD, was develdp& his paradigm revealed that both
successful declarative encoding and retrieval aso@ated with increases in occipital
gamma and right hemisphere theta power in healdung unmedicated subjects. This
approach may be potentially useful to investigadelatative memory deficits in memory
disorders, such as AD and MCI. Since oscillatiome thought to be one of the
mechanisms of communication between different bramions, our work provides an

insight on neuronal abnormalities in aging and msnaasorders.

58



References

Adjamian, P., Holliday, I.E., Barnes, G.R., Hillabd, A., Hadjipapas, A. and Singh, K.D. (2004) loel
visual illusions and gamma oscillations in humaimpry visual cortexEuropean Journal of Neuroscience
20, 587-592.

Ahveninen, J., Jaaskeldinen, I.P., Kaakkola, Stinén, H. and Pekkonen, E. (2002) Aging and chesijic
modulation of the transient magnetic 40-Hz auditegponselNeuroimagel5, 153-158.

Ahveninen, J., Tiitinen, H., Hirvonen, J., Pekkon&n, Huttunen, J., Kaakkola, S. and Jaaskelaihén,
(1999) Scopolamine augments transient auditory 20rdgnetic response in humaNguroscience Letters
277, 115-118.

American Psychiatric Association (199#merican Psychiatric Association, Diagnostic andatiStical
Manual of Mental Disorder (DSM-IVAmerican Psychiatric Association, Washington.

Amieva, H., Letenneur, L., Dartigues, J.L., Roudrdyer, I., Sourgen, C. and D'Alchee-Biree, F. @00
Annual rate and predictors of conversion to denaeii subjects presenting mild cognitive impairment
criteria defined according to a population-basedtDementia and Geriatric Cognitive Disorders, 87-

93.

Amzica, F. and Steriade, M. (1998) Electrophysiala correlates of sleep delta waves.
Electroencephalography and Clinical Neurophysioldfy7, 69-83.

Aramakis, V.B., Bandrowski, A.E. and Ashe, J.H. 9429 Role of muscarinic receptors, G-proteins, and
intracellular messengers in muscarinic modulatiéonN&DA receptor-mediated synaptic transmission.
Synapsg32, 262-275.

Arendt, T., Bigl, V., Walther, F. and Sonntag, M984) Decreased ratio of CSF acetylcholinesterase t
butyrlcholinesterase activity in Alzheimer's disedasancet 1, 173.

Babiloni, C., Binetti, G., Cassetta, E., Cerbonésbh, Dal Forno, G., Del Percio, C., Ferreri, Ferri, R.,
Lanuzza, B., Miniussi, C., Moretti, D.V., Nobili, FPascual-Marqui, R.D., Rodriguez, G., Romani,.G.L
Salinari, S., Tecchio, F., Vitali, P., Zanetti, @appasodi, F. and Rossini, P.M. (2004) Mappingrithsted
sources of cortical rhythms in mild Alzheimer'sadise. A multicentric EEG studyieuroimage22, 57-67.

Backman, L., Andersson, J.L.R., Nyberg, L., WinblBd Nordberg, A. and Almkvist, O. (1999) Brairgiens
associated with episodic retrieval in normal aging Alzheimer's diseasieurology 52, 1861-1870.

Baddeley, A. (2000) The episodic buffer: a new congnt of working memory?rends in Cognitive
Sciences4, 417-423.

Bakin, J.S. and Weinberger, N.M. (1996) Inductidnaophysiological memory in the cerebral cortex by
stimulation of the nucleus basalRroceedings of the National Academy of Sciencéiseobnited States of
Americg 93, 11219-11224.

Ball, M., Braak, H., Coleman, P., Dickson, D., Dkgerts, C., Gambetti, P., Hansen, L., Hyman, Blinger,

K., Markesbery, W., Perl, D., Powers, J., Price,T¥ojanowski, J.Q., Wisniewski, H., Phelps, C. and
Khachaturian, Z. (1997) Consensus recommendatmmthé postmortem diagnosis of Alzheimer's disease.
Neurobiology of Agingl8, S1-S2.

Bartus, R.T., Dean, R.L., Beer, B. and Lippa, A:B82) The cholinergic hypothesis of geriatric meyno

59



dysfunction.Science217, 408-417.

Beierlein, M., Fall, C.P., Rinzel, J. and Yuste,(R002) Thalamocortical bursts trigger recurrertivity in
neocortical networks: Layer 4 as a frequency-dependate Journal of Neuroscien¢@2, 9885-9894.

Berendse, H.W., Verbunt, J.P., Scheltens, P., vaik, DB.W. and Jonkman, E.J. (2000)
Magnetoencephalographic analysis of cortical agtivh Alzheimer's disease: a pilot stud@linical
Neurophysiologyl11, 604-612.

Berent, S., Giordani, B., Foster, N., Minoshima, [Sjiness-O'Neill, R., Koeppe, R. and Kuhl, D.E999)
Neuropsychological function and cerebral glucosdization in isolated memory impairment and
Alzheimer's diseasdournal of Psychiatric ResearcB83, 7-16.

Besthorn, C., Forstl, H., Geigerkabisch, C., Sattél, Gasser, T. and Schreitergasser, U. (1994) EEG
coherence in Alzheimer diseagdectroencephalography and Clinical Neurophysiold@fy; 242-245.

Boutros, N., Torello, M.W., Burns, E.M., Wu, S.®daNasrallah, H.A. (1995) Evoked potentials in sghj at
risk for Alzheimer's diseas@sychiatry Resear¢ts7, 57-63.

Braak, E., Griffing, K., Arai, K., Bohl, J., Bratek H. and Braak, H. (1999) Neuropathology of Alzhei's
disease: what is new since A. Alzheim&opean Archives of Psychiatry and Clinical Newieace 249,
14-22.

Braak, H. and Braak, E. (1996) Evolution of the nopathology of Alzheimer's diseas&cta Neurologica
Scandinavica93, 3-12.

Braak, H., Braak, E. and Bohl, J. (1993) StagingAdfheimer-Related Cortical DestructiokEuropean
Neurology 33, 403-408.

Brandt, J. and Benedict, R.H.B. (1998)opkins Verbal Learning Test-Revised: Professiol&nual
Psychological Assessment Resources, Inc., Lutzidéo

Brenner, R.P., Reynolds, C.F. and Ulrich, R.F. g)9Biagnostic efficacy of computerized spectralsusr
visual EEG analysis in elderly normal, demented degressed subject&lectroencephalography and
Clinical Neurophysiology69, 110-117.

Brewer, J.B., Zhao, Z., Desmond, J.E., Glover, GaHd Gabrieli, J.D.E. (1998) Making memories: Brain
activity that predicts how well visual experienc#l we rememberedScience281, 1185-1187.

Broks, P., Preston, G.C., Traub, M., Poppleton,Wayd, C. and Stahl, S.M. (1988) Modeling dementia
effects of scopolamine on memory and attentideuropsychologig?6, 685-700.

Buchan, R.J., Nagata, K., Yokoyama, E., Langmany®&a, H., Hirata, Y., Hatazawa, J. and Kann¢1997)
Regional correlations between the EEG and oxygetalmésm in dementia of Alzheimer's type.
Electroencephalography and Clinical Neurophysioldf}3, 409-417.

