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Abstract: Different kinds of challenge can alter cognitive process and electroencephalographic (EEG) rhythms in hu-
mans. This can provide an alternative paradigms to evaluate treatment effects in drug discovery. Here, we report recent 
findings on the effects of challenges represented by sleep deprivation (SD), transient hypoxia, and transcranial magnetic 
stimulation (TMS) in healthy volunteers on cognitive processes and EEG rhythms to build a knowledge platform for novel 
research for drug discovery in AD Alzheimer's disease (AD). Sleep pressure enhanced frontal delta rhythms (< 4 Hz) dur-
ing the night, while SD increased slow rhythms in the theta range (4-7 Hz), and reduced resting state alpha rhythms (8-12 
Hz) after the following day. Furthermore, SD transiently affected cognitive performance. In contrast, transient experimen-
tal hypoxia induced abnormal posterior resting state delta and alpha rhythms in healthy volunteers that resemble the ab-
normal EEG rhythms typically recorded in AD patients. However, the relationship between the cognitive and EEG effects 
of such challenges is poorly understood. TMS reversibly interfered with higher brain functions during EEG recordings, 
but few studies have investigated the relationship between the cognitive and EEG effects of TMS. In conclusion, SD is the 
most mature challenge model for testing new drugs for AD. Future investigation is needed to better understand the 
opportunities offered by TMS and hypoxia challenges. 

Keywords: Electroencephalography (EEG), transcranial magnetic stimulation (TMS), sleep deprivation, hypoxia, alzheimer’s 
disease, drug research, IMI PharmaCog. 

1. PROCEDURES FOR INTERFERING WITH HU-

MAN CORTICAL ACTIVITY AND COGNITION FOR 

POTENTIAL USE IN DRUG DISCOVERY FOR THE 
TREATMENT OF ALZHEIMER’S DISEASE 

 It is well known that Alzheimer's disease (AD) is a pro-
gressive, neurodegenerative brain disease of the elderly 
characterized by memory loss and cognitive and behavioral 
abnormalities. Aging is the most important risk factor of AD. 
Memory dysfunction in senescence and early AD is related 
to an impairment of cholinergic basal forebrain, thalamocor-
tical system, associative parietal-temporal areas, and the cir-
cuits linking entorhinal cortex, hippocampus, and amygdala 
[1]. At present, there are no effective disease modifying 
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drugs that are able to prevent, or even slow down, the patho-
logical process. There are two therapeutic classes licensed 
for the symptomatic treatment of the cognitive deficits evi-
dent in AD, namely the acetylcholinesterase inhibitors and 
the NMDA receptor glutamatergic antagonist, memantine. 
Unfortunately, these drugs have only modest effects on AD 
symptoms. 

 An important objective of modern AD research is to de-
velop and validate procedures for an effective preliminary 
evaluation of new symptomatic drugs to enable early clinical 
proof of concept studies prior to large scale expensive phase 
II and III studies. This objective may be achieved by several 
strategies including the validation of reproducible procedures 
transiently interfering with cortical activity and cognitive 
processes in healthy volunteers, i.e. challenge models. Chal-
lenge models overcome the inherent difficulty of detecting 
significant improvements in cognitive performance in nor-
mal healthy subjects. Examples of these kind of challenges 
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have previously been limited to pharmacological challenges 
such as the administration of cholinergic or glutamatergic 
antagonists such as scopolamine or ketamine [2-4]. 