Buchwald, J.S., Rubinstein, E.H., Schwafel, J. &tcandburg, R.J. (1991) Midlatency auditory evoked
responses: differential effects of a cholinergiorgigt and antagonisElectroencephalography and Clinical
Neurophysiology80, 303-309.

Buzsaki, G. (1989) Two-stage model of memory tf@acmation: a role for "noisy" brain statéseuroscience
31, 551-570.

Callen, D.J., Black, S.E. and Caldwell, C.B. (2002hbic system perfusion in Alzheimer's disease snead
by MRI-coregistered HMPAO SPETEuropean Journal of Nuclear Medicine and Molecularaging 29,

60



899-906.

Cancelli, I., Cadore, I.P., Merlino, G., Valentinls, Moratti, U., Bergonzi, P., Gigli, G.L. and \ate, M.
(2006) Sensory gating deficit assessed by P50/Riulenilatency event related potential in Alzheimer's
diseaseJournal of Clinical Neurophysiolog3, 421-425.

Celesia, G.G. and Jasper, H.H. (1966) Acetylcholieleased from cerebral cortex in relation to stafte
activation.Neurology 16, 1053-&.

Celsis, P., Agniel, A., Cardebat, D., Demonet, ,JBusset, P.J. and Puel, M. (1997) Age related itiwegn
decline: a clinical entity? A longitudinal study cérebral blood flow and memory performandeurnal of
Neurology Neurosurgery and Psychiatfp, 601-608.

Ciulla, C., Takeda, T. and Endo, H. (1999) MEG eletgrization of spontaneous alpha rhythm in thedum
brain.Brain Topography11, 211-222.

Clugnet, M.C. and Ledoux, J.E. (1990) Synaptictptdg in fear conditioning circuits: induction &fTP in the
lateral nucleus of the amygdala by stimulationtef medial geniculate bodyournal of NeurosciencdO,
2818-2824.

Coben, L.A., Danziger, W.L. and Berg, L. (1983) dtrency analysis of the resting awake EEG in milulse
dementia of Alzheimer typ&lectroencephalography and Clinical Neurophysioldsfy 372-380.

Cox, C.L., Metherate, R. and Ashe, J.H. (1994) Matilon of Cellular Excitability in Neocortex - Muadnic
Receptor and 2Nd Messenger-Mediated Actions of yickoline. Synapsgl6, 123-136.

Crystal, H.A., Horoupian, D.S., Katzman, R. andkdufitz, S. (1982) Biopsy-proved Alzheimer disease
presenting as a right parietal lobe syndroAmnals of Neurologyl2, 186-188.

Curro Dossi, R., Pare, D. and Steriade, M. (199hpr&lasting nicotinic and long-lasting muscarinic
depolarizing responses of thalamocortical neurorgiimulation of mesopontine cholinergic nucliurnal
of Neurophysiology65, 393-406.

Davachi, L. and Wagner, A.D. (2002) Hippocampal tdbations to episodic encoding: Insights from
relational and item-based learnidgurnal of Neurophysiology8, 982-990.

Davies, P. and Maloney, A.J.F. (1976) Selectives lo& central cholinergic neurons in Alzheimer'sedise.
Lancet 2, 1403.

de Jager, C.A., Hogervorst, E., Combrinck, M. andd@e, M.M. (2003) Sensitivity and specificity of
neuropsychological tests for mild cognitive impaémh, vascular cognitive impairment and Alzheimer's
diseasePsychological Medicined3, 1039-1050.

DeCarli, C., Mungas, D., Harvey, D., Reed, B., \¥ejnM., Chui, H. and Jagust, W. (2004) Memory
impairment, but not cerebrovascular disease, pegimgression of MCI to dementideurology 63, 220-
227.

Devanand, D.P. (1999) The interrelations betweeychassis, behavioral disturbance, and depression in
Alzheimer diseaséAlzheimer Disease & Associated Disordel3, S3-S8.

Dierks, T., Ihl, R., Frolich, L. and Maurer, K. @%) Dementia of the Alzheimer type: effects on the
spontaneous EEG described by dipole souRggchiatry Researcb0, 151-162.

Donaldson, D.l., Petersen, S.E. and Buckner, R2D01) Dissociating memory retrieval processes using

fMRI: Evidence that priming does not support reatign memory.Neuron 31, 1047-1059.

61



Durieux, M.E. (1996) Muscarinic signaling in thent@l nervous system - Recent developments and
anesthetic implication®\nesthesiologyd4, 173-189.

Ebert, U., Siepmann, M., Oertel, R., Wesnes, K.A&d aKirch, W. (1998) Pharmacokinetics and
pharmacodynamics of scopolamine after subcutanadaosnistration.Journal of Clinical Pharmacology
38, 720-726.

Eckhorn, R., Bauer, R., Jordan, W., Brosch, M., &uW., Munk, M. and Reitboeck, H.J. (1988) Coheren
oscillations: a mechanism of feature linking in theual cortex? Multiple electrode and correlatioralyses
in the catBiological Cyberneticss0, 121-130.

Eggermont, J.J. (1997) Firing rate and firing syoadly distinguish dynamic from steady state sound.
Neuroreport 8, 2709-2713.

Ellis, J.M. (2005) Cholinesterase inhibitors in tlreatment of dementialhe Journal of the American
Osteopathic Associatiod05, 145-158.

Erkinjuntti, T., Larsen, T., Sulkava, R., Ketonén, Laaksonen, R. and Palo, J. (1988) EEG in tfferéintial
diagnosis between Alzheimer's disease and vasdetaentiaActa Neurologica Scandinavic@?r, 36-43.

Farlow, M.R. (2002) Do cholinesterase inhibitorsvslprogression of Alzheimer's diseaskiternational
Journal of Clinical Practice37-44.

Fell, J., Klaver, P., Elfadil, H., Schaller, C.,gét, C.E. and Fernandez, G. (2003) Rhinal-hippocéripeta
coherence during declarative memory formation: ratdon with gamma synchronizatior2uropean
Journal of Neurosciencé7, 1082-1088.

Fell, J., Klaver, P., Lehnertz, K., Grunwald, Tgh8ller, C., Elger, C.E. and Fernandez, G. (200dnkh
memory formation is accompanied by rhinal-hippocahgoupling and decouplinflature Neurosciencd,
1259-1264.

Fernandez, A., Hornero, R., Mayo, A., Poza, J.s@t#gorio, P. and Ortiz, T. (2006) MEG spectralfiean
Alzheimer's disease and mild cognitive impairm&iinical Neurophysiologyl17, 306-314.

Fernandez, A., Maestu, F., Amo, C., Gil, P., Fahr,Wienbruch, C., Rockstroh, B., Elbert, T. andiDrT.
(2002) Focal temporoparietal slow activity in Alrer's disease revealed by magnetoencephalography.
Biological Psychiatry52, 764-770.

Folstein, M.F., Folstein, S.E. and McHugh, P.R.780"Mini-mental state". A practical method for diag
the cognitive state of patients for the clinicidaurnal of Psychiatric Research?, 189-198.

Fox, L.S., Olin, J.T., Erblich, J., Ippen, C.G. @chneider, L.S. (1998) Severity of cognitive inmpant in
Alzheimer's disease affects list learning using @aifornia Verbal Learning Test (CVLT)nternational
Journal of Geriatric Psychiatryl3, 544-549.

Fox, N.C., Crum, W.R., Scahill, R.l., Stevens, J.Banssen, J.C. and Rossor, M.N. (2001) Imagingneét
and progression of Alzheimer's disease with voxetgression mapping of serial magnetic resonance
imagesLancet 358, 201-205.

Franowicz, M.N. and Barth, D.S. (1995) Comparisbewnoked potentials and high-frequency (gamma-band)
oscillating potentials in rat auditory cortebaurnal of Neurophysiology4, 96-112.

Freedman, R., Coon, H., MylesWorsley, M., OrrUraegA., Olincy, A., Davis, A., Polymeropoulos, M.,
Holik, J., Hopkins, J., Hoff, M., Rosenthal, J., M@ M.C., Reimherr, F., Wender, P., Yaw, J., Young

62



D.A,, Breese, C.R., Adams, C., Patterson, D., Adlek., Kruglyak, L., Leonard, S. and Byerley, V¥907)
Linkage of a neurophysiological deficit in schizophia to a chromosome 15 lociBroceedings of the
National Academy of Sciences of the United Stdt@snerica 94, 587-592.

Friedman, D. and Johnson, R. (2000) Event-relatgenpial (ERP) studies of memory encoding and eeai
A selective reviewMicroscopy Research and Technigb#, 6-28.

Fries, P., Reynolds, J.H., Rorie, A.E. and DesimoRe (2001) Modulation of oscillatory neuronal
synchronization by selective visual attentiSgience291, 1560-1563.

Gail, A., Brinksmeyer, H.J. and Eckhorn, R. (2000pntour decouples gamma activity across texture
representation in monkey striate cort€erebral Cortex10, 840-850.

Galambos, R., Makeig, S. and Talmachoff, P.J. (198240-Hz auditory potential recorded from the huma
scalp.Proceedings of the National Academy of Sciencé#sedinited States of Americe8, 2643-2647.

Germano, C. and Kinsella, G.J. (2005) Working memand learning in early Alzheimer's disease.
Neuropsychology Reviedb, 1-10.

Gevins, A., Smith, M.E., McEvoy, L. and Yu, D. (I9%igh-resolution EEG mapping of cortical actieti
related to working memory: Effects of task diffigyltype of processing, and practi€erebral Cortex7,
374-385.

Ghoneim, M.M. and Mewaldt, S.P. (1975) Effects @dizépam and scopolamine on storage, retrieval and
organizational processes in memdpgychopharmacologjal4, 257-262.

Golob, E.J., Johnson, J.K. and Starr, A. (2002) iteug event-related potentials during target deteciare
abnormal in mild cognitive impairmerlinical Neurophysiology113, 151-161.

Goto, T., Kuzuya, F., Endo, H., Tajima, T. and Ik&t. (1990) Some effects of CNS cholinergic newsrom
memory.Journal of Neural Transmission-General Sectibfl1.

Gray, C.M. and Singer, W. (1989) Stimulus-speaifgzironal oscillations in orientation columns of esual
cortex.Proceedings of the National Academy of Sciencésedfnited States of Americ26, 1698-1702.

Green, J.B., Flagg, L., Freed, D.M. and Schwankhdu3. (1992) The middle latency auditory evoked
potential may be abnormal in demenbgeurology 42, 1034-1036.

Gross, J., Kujala, J., Hamalainen, M., Timmermalan,Schnitzler, A. and Salmelin, R. (2001) Dynamic
imaging of coherent sources: Studying neural itégwas in the human braifroceedings of the National
Academy of Sciences of the United States of Amé&8c&94-699.

Gruber, T., Miller, M.M., Keil, A. and Elbert, T1999) Selective visual-spatial attention altersuet!
gamma band responses in the human EHi@ical Neurophysiology110, 2074-2085.

Guarch, J., Marcos, T., Salamero, M. and Bles§2604) Neuropsychological markers of dementia itiepés
with memory complaintdnternational Journal of Geriatric Psychiatry9, 352-358.

Guillozet, A.L., Smiley, J.F., Mash, D.C. and Mesul M.M. (1997) Butyrylcholinesterase in the lifgcte of
amyloid plaguesAnnals of Neurology42, 909-918.

Gutschalk, A., Patterson, R.D., Uppenkamp, S., 8;hHd. and Rupp, A. (2004) Recovery and refracess
of auditory evoked fields after gaps in click t@iBEuropean Journal of Neuroscien@®, 3141-3147.

Hamalainen, M., Hari, R., llmoniemi, R.J., Knuutila and Lounasmaa, 0.V. (1993) Magnetoencephalbgra

- theory, instrumentation, and applications to ngasive studies of the working human brdReviews of

63



Modern Physics65, 413-497.

Hamalainen, M. and llmoniemi, R.J. (1994) Interjprg@t magnetic fields of the brain: minimum norm
estimatesMedical & Biological Engineering & Computing2, 35-42.

Hari, R. (2005) Magnetoencephalography in clinicedurophysiological assessment of human cortical
functions. In Niedermeyer, E., Lopes da Silva,dds],Electroencephalography: Basic Principles, Clinical
Applications, and Related Fieldsippincott Williams & Wilkins, Philadelphia, PAp. 1165-1197.

Hari, R., Hamalainen, M. and Joutsiniemi, S.L. @P&euromagnetic steady-state responses to auditory
stimuli. Journal of the Acoustical Society of Amerigé, 1033-1039.

Hari, R. and Salmelin, R. (1997) Human corticaliltstons: A neuromagnetic view through the skiliends
in Neuroscience<0, 44-49.

Hars, B., Maho, C., Edeline, J.M. and Hennevin(18993) Basal forebrain stimulation facilitates teneked
responses in the auditory cortex of awakeMaurosciences6, 61-74.

Hasher, L. and Zacks, R.T. (1988) Working memoomprehension, and aging: A review and a new view. |
Bower, G.H. (ed)The Psychology of Learning and Motivatigkcademic Press, New York, NY, pp. 193-
225.

Hasselmo, M.E. (1999) Neuromodulation: acetylch®olind memory consolidatiofrends in Cognitive
Sciences3, 351-359.

Hasselmo, M.E. and Wyble, B.P. (1997) Free reaadl @cognition in a network model of the hippocasipu
simulating effects of scopolamine on human memongfion.Behavioural Brain ResearcB9, 1-34.

Henson, R.N.A., Rugg, M.D., Shallice, T., Josefsand Dolan, R.J. (1999) Recollection and famitlain
recognition memory: An event-related functional metir resonance imaging studylournal of
Neurosciencgel9, 3962-3972.

Hogan, M.J., Swanwick, G.R.J., Kaiser, J., Rowanahd Lawlor, B. (2003) Memory-related EEG powed an
coherence reductions in mild Alzheimer's dise&gernational Journal of Psychophysiolqgi, 147-163.

Hoélscher, C., Anwyl, R. and Rowan, M.J. (1997) Stiation on the positive phase of hippocampal theta
rhythm induces long-term potentiation that can epadentiated by stimulation on the negative phaseea
CA1 in vivo. Journal of Neurosciencé&7, 6470-6477.