 The evaluation of new non-pharmacological challenge 
models constitutes one of the research lines of the Pharma-
Cog project funded under the European Innovative Medi-
cines Initiative (IMI). For the PharmaCog project, transient 
hypoxia, sleep deprivation (SD), and interfering transcranial 
magnetic stimulation (TMS) were selected as tentative chal-
lenge models. Pathologic hypoxia is typically caused by a 
reduction or change in blood supply. It induces glucose hy-
pometabolism in the hippocampus and a number of key brain 
areas sub-serving cognitive functions such as mnemonic 
processing. Hypoxia may occur at any point in the circadian 
cycle. During sleep, repeated hypoxic events may be due to 
respiratory abnormalities with a generalized impact on cere-
bral oxygenation. This is especially true in rain regions with 
high metabolism. Furthermore, chemoreceptor sensitivity 
decreases, respiratory motor output and muscle contraction 
diminish. This alters ventilation/perfusion relationships and 
airflow resistance increases. These changes in pulmonary 
mechanisms generate alveolar hypoventilation, especially 
during rapid eye movement (REM) sleep, and can lead to 
significant nocturnal hypoxemia in patients affected by pul-
monary disease such chronic obstructive pulmonary disease 
(COPD) [5, 6]. During the day, hypo-oxygenation of the 
brain may be due to several causes including chronic cere-
brovascular and vasomotor deficits provoked by a poor cho-
linergic tone or other causes. It has been reported that these 
alterations may, in turn, induce amyloid-beta deposition ex-
tracellularly, and intracellular neurofibrillary cytopathology 
in cholinergic and other neurons [1, 7]. 

 Sleep is characterized by stages dominated by low-
frequencies (1-7 Hz) electroencephalographic (EEG) 
rhythms and by stages dominated by REM. REM sleep is 
associated with especially vivid dreams and EEG activity 
with a greater proportion of higher EEG frequencies (> 7Hz). 
A circadian and ordered sequence of non-REM and REM 
sleep stages is reflected in a sleep profile and is crucial for 
energetic homeostasis of neurons and consolidation/testing 
of new synapses and cognitive representations during the 
night [8-11]. For this reason, SD is hypothesized to have 
deleterious effects on a variety of cognitive and attentional 
abilities and may lead, eventually to cognitive disruption and 
death as in familial fatal insomnia [12-25]. 

 TMS is the most effective, non-invasive and tolerated 
procedure for the stimulation of human cerebral cortex 
through the intact skull [26, 27]. It utilizes a rapidly chang-
ing magnetic field to transmit a short lasting electrical cur-
rent pulse into the brain. This field can induce a synchro-
nized activation of cortical neurons followed by a long-
lasting inhibition, especially in superficial cortical layers. In 
a clinical setting, TMS is mainly used to examine the func-
tional integrity of the corticospinal motor projections. How-
ever, single pulses or short bursts of TMS can perturb ongo-
ing neuronal processing in the stimulated cortex, producing a 
transient and fully reversible interference with the physio-
logical activity of the neurons involved [28-30]. This pertur-
bation has been extensively used by cognitive neuroscientists 
to examine the functional relevance of the stimulated cortical 
area for cognitive processes and behavior [28, 31, 32]. 

 Ideally, an effective pharmacological agent should nor-
malize key neurophysiological mechanisms and cognitive 
processes impaired by the disease action. A promising can-
didate for the evaluation of these mechanisms is the record-
ing of EEG activity. It is non-invasive, relatively inexpensive 
and cost-effective. Furthermore, it is able to probe an impor-
tant emerging property of the brain, that is to say its oscilla-
tory nature [29, 33-37]. The present review presents a con-
temporary analysis of the effects of hypoxia, SD, and TMS 
on resting state EEG rhythms in humans, as a basis for novel 
experiments in the framework of symptomatic drug discov-
ery in AD. 

2. QUANTITATIVE EEG 

 Scalp EEG recording essentially measures current 
changes on the scalp that directly follow those in the ex-
tracellular space, which are caused by ion flow due to excita-
tory and inhibitory postsynaptic potentials [29, 33-37]. EEG 
signals mainly reflect synchronized synaptic activity of neu-
ron populations whose dendrites are collectively oriented 
radially to the cortical surface (e.g. pyramidal neurons) [38]. 
The temporal resolution of EEG is high and can be accu-
rately measured in terms of fractions of milliseconds. In con-
trast, the spatial resolution of EEG is considered far lower 
than that of positron emission tomography (PET) which is 
approximately 1 cm and functional magnetic resonance im-
aging (fMRI) which has a spatial resolution of millimeters. 
The most popular procedures for the estimation of cortical 
sources of EEG activity use equivalent current dipoles as a 
model of neural generators. Regularized linear procedures 
are normally utilized for solving the inverse problem [39-
41]. 

 EEG recordings can reveal temporal and spatial informa-
tion about externally triggered event-related (i.e. event re-
lated potentials, ERPs) [42-44] or spontaneous on-going 
EEG activity [45, 46]. The measurement of ERPs requires 
the averaging of multiple short on-going EEG trials that are 
phase- and time-locked to sensory, cognitive or motor tasks. 
Event-related cortical activity can be quantified by measur-
ing latencies and amplitudes of distinct ERP components. 
Spontaneous on-going EEG activity is usually recorded over 
longer time periods to assess states of vigilance or con-
sciousness, for example sleep and resting state wakefulness 
with eyes-closed or -open.  

 Resting state, eyes-closed EEG rhythms may reflect, -at 
least at a group level, preclinical and clinical stages of AD. 
from the literature it can be concluded that (1) alpha (8-12 
Hz) EEG rhythms are specifically abnormal in AD subjects 
when compared to normal, amnesic MCI, cerebrovascular 
dementia, and Parkinson disease (PD) with cognitive im-
pairment subjects; (2) delta (2-4 Hz) and alpha rhythms are 
related to attention, global cognitive status, genetic factor 
risks for AD (i.e. ApoE4, haplotype B of CST3), biomarker 
(i.e. serum ‘free’ copper), structural neurodegenerative signs, 
and treatment with donepezil and ibuprofen [47-73]. 

3. EFFECTS OF HYPOXIA ON EEG ACTIVITY 

 Acute (i.e. stroke) and chronic (i.e. several cardiorespira-
tory disorders) periods of inadequate oxygen delivery to the 
brain causes cerebral hypoxia. Cerebral hypoxia can produce 
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abnormal EEG patterns, such as burst-suppression [74, 75], 
alpha coma [76-78] and brief (up to several seconds) inter-
mittent periods of generalized suppression without associ-
ated bursts [78, 79]. 

 Periods of chronic hypoxia predispose individuals to the 
development of dementias, particularly AD. It has been 
shown that hypoxia, even in vitro, can increase production of 
Abeta in different cell types (for a review see [80]). Evidence 
has been produced to indicate hypoxia alters both expression 
of the Abeta precursor, Amyloid precursor protein (APP), 
and also the expression of the secretase enzymes, which 
cleave Abeta from APP. Other studies implicate reduced 
Abeta degradation as a possible means by which hypoxia 
increases Abeta levels; such variability may be attributable 
to cell-specific responses to hypoxia [80]. 

 An intriguing working hypothesis is that the effects of 
acute hypoxia on resting state EEG rhythms may represent a 
useful challenge model for AD research. Acute hypoxia has 
been implicated in causing the high levels of morbidity and 
mortality in patients hospitalized in Intensive Care Units 
(ICU) [81]. There is recent evidence that EEG measures can 
assist ICU clinicians in assessing cerebral hypoxia severity 
of patients hospitalized for acute respiratory failure and fur-
ther may inform as to a patients’ optimal time-point for dis-
connection from a respirator [82]. In patients suffering from 
acute cerebral ischemia, sensitive EEG parameters are fre-
quency, amplitude and reactivity to eye opening [83]. The 
reduction of cerebral blood flow caused by acute cerebral 
ischemia has been suggested to be related to the slowing of 
the resting state EEG rhythms [84]. Decreased resting state 
alpha rhythms and increased slow-wave EEG rhythms have 
also been observed in patients with acute cerebral ischemia 
caused by a reduction in cortical blood flow [85-88]. 