Hoogenboom, N., Schoffelen, J.M., Oostenveld, Rrtk®s, L.M. and Fries, P. (2006) Localizing huméual
gamma-band activity in frequency, time and spaliroimage?29, 764-773.

Howard, M.W., Rizzuto, D.S., Caplan, J.B., Madsé&mR., Lisman, J., Aschenbrenner-Scheibe, R., Sehulz
Bonhage, A. and Kahana, M.J. (2003) Gamma osaiiatcorrelate with working memory load in humans.
Cerebral Cortex13, 1369-1374.

Hu, B. (2003) Functional organization of lemniseadd nonlemniscal auditory thalami&xperimental Brain
Research153, 543-549.

Huang, C., Wahlund, L.O., Dierks, T., Julin, P.,idad, B. and Jelic, V. (2000) Discrimination of
Alzheimer's disease and mild cognitive impairmegt dguivalent EEG sources: a cross-sectional and
longitudinal studyClinical Neurophysiologyl111, 1961-1967.

Huang, M. and Mosher, J. C. A novel head modeltier MEG forward problem: BEM accuracy with only
spherical model complexity. 5, S441. 1997. Copeahadenmark, Neuroimage Suppl. Proceedings of

64



Third International Conference on Functional Majgpaf the Human Brain. 1997.

Huerta, P.T. and Lisman, J.E. (1993) Heightenedpstja plasticity of hippocampal CA1 neurons durimg
cholinergically induced rhythmic statdature 364, 723-725.

Hyman, B.T., Van Hoesen, G.W., Damasio, A.R. andnBs, C.L. (1984) Alzheimer's disease: cell-specifi
pathology isolates the hippocampal formati®oience225, 1168-1170.

Inestrosa, N.C., Alvarez, A., Perez, C.A., MoreRd)., Vicente, M., Linker, C., Casanueva, O.l.,&@. and
Garrido, J. (1996) Acetylcholinesterase acceleratesembly of amyloid-beta-peptides into Alzheimer's
fibrils: possible role of the peripheral site oétlnzymeNeuron 16, 881-891.

Irimajiri, R., Golob, E.J. and Starr, A. (2005) Atgity brain-stem, middle- and long-latency evokedentials
in mild cognitive impairmentClinical Neurophysiologyl116, 1918-1929.

Jaaskeldinen, 1.P., Hirvonen, J., Huttunen, J.,kKala, S. and Pekkonen, E. (1999) Scopolamine er@san
middle-latency auditory evoked magnetic fieldguroscience Letter259, 41-44.

Jack, C.R., Petersen, R.C., Xu, Y., O'Brien, PSmijth, G.E., Ivnik, R.J., Boeve, B.F., Tangalos;;Eand
Kokmen, E. (2000) Rates of hippocampal atrophyetate with change in clinical status in aging arid. A
Neurology 55, 484-489.

Jelic, V., Johansson, S.E., Almkvist, O., Shig#ta, Julin, P., Nordberg, A., Winblad, B. and Wahdur..O.
(2000) Quantitative electroencephalography in raddnitive impairment: longitudinal changes and puaes
prediction of Alzheimer's diseaggeurobiology of Aging?1, 533-540.

Jensen, O. (2006) Maintenance of multiple workingmory items by temporal segmentatidleuroscience
139, 237-249.

Jensen, O., Gelfand, J., Kounios, J. and Lism&n,(2002) Oscillations in the alpha band (9-12 zyease
with memory load during retention in a short-terramory taskCerebral Cortex12, 877-882.

Jensen, O. and Lisman, J.E. (2005) Hippocampaleseguencoding driven by a cortical multi-item woigdi
memory bufferTrends in Neuroscience28, 67-72.

Jensen, O. and Tesche, C.D. (2002) Frontal theitdtsidn humans increases with memory load in akimg
memory taskEuropean Journal of Neurosciends®, 1395-1399.

Jensen, O. and Vanni, S. (2002) A new method tatiije multiple sources of oscillatory activity from
magnetoencephalographic dateuroimagel5, 568-574.

Johnson, K.A., Jones, K., Holman, B.L., Becker,.J.8piers, P.A., Satlin, A. and Albert, M.S. (1998)
Preclinical prediction of Alzheimer's disease ussRECT Neurology 50, 1563-1571.

Joliot, M., Ribary, U. and Llinas, R. (1994) Humascillatory brain activity near 40 Hz coexists with
cognitive temporal bindingProceedings of the National Academy of Scienceth@fUnited States of
Americg 91, 11748-11751.

Kaiser, J., Buhler, M. and Lutzenberger, W. (2004gnetoencephalographic gamma-band responses to
illusory triangles in human&euroimage23, 551-560.

Kaiser, J. and Lutzenberger, W. (2005) Corticalillagory activity and the dynamics of auditory memo
processingReviews in the Neurosciencés, 239-254.

Kaltreider, L.B., Cicerello, A.R., Lacritz, L.H., dthig, L.S., Rosenberg, R.N. and Cullum, M.C. (2000)
Comparison of the CERAD and CVLT list-learning ta.sk Alzheimer's diseas€linical Neuropsychology

65



14, 269-274.

Kanai, T. and Szerb, J.C. (1965) Mesencephaliculeti activating system and cortical acetylcholingput.
Nature 205, 80-&.

Karas, G.B., Scheltens, P., Rombouts, S.A., Vid3ek, van Schijndel, R.A., Fox, N.C. and Barkof(2004)
Global and local gray matter loss in mild cognitimepairment and Alzheimer's diseaddeuroimage 23,
708-716.

Kato, T., Knopman, D. and Liu, H.Y. (2001) Dissdma of regional activation in mild AD during visua
encoding: a functional MRI studieurology 57, 812-816.

Katzman, R. (1986) Alzheimer's disealew England Journal of Medicingl4, 964-973.

Kessler, J., Herholz, K., Grond, M. and Heiss, W(D991) Impaired metabolic activation in Alzheinser'
disease: a PET study during continuous visual ngiiog. Neuropsychologig?9, 229-243.

Kilgard, M.P. and Merzenich, M.M. (1998) Corticalbmreorganization enabled by nucleus basalis #ctivi
Science279, 1714-1718.

Kimura, F. and Baughman, R.W. (1997) Distinct musia receptor subtypes suppress excitatory and
inhibitory synaptic responses in cortical neurdimirnal of Neurophysiology7, 709-716.

Kirchhoff, B.A., Wagner, A.D., Maril, A. and Stern@.E. (2000) Prefrontal-temporal circuitry for equisc
encoding and subsequent memdgurnal of Neuroscienc@0, 6173-6180.

Klimesch, W., Doppelmayr, M., Russegger, H. andnifeger, T. (1996) Theta band power in the humalpsca
EEG and the encoding of new informatidteuroreport 7, 1235-1240.

Klimesch, W., Doppelmayr, M., Schimke, H. and Ripp8. (1997) Theta synchronization and alpha
desynchronization in a memory taslsychophysiologyd4, 169-176.

Klimesch, W., Doppelmayr, M., Schwaiger, J., Winkl€. and Gruber, W. (2000) Theta oscillations #mel
ERP old/new effect: independent phenome@Efical Neurophysiologyl11, 781-793.

Kluger, A., Golomb, J. and Ferris, S. (2002) Milmbative impairment. In Qizilbash, N. et al. (edsyjdence
Based Dementia Practic8lackwell Publishing, Oxford, pp. 341-354.

Knopman, D.S. and Selnes, O.A. (2003) Neuropsyayldf demetia. In Heilman, K.M. and Valenstein, E.
(eds),Clinical NeuropsychologyOxford University Press, New York, pp. 574-616.

Koenig, T., Prichep, L., Dierks, T., Hubl, D., Wahd, L.O., John, E.R. and Jelic, V. (2005) DecrddsEG
synchronization in Alzheimer's disease and mildnitbge impairmentNeurobiology of Aging?6, 165-171.

Konishi, S., Wheeler, M.E., Donaldson, D.l. and Buer, R.L. (2000) Neural correlates of episodiciestl
successNeuroimagel2, 276-286.

Kreiter, A.K. and Singer, W. (1996) Stimulus-depentsynchronization of neuronal responses in teaali
cortex of the awake macaque monkéyurnal of Neurosciencd6, 2381-2396.

Kudoh, M., Seki, K. and Shibuki, K. (2004) Soundqsence discrimination learning is dependent on
cholinergic inputs to the rat auditory cort®euroscience Researcs0, 113-123.

Lange, K.L., Bondi, M.W., Salmon, D.P., Galasko, Delis, D.C., Thomas, R.G. and Thal, L.J. (2002)
Decline in verbal memory during preclinical Alzhars disease: Examination of the effect of APOE
genotypeJournal of the International Neuropsychological @by 8, 943-955.

Lee, H., Simpson, G.V., Logothetis, N.K. and Rajr@r (2005) Phase locking of single neuron activity

66



theta oscillations during working memory in monlerastriate visual cortefleuron 45, 147-156.

Leuchter, A.F., Spar, J.E., Walter, D.O. and Weiher(1987) Electroencephalographic spectra anérestte
in the diagnosis of Alzheimer's-type and multiictardementia: a pilot studyArchives of General
Psychiatry 44, 993-998.

Lezak, M.D. (1995Neuropsychological Assessmedkford University Press, New York.

Liégeois-Chauvel, C., Musolino, A., Badier, J.M.aluis, P. and Chauvel, P. (1994) Evoked potentials
recorded from the auditory cortex in man: evaluatimd topography of the middle latency components.
Electroencephalography and Clinical Neurophysiold@g; 204-214.

Liljestrém, M., Kujala, J., Jensen, O. and SalmdRn (2005) Neuromagnetic localization of rhythrativity
in the human brain: a comparison of three methidsiroimage25, 734-745.

Lisman, J.E. (1997) Bursts as a unit of neural rimition: making unreliable synapses relialfleends in
Neuroscience0, 38-43.

Lisman, J.E. and Idiart, M.A.P. (1995) Storage ®fZ short-term memories in oscillatory subcyclesience
267, 1512-1515.

Locatelli, T., Cursi, M., Liberati, D., Francesci\]. and Comi, G. (1998) EEG coherence in Alzheimer'
diseaseElectroencephalography and Clinical Neurophysiolatf}, 229-237.

Longo, V.G. (1966) Behavioral and electroencephaplyic effects of atropine and related compounds.
Pharmacological Review48, 965-&.

Lopes da Silva, F.H., van Lierop, T.H., SchrijetfFCand van Leeuwen, W.S. (1973) Essential diffegsn
between alpha rhythms and barbiturate spindles: ctgpe and thalamo-cortical coherences.
Electroencephalography and Clinical Neurophysioldagfy, 641-645.

Lopes da Silva, F.H., Vos, J.E., Mooibroek, J. &fah Rotterdam, A. (1980) Relative contributions of
intracortical and thalamo-cortical processes ingbeeration of alpha rhythms, revealed by partéhkecence
analysis Electroencephalography and Clinical Neurophysioldsfy; 449-456.

Maestu, F., Fernandez, A., Simos, P.G., Lopez-Ibbt,, Campo, P., Criado, J., Rodriguez-Palancas, A
Ferre, F., Amo, C. and Ortiz, T. (2004) Profilesbohin magnetic activity during a memory task itigrats
with Alzheimer's disease and in non-demented eldsubjects, with or without depressiaiournal of
Neurology Neurosurgery and Psychiatis, 1160-1162.

Mékeld, J.P., Hamalainen, M., Hari, R. and McEvhy,(1994) Whole-Head Mapping of Middle-Latency
Auditory-Evoked Magnetic-Field€lectroencephalography and Clinical Neurophysiolc@g; 414-421.

Makeld, J.P. and Hari, R. (1987) Evidence for caitiorigin of the 40 Hz auditory evoked responsenam.
Electroencephalography and Clinical Neurophysiold@fy; 539-546.

Mann, D.M. (1983) The locus coeruleus and its gadsgiole in ageing and degenerative disease offitingan
central nervous systerilechanisms of Ageing and Developm&8; 73-94.

Marcyniuk, B., Mann, D.M.A. and Yates, P.O. (1988)e topography of cell loss from locus caeruleus in
Alzheimer's diseasdournal of the Neurological Scienc&$, 335-345.

Matsuda, H. (2001) Cerebral blood flow and metab@bnormalities in Alzheimer's diseasénnals of
Nuclear Medicine15, 85-92.

McCormick, D.A. (1989) Cholinergic and noradrenergiodulation of thalamocortical processifigends in

67



Neuroscienced2, 215-221.

McCormick, D.A. (1992) Neurotransmitter actions time thalamus and cerebral cortex and their role in
neuromodulation of thalamocortical activiBrogress in Neurobiology9, 337-388.

McCormick, D.A. and Prince, D.A. (1986) Mechanisofsaction of acetylcholine in the guinea-pig ceegbr
cortex in vitro.Journal of Physiology-Londo®875, 169-194.

McKenna, T.M., Ashe, J.H., Hui, G.K. and Weinberg&t.M. (1988) Muscarinic agonists modulate
spontaneous and evoked unit discharge in auditantgx of catSynapsg2, 54-68.

McKhann, G., Drachman, D., Folstein, M., Katzman, Rice, D. and Stadlan, E.M. (1984) Clinical diagis
of Alzheimer's disease: report of the NINCDS-ADRDYork Group under the auspices of Department of
Health and Human Services Task Force on AlzheinbessaseNeurology 34, 939-944.

Mendez, M.F. and Cummings, J.L. (20@®mentia-a Clinical ApproactButterworth-Heinemann (Elsevier),
Philadelphia, PA.

Mercado, E., Bao, S., Orduna, I., Gluck, M.A. anerk&nich, M.M. (2001) Basal forebrain stimulation
changes cortical sensitivities to complex souvieluroreporf 12, 2283-2287.

Mesulam, M., Shaw, P., Mash, D. and Weintraub,2804) Cholinergic nucleus basalis tauopathy emerges
early in the aging-MCI-AD continuurmnnals of Neurologyb5, 815-828.

Mesulam, M.M. (1987) Asymmetry of neural feedbackhe organization of behavioral stat8sience 237,
537-538.

Mesulam, M.M. (1988) Central cholinergic pathwagguroanatomy and some behavioural implications. In
Avoli, M. et al. (eds)Neurotrasmitters and Cortical FunctioRlenum Press, New York, pp. 237-260.