 Hypoxic hypoxia is one of the main three types of hy-
poxia (hypoxic, anemic, and ischemic hypoxia) during which 
the oxygen supply to the blood is insufficient [89-91], and 
seems to be promising as a challenge model for AD research. 
The simulation of hypoxic hypoxia can be performed in two 
ways, either by decreasing the oxygen concentration of the 
inspired gas mixtures or by decreasing the barometric pres-
sure (hypobaric hypoxia). Hypobaric hypoxia has been rec-
ognized as a safe experimental model for the study of hy-
poxic conditions. It is also advantageous as it allows for the 
precise standardization of the hypoxic exposure [89, 90]. A 
slowing activity of EEG has been generally observed in 
many studies of hypoxic hypoxia induced by low oxygen gas 
mixtures [92-95] in simulated high altitude chambers [89, 
90, 96, 97] and during high mountain climbing [98-100]. A 
quantitative evaluation of standard EEG frequency parame-
ters during a hypobaric hypoxia experiment in healthy volun-
teers has been performed. The EEG change in hypobaric 
hypoxia was found to be similar to that observed in ischemic 
hypoxia [89, 101-103]. However, due to the difficulty of 
obtaining EEG records in the restricted experimental envi-
ronment of the low pressure chambers or on mountains, only 
a limited number of EEG channels were examined in the 
early hypobaric hypoxia experiments [90, 104]. It has been 
reported that the spectral power density of a single channel 
EEG (locations P4 vs. O2) in the alpha frequency band is 
significantly decreased under hypobaric hypoxia induced by 

reduced air pressure corresponding to an altitude of 6096 m 
[90]. Recent progress in the processing of multichannel EEG 
data has allowed the quantification of the topography of the 
EEG rhythms under experimental conditions such as hyper-
baric conditions [97, 105-107]. EEG topographical changes 
due to 6000 m (19,685 ft) altitude exposure have been re-
ported by Saletu et al. [106] in a multichannel EEG experi-
ment in which an increase in resting state delta and theta 
rhythms and a decrease of alpha rhythms were described. 
These studies were extended by Ozaki et al. [97] who esti-
mated the topography of resting state EEG rhythms at differ-
ent levels of hypobaric hypoxia induced under simulated 
high altitude conditions. The EEG rhythms were also ana-
lyzed after return from hypobaric to normobaric condition 
thus examining the recovery of the central nervous system 
from hypobaric hypoxia [97]. Global spectral power (16 
electrodes) of the resting state alpha rhythms (10-11 Hz) was 
significantly decreased and, with increasing altitude, signifi-
cant decrease of spectral power was observed in a wider 
range of the alpha frequency band [97]. In the 6000 m condi-
tion, the decrease of spectral power of the alpha rhythms in 
the posterior brain areas was dramatic when compared to 
baseline measurements. In contrast, the spectral power of the 
resting state theta rhythms in anterior brain areas increased 
significantly in the 5000 m and 6000 m conditions. After 
return from the 5000 m condition (without exposure to the 
6000 m condition), the resting state EEG rhythms showed 
recovery to the level of baseline condition. However, in sub-
jects who returned to sea level condition after exposure to 
the 6000 m condition, both the resting state theta and alpha 
rhythms were significantly suppressed. On the whole, these 
results suggest that the first stage of hypobaric hypoxia is 
characterized by selective suppression of resting state alpha 
EEG rhythms. Further elevation in altitudes of over 5000 m 
results in significant enhancement of resting state theta 
rhythms in the anterior brain areas and strong suppression of 
resting state alpha rhythms in posterior areas. 

 Of extreme interest are the challenge hypoxia models 
based on carbogen inhalation with 7% CO2. A functional 
MRI study with a CO2 challenge showed impaired cerebral 
vasoreactivity in MCI and AD patients at the individual level 
[108]. Furthermore, an analogous procedure induced a reduc-
tion of cerebral blood flow velocities and increased pulsatil-
ity with a significant vasoreactivity reduction in patients with 
cerebrovascular dementia and AD, as indicators of impair-
ment of cerebral microvasculature circulation in both dis-
eases [109]. These findings support the use of resting state 
EEG markers with CO2 hypoxia challenge models to better 
characterize patients with cognitive disorders in the clinic. In 
this regard, our group evaluated the effects of hypoxia on 
resting state EEG rhythms in amnesic MCI subjects to probe 
cerebral vasomotor reactivity. The preliminary results show 
that with respect to the baseline, hypoxia (inhalation of air 
with 7% of CO2 induced an enhanced frontal oxygen per-
centage and a reduction of wide alpha source power in both 
MCI and normal elderly subjects; the higher the enhance-
ment of the percentage of frontal oxygen, the higher the re-
duction of frontal alpha source power across all subjects. In 
this condition, the reduction of posterior alpha source power 
was lower in the MCI than Normal subjects. Finally, after 
CO2 infusion, there was a recovery of alpha source power 
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which was lower in the MCI than normal elderly subjects. 
These preliminary results suggest that the decline of resting 
alpha rhythms in amnesic MCI subjects might be associated 
with an impairment of vasomotor reactivity and neurovascu-
lar coupling, which is especially reflected in an impaired 
recovery period. 

 Few studies have shown that hypobaric hypoxia induces 
a variation of ERP peaks and slow contingent negative varia-
tion (CNV) developing before a warned imperative stimulus 
during discrimination tasks [110, 111]. During hypobaric 
hypoxia at 6000 m (i.e. hypobaric hypoxic conditions at alti-
tudes of 0-6000 m were simulated in an experimental de-
compression chamber), CNV decreased significantly com-
pared with that at 0 m. Early CNV following the presentation 
of warning stimuli also showed a significant decrease, but 
there was no significant change in the late CNV immediately 
preceding the imperative stimuli [110]. Hypobaric hypoxia at 
4572 m also induced a remarkable modulation in amplitude 
of CNV in relation to changes in reaction time [110]. 

 (Table 1) provides an overview of the main bibliographic 
evidence on the effects of experimental hypoxia on the rest-
ing state eyes closed EEG rhythms recorded in healthy vol-
unteers. 

4. EFFECTS OF SLEEP DEPRIVATION ON EEG AC-

TIVITY 

 Sleep deprivation (SD) or restriction is a common phe-
nomenon in our society [112-114]. Laboratory studies have 
reported increased daytime sleepiness and prolonged sleep-
ing times during the weekends [113, 115-117] even when the 
normal sleep duration during weekdays is 7–8 h. These re-
sults are supported by a study that examined 1010 adults in 
the United States and reported average sleep durations of 6.9 
h during weekdays compared to 7.5 h during weekends. Fif-
teen percent of the respondents slept even less than 6 h dur-
ing weekdays [118]. These moderate sleep restrictions may 
lead to impairments in psychomotor vigilance tests [17, 119, 
120]. Although this issue is beyond the limit of the present 
review, it is worth mentioning that only the first 5–6 h of 
sleep are important and that people can adapt to shortened 
sleep times without experiencing major daytime fatigue or 
other deficits [121]. 

 SD impairs performance on a number of verbal and non-
verbal memory tasks [8-10] and produces deleterious effects 
on a variety of cognitive and attentional abilities [12, 13, 16-
25]. The broad cognitive impairment induced by SD has lead 
to further study of the neurophysiological basis of these defi-
cits as assessed by EEG activity. 

 Total SD enhanced the frontal predominance of delta 
rhythms (2-4 Hz) only in the left hemisphere [122, 123]. 
These effects may be related to functional asymmetry be-
tween the dominant and non-dominant hemisphere, and pro-
vide further evidence for the existence of local aspects of 
sleep regulation [122, 123]. Furthermore, both delta and 
theta rhythms (4-7 Hz) increased during total SD [124-126]; 
theta rhythms were found to correlate to subjective sleepi-
ness [124] and subjective fatigue [125]. A high correlation 
between theta rhythms and subjective sleepiness was ob-
served during a mental task during nighttime train driving 

[127]. The alpha rhythms (8-12 Hz) during total SD showed 
different responses between resting state eyes-open and -
closed conditions. Under eye-open conditions, alpha rhythms 
increased with time throughout SD [125, 127-129]. In con-
trast, resting state eyes-closed alpha rhythms decreased with 
the increased sleepiness level following nocturnal SD [128]. 
Extended SD for 40 hours induced an increase in the modu-
lation of theta and alpha rhythms during mental tasks [128]. 
During total SD, exposure to the bright light (more than 2500 
lux) under a rest condition was enough to delay the increase 
in theta and alpha rhythms and subjective sleepiness [130, 
131]. 