Mesulam, M.M. and Geula, C. (1994) Butyrylcholirezase reactivity differentiates the amyloid plagoés
aging from those of dementi@nnals of Neurology36, 722-727.

Metherate, R., Cox, C.L. and Ashe, J.H. (1992) @&ilbases of neocortical activation: modulatiomefiral
oscillations by the nucleus basalis and endogeacetylcholineJournal of Neuroscien¢é?2, 4701-4711.

Mooney, D.M., Zhang, L., Basile, C., Senatorov, V.Mgsee, J., Omar, A. and Hu, B. (2004) Distimetrfs
of cholinergic modulation in parallel thalamic senspathwaysProceedings of the National Academy of
Sciences of the United States of Ameri€d, 320-324.

Mormann, F., Fell, J., Axmacher, N., Weber, B., hettiz, K., Elger, C.E. and Fernandez, G. (2005)
Phase/amplitude reset and theta-gamma interactitimi human medial temporal lobe during a contisuou
word recognition memory tasklippocampus15, 890-900.

Nestor, P.J., Fryer, T.D., Smielewski, P. and HsdgkR. (2003) Limbic hypometabolism in Alzheimer's
disease and mild cognitive impairmeAnn.Neurol, 54, 343-351.

Nestor, P.J., Scheltens, P. and Hodges, J.R. (28@¥ances in the early detection of Alzheimer'sdse.
Nature MedicineS34-S41.

Neufeld, M.Y., Rabey, M.J., Parmet, Y., Sifris, Preves, T.A. and Korczyn, A.D. (1994) Effects oiagle
intravenous dose of scopolamine on the quantitdEE& in Alzheimer's disease patients and age-mdtche
controls.Electroencephalography and Clinical Neurophysioldglly 407-412.

Niedermeyer, E. (1997) Alpha rhythms as physiolalgand abnormal phenomeriaternational Journal of
Psychophysiology26, 31-49.

68



Niedermeyer, E. (2005) The normal EEG of the waladglt. In Niedermeyer, E., Lopes da Silva, F. eds
Electroencephalography: Basic Principles, Cliniggbplications, and Related Fieldkippincott Williams
& Wilkins, Philadelphia, PA, pp. 167-192.

O'Mahony, D., Rowan, M., Feely, J., Walsh, J.B. &ubkley, D. (1994) Primary auditory pathway and
reticular activating system dysfunction in AlzheirseliseaseNeurology 44, 2089-2094.

Osipova, D., Ahveninen, J., Kaakkola, S., Jaaskelil.P., Huttunen, J. and Pekkonen, E. (2003disfof
scopolamine on MEG spectral power and coherencelderly subjectsClinical Neurophysiology114,
1902-1907.

Otten, L.J., Henson, R.N.A. and Rugg, M.D. (200Jgpih of processing effects on neural correlates of
memory encoding - Relationship between findingsnfracross- and within-task comparisoBsain, 124,
399-412.

Paller, K.A., Kutas, M. and Mayes, A.R. (1987) Naucorrelates of encoding in an incidental learning
paradigm Electroencephalography and Clinical Neurophysioldg 360-371.

Palmer, A.M., Francis, P.T., Benton, J.S., Sim&.NMann, D.M.A., Neary, D., Snowden, J.S. and Bowe
D.M. (1987) Presynaptic serotonergic dysfunction gatients with Alzheimer's diseasdournal of
Neurochemistry48, 8-15.

Pantev, C., Elbert, T., Makeig, S., Hampson, SIitE£LC. and Hoke, M. (1993) Relationship of traergi and
steady-state auditory evoked fiel@dectroencephalography and Clinical Neurophysioldgf; 389-396.

Pekkonen, E., Hirvonen, J., Jaaskelainen, |.P.kk@a, S. and Huttunen, J. (2001) Auditory sensogmory
and the cholinergic system: implications for Alzher's diseasé&leuroimagel4, 376-382.

Pekkonen, E., Jaaskeldinen, I.P., Hietanen, M.tilireen, M., Naatdnen, R., liImoniemi, R.J. andigjuntti,

T. (1999) Impaired preconscious auditory processimgl cognitive functions in Alzheimer's disease.
Clinical Neurophysiology110, 1942-1947.

Pekkonen, E., Jousmaki, V., Kononen, M., Reinikajrt¢. and Partanen, J. (1994) Auditory sensory nigmo
impairment in Alzheimer's disease: an event-relaméntial studyNeuroreport 5, 2537-2540.

Pennanen, C., Kivipelto, M., Tuomainen, S., Haitika, P., Hanninen, T., Laakso, M.P., Hallikain&h,
Vanhanen, M., Nissinen, A., Helkala, E.L., Vaini, Vanninen, R., Partanen, K. and Soininen, H0420
Hippocampus and entorhinal cortex in mild cognitivgpairment and early ACNeurobiology of Aging?5,
303-310.

Pennanen, C., Testa, C., Laakso, M.P., HallikaiMnHelkala, E.L., Hanninen, T., Kivipelto, M., Konen,
M., Nissinen, A., Tervo, S., Vanhanen, M., VanninBn, Frisoni, G.B. and Soininen, H. (2005) A voxel
based morphometry study on mild cognitive impairmejournal of Neurology Neurosurgery and
Psychiatry 76, 11-14.

Penttila, M., Partanen, J.V., Soininen, H. and Riedn, P.J. (1985) Quantitative analysis of ocaeipfEG in
different stages of Alzheimer's diseaBtctroencephalography and Clinical Neurophysiologfy; 1-6.

Percival, D.B. and Walden, A.T. (1993pectral analysis for physical applications: malger and
conventional univariate techniqueSambridge University Press, Cambridge, GreatBrit

Perry, E.K., Perry, R.H., Blessed, G. and TomlinddrE. (1977) Necropsy evidence of central choljieer

deficits in senile dementihancet 1, 189.

69



Pesaran, B., Pezaris, J.S., Sahani, M., Mitra, #18.Andersen, R.A. (2002) Temporal structure inroeal
activity during working memory in macaque parietattex.Nature Neuroscien¢®, 805-811.

Petersen, R.C. (2008)ild Cognitive Impairment: Aging to Alzheimer saefise Oxford University Press.

Petersen, R.C. (2004) Mild cognitive impairmentaadiagnostic entityJournal of Internal Medicine256,
183-194.

Pfurtscheller, G., Zalaudek, K. and Neuper, C. 8®vent-related beta synchronization after wfisger and
thumb movement. Electromyography and Motor Control-Electroenceplgaaphy and Clinical
Neurophysiology109, 154-160.

Pietrini, P., Azari, N.P., Grady, C.L., Salernd.JGonzalesaviles, A., Heston, L.L., PettigrewDK.Horwitz,

B., Haxby, J.V. and Schapiro, M.B. (1993) Pattefncerebral metabolic interactions in a subject with
isolated amnesia at risk for Alzheimer's diseadengitudinal evaluatiorDementia4, 94-101.

Pijnenburg, Y.A.L., Made, Y.V., van Walsum, A.M.\Knol, D.L., Scheltens, P. and Stam, C.J. (20045EE
synchronization likelihood in mild cognitive impaient and Alzheimer's disease during a working mgmor
task.Clinical Neurophysiology115, 1332-1339.

Pirch, J. (1995) Electrophysiological effects ofefgtcholine on central neurons. In Stone, T. (68INS
Neurotransmitters and Neuromodulators: Acetylch®l@RC Press, Boca Raton, FL, pp. 115-128.

Preston, G.A.N. (1986) Dementia in elderly adulBrevalence and institutionalizatiorlournals of
Gerontology 41, 261-267.

Raghavachari, S., Kahana, M.J., Rizzuto, D.S., &gpl.B., Kirschen, M.P., Bourgeois, B., MadseR, and
Lisman, J.E. (2001) Gating of human theta oscilaiby a working memory taskournal of Neuroscienge
21, 3175-3183.

Ranganath, C., Cohen, M.X. and Brozinsky, C.J. $200orking memory maintenance contributes to long-
term memory formation: Neural and behavioral evigedournal of Cognitive Neuroscienck, 994-1010.

Ranganath, C., Cohen, M.X., Dam, C. and D'Espodio, (2004) Inferior temporal, prefrontal, and
hippocampal contributions to visual working memanaintenance and associative memory retrieval.
Journal of Neuroscienc@4, 3917-3925.

Reinikainen, K.J., Riekkinen, P.J., Paljarvi, Lgir8nen, H., Helkala, E.L., Jolkkonen, J. and Lagkil.
(1988) Cholinergic deficit in Alzheimer's diseasestudy based on CSF and autopsy dd&rochemical
Researchl3, 135-146.

Riekkinen, P., Buzsaki, G., Riekkinen, P., Soininein and Partanen, J. (1991) The cholinergic sysiech
EEG slow wavesElectroencephalography and Clinical Neurophysiology; 89-96.

Rocca, W.A., Hofman, A., Brayne, C., Breteler, MBV. Clarke, M., Copeland, J.R.M., Dartigues, J.F.,
Engedal, K., Hagnell, O., Heeren, T.J., Jonker, ldhdesay, J., Lobo, A., Mann, A.H., Molsa, P.K,,
Morgan, K., Oconnor, D.W., Droux, A.D., Sulkava, Ray, D.W.K. and Amaducci, L. (1991) Frequency
and distribution of Alzheimer's disease in Europesollaborative study of 1980-1990 prevalence figdi
Annals of Neurology30, 381-390.

Ross, B., Herdman, A.T. and Pantev, C. (2005) Stiminduced desynchronization of human auditoryH40-
steady-state responsdsurnal of Neurophysiologp4, 4082-4093.

Ross, B., Picton, T.W. and Pantev, C. (2002) Temlgaotegration in the human auditory cortex as espnted

70



by the development of the steady-state magnetit. fitearing Researchl65, 68-84.

Rossor, M. (2001) Alzheimer's disease. In Donaghy(ed), Brain's Diseases of the Nervous Systémxford
University Press, pp. 750-754.

Rugg, M.D. (1990) Event-related brain potentialssdciate repetition effects of high-frequency aod-I
frequency wordsMemory & Cognition18, 367-379.

Rugg, M.D. (1995) Event-related potential studiesuman memory. In Gazzaniga, M.S. (ethe Cognitive
NeurosciencedMIT Press, Cambridge, MA, pp. 1341-1356.

Rugg, M.D. and Henson, R.N.A. (2002) Episodic memaoetrieval: an (event-related) functional
neuroimaging perspective. In Parker, A.E., Wildiggl.., Bussey, T. (eds}he Cognitive Neuroscience of
Memory: Encoding and Retrievdsychology Press, Hove, England, pp. 7-28.

Rylett, R.J., Ball, M.J. and Colhoun, E.H. (1983jdence for high-affinity choline transport in syriasomes
prepared from hippocampus and neocortex of patigitts Alzheimer's diseas®rain Research289, 169-
175.

Salinas, E. and Sejnowski, T.J. (2001) Correlataronal activity and the flow of neural informatidvature
Reviews Neuroscienc? 539-550.

Salmelin, R. and Hari, R. (1994) Characterizatioh spontaneous MEG rhythms in healthy adults.
Electroencephalography and Clinical Neurophysiold@fy, 237-248.

Sannita, W.G., Maggi, L. and Rosadini, G. (1987fe&is of scopolamine (0.25-0.75 Mg Im) on the
guantitative EEG and the neuropsychological stafubealthy volunteersNeuropsychobiologyl?7, 199-
205.

Sanquist, T.F., Rohrbaugh, J.W., Syndulko, K. amtisley, D.B. (1980) Electrocortical signs of levedf
processing: perceptual analysis and recognition ongri®sychophysiologyl 7, 568-576.

Santarelli, R. and Conti, G. (1999) Generation aflilory steady-state responses: linearity assessmen
Scandinavian Audiology8, 23-32.

Sarnthein, J., Petsche, H., Rappelsberger, P., SBdw and von Stein, A. (1998) Synchronizationwzsn
prefrontal and posterior association cortex dutimgnan working memoryProceedings of the National
Academy of Sciences of the United States of Am&Bcda092-7096.

Sauseng, P., Klimesch, W., Doppelmayr, M., Pecbdest T., Freunberger, R. and Hanslmayr, S. (2E@5p
alpha synchronization and functional coupling dgritop-down processing in a working memory task.
Human Brain Mapping26, 148-155.

Schreiter-Gasser, U., Gasser, T. and Ziegler, #3JL Quantitative EEG analysis in early onset Alates's
disease: a controlled studglectroencephalography and Clinical Neurophysioldg®fy 15-22.

Schrdder, J., Buchsbaum, M.S., Shihabuddin, L.gT&nh, Wei, T.C., Spiegel-Cohen, J., Hazlett, EAbel,

L., Luu-Hsia, C., Ciaravolo, T.M., Marin, D. and ds, K.L. (2001) Patterns of cortical activity and
memory performance in Alzheimer's disedielogical Psychiatry49, 426-436.

Sederberg, P.B., Kahana, M.J., Howard, M.W., Donfied. and Madsen, J.R. (2003) Theta and gamma
oscillations during encoding predict subsequerdltedournal of Neuroscien¢@3, 10809-10814.

Seki, K., Kudoh, M. and Shibuki, K. (2001) Sequedependence of post-tetanic potentiation after exeiipl
heterosynaptic stimulation in the rat auditory errfournal of OPhysiology-Londp833, 503-518.

71



Shute, C.C.D. and Lewis, P.R. (1967) Ascending inkojic reticular system: neocortical, olfactorydan
subcortical projectionBrain, 90, 497-&.

Singer, W. (1999) Neuronal synchrony: A versatidee for the definition of relationd®euron 24, 49-65.

Sloan, E.P., Fenton, G.W. and Standage, K.P. (19®&jcholinergic drug effects on quantitative
electroencephalogram, visual evoked potential ,\embal memoryBiological Psychiatry31, 600-606.

Small, S.A., Perera, G.M., Delapaz, R., MayeuxaRd Stern, Y. (1999) Differential regional dysfuoaot of
the hippocampal formation among elderly with memaiscline and Alzheimer's diseas&nnals of
Neurology 45, 466-472.

Smith, M.Z., Esiri, M.M., Barnetson, L., King, En@ Nagy, Z. (2001) Constructional apraxia in Alzhei's
disease: Association with occipital lobe pathologwd accelerated cognitive declinBementia and
Geriatric Cognitive Disordersl2, 281-288.

Soininen, H., Partanen, V.J., Helkala, E.L. andkRigen, P.J. (1982) EEG findings in senile demeatia
normal agingActa Neurologica Scandinavicéb, 59-70.

Sperling, R.A., Bates, J.F., Chua, E.F., Cocchiaréd.J., Rentz, D.M., Rosen, B.R., Schacter, Dahd
Albert, M.S. (2003) FMRI studies of associative @iog in young and elderly controls and mild
Alzheimer's diseasdournal of Neurology Neurosurgery and Psychia®; 44-50.

Stam, C.J., van der Made Y., Pijnenburg, Y.A. aode®ens, P. (2003) EEG synchronization in mildritige
impairment and Alzheimer's diseageta Neurologica Scandinavicd08, 90-96.

Stam, C.J., van Walsum, A.M.V., Pijnenburg, Y.A.Berendse, H.W., de Munck, J.C., Scheltens, P.vand
Dijk, B.W. (2002) Generalized synchronization of MEecordings in Alzheimer's disease: Evidence for
involvement of the gamma bantburnal of Clinical Neurophysiologyt9, 562-574.

Steriade, M. (1993) Cellular substrates of braigthims. In Niedermeyer, E. and Lopes da Silva, Keds),
Electroencephalography: Basic Principles, Cliniédgbplications, and Related Fieldg/illiams and Wilkins,
Baltimore, pp. 28-75.

Steriade, M., Datta, S., Pare, D., Oakson, G. andsD R.C. (1990a) Neuronal activities in braimste
cholinergic nuclei related to tonic activation peeses in thalamocortical systerdsurnal of Neuroscienge
10, 2541-25509.

Steriade, M., Gloor, P., Llinas, R.R., Lopes dav&ilF.H. and Mesulam, M.M. (1990b) Report of IFCN
Committee on Basic Mechanisms. Basic mechanisms adrebral rhythmic activities.
Electroencephalography and Clinical Neurophysiolodfy 481-508.

Stewart, D.J., Macfabe, D.F. and Vanderwolf, C.1284) Cholinergic activation of the electrocorticag:
role of the substantia innominata and effects mfpabe and quinuclidinyl benzilat®rain Research322,
219-232.

Strange, B.A., Otten, L.J., Josephs, O., Rugg, Mibd Dolan, R.J. (2002) Dissociable human perithina
hippocampal, and parahippocampal roles during VemizodingJournal of Neuroscien¢@2, 523-528.

Sunderland, T., Tariot, P.N., Weingartner, H., MurpD.L., Newhouse, P.A., Mueller, E.A. and CohBtiy.
(1986) Pharmacological modeling of Alzheimer's dg® Progress in Neuro-Psychopharmacology &
Biological Psychiatry10, 599-610.

Takashima, A., Jensen, O., Oostenveld, R., Maris,vBn de Coevering, M. and Fernandez, G. (2006)

72



Successful declarative memory formation is assediatith ongoing activity during encoding in a
distributed neocortical network related to workingmory: an MEG studyNeurosciencgl39, 291-297.

Tallon-Baudry, C. and Bertrand, O. (1999) Osciltgtgamma activity in humans and its role in object
representatiorilrends in Cognitive Science® 151-162.

Tallon-Baudry, C., Bertrand, O. and Fischer, C.0P00Oscillatory synchrony between human extragtriat
areas during visual short-term memory maintenadmernal of Neuroscien¢@l, RC177.

Tallon-Baudry, C., Bertrand, O., Henaff, M.A., IsdaJ. and Fischer, C. (2005) Attention modulat@siga-
band oscillations differently in the human latevatipital cortex and fusiform gyru€erebral Cortex15,
654-662.

Tendolkar, 1., Rugg, M., Fell, J., Vogt, H., Schol¥., Hinrichs, H. and Heinze, H.J. (2000) A
magnetoencephalographic study of brain activitatesl to recognition memory in healthy young human
subjectsNeuroscience Letter280, 69-72.

Uutela, K., Hamaléainen, M. and Somersalo, E. (1998)alization of magnetoencephalographic datagisin
minimum current estimateBleuroimage10, 173-180.

Vanderwolf, C.H. and Robinson, T.E. (1981) Reticoltical activity and behavior: a critique of theoasal
theory and a new synthesBehavioral and Brain Science$ 459-476.

Wagner, A.D., Schacter, D.L., Rotte, M., Koutsta&l, Maril, A., Dale, A.M., Rosen, B.R. and BuckngrL.
(1998) Building memories: Remembering and forggttifiverbal experiences as predicted by brain iygtiv
Science281, 1188-1191.

Wagner, A.D., Shannon, B.J., Kahn, I. and Buckret,. (2005) Parietal lobe contributions to episodic
memory retrievalTrends in Cognitive Scienced 445-453.

Webster, H.H. and Jones, B.E. (1988) Neurotoximiesof the dorsolateral pontomesencephalic tegament
cholinergic cell area in the cat. Il. Effects updeep waking stateBrain Researc458, 285-302.

Weis, S., Klaver, P., Reul, J., Elger, C.E. anchkedez, G. (2004) Temporal and cerebellar braionsghat
support both declarative memory formation and egti. Cerebral Cortex14, 256-267.

Weiss, S., Muller, H.M. and Rappelsberger, P. (200Beta synchronization predicts efficient memory
encoding of concrete and abstract nodveuroreport 11, 2357-2361.

Welsh, K.A., Butters, N., Hughes, J.P., Mohs, Ra@d Heyman, A. (1992) Detection and staging of deiae
in Alzheimer's disease. Use of the neuropsychosbgiteasures developed for the Consortium to Estahkli
Registry for Alzheimer's Diseas@rchives of Neurologyl9, 448-452.

Whitehouse, P.J., Price, D.L., Struble, R.G., Cl&RkV., Coyle, J.T. and Delong, M.R. (1982) Alzheirs
disease and senile dementia: loss of neurons ibasal forebrainScience215, 1237-12309.

Williamson, S.J. and Kaufman, L. (1989) Advances nieuromagnetic instrumentation and studies of
spontaneous brain activitBrain Topography2, 129-139.

Winson, J. (1974) Patterns of hippocampal thetahrhyin freely moving ratElectroencephalography and
Clinical Neurophysiology36, 291-301.

Wolf, H., Grunwald, M., Ecke, G.M., Zedlick, D., B&, S., Dannenberg, C., Dietrich, J., Eschrich, K
Arendt, T. and Gertz, H.J. (1998) The prognosisnifli cognitive impairment in the elderlyournal of

Neural Transmission-Supplemg81-50.

73



Wragg, R.E. and Jeste, D.V. (1989) Overview of degion and psychosis in Alzheimer's disedseerican
Journal of Psychiatryl46, 577-587.

Zakzanis, K.K., Graham, S.J. and Campbell, Z. (2083meta-analysis of structural and functional brai
imaging in dementia of the Alzheimer's type: A r@oraging profile Neuropsychology Revied3, 1-18.

Zygierewicz, J., Blinowska, K.J., Durka, P.J., @n#lerger, W., Niemcewicz, S. and Androsiuk, W. @99
High resolution study of sleep spindl€dinical Neurophysiologyl110, 2136-2147.

74