 Repeated partial SD has been reported to induce long-
lasting changes in the delta, theta, and alpha rhythms during 
the REM sleep periods of 3 consecutive recovery nights 
[132, 133]. The authors attributed these EEG changes to the 
accumulating and dissipating REM sleep deficit; hypothesiz-
ing that they may reflect the intensity dimension of a REM 
sleep-dependent process [133]. 

 Several studies have also shown that the selective EEG 
slow-wave sleep (SWS) deprivation affects the EEG rhythms 
[126, 134-137]. During the SWS deprivation nighttime ep-
ochs, large decreases of EEG power were found at frontopo-
lar, central and parietal derivations encompassing delta, theta 
and alpha rhythms, while only slow delta rhythms (0.5-2 Hz) 
were affected at the frontal derivation [136]. Recovery sleep 
was characterized by a generalized increase of power during 
non-REM sleep encompassing delta, theta and alpha 
rhythms, with a clear anteroposterior gradient. The coherent 
behaviour of different EEG bands with traditionally different 
electrophysiological interpretations during non-REM sleep 
suggests that a re-examination of the functional role of EEG 
rhythms during sleep is needed. The resistance to selective 
EEG SWS deprivation of the frontal area, together with its 
larger increase of EEG power during recovery, may be inter-
preted as a sign of a greater sleep need of frontal cortical 
areas compared to other cortical regions. This would confirm 
that some aspects of the regulatory processes of human sleep 
are local in nature and endowed with use-dependent charac-
teristics [136]. The EEG SWS deprivation was slightly more 
effective in the right than the left hemisphere, but the left 
hemisphere showed a markedly larger increase of EEG 
power in the 1–25 Hz range during recovery-night non-REM 
sleep, combined with a larger increase of EEG power during 
both deprivation-night and recovery-night REM sleep [137]. 
These results support the greater need for sleep restorative 
processes of the left hemisphere, which may suggest that 
local sleep regulation processes may also act during REM 
sleep [137]. In addition, EEG SWS deprivation advances the 
shift to an anterior-to-posterior directionality of functional 
cortical coupling, possibly as a consequence of heightened 
sleep pressure [138]. These findings support the notion that a 
spread of synchronizing signals from associative prefrontal 
to posterior areas plays a role in wake-sleep transition [138]. 

 Finally, a typical example of hypoxia is obstructive sleep 
apnea (OSA), a sleep-related breathing disorder character-
ized by repetitive episodes of apnoea–hypopnoea due to par-
tial or complete upper airway obstruction during sleep. These 
episodes are usually accompanied by blood gas abnormali-
ties (hypoxemia and hypercapnia) and sleep fragmentation.



Effect of TMS, Sleep Deprivation and Hypoxia on EEG Current Alzheimer Research, 2014, Vol. 11, No. 5    5 

Table 1. Overview of the main bibliographic evidence on the effects of experimental hypoxia on the resting state electroencephalo-

graphic (EEG) rhythms in healthy volunteers. 

EEG Marker Group Condition Main Results Reference 

Spectral power density N=24 
Hypoxic/ Ischemic hypoxia 

(standardized hyperventila-
tion) 

Amplitude of delta power increased and that of 

alpha and beta power decreased in relation to a 
reduced blood flow velocity (40%). 

Kraaier et al., 1988 

Spectral power density N=36 
Hypoxic and hypobaric 

hypoxia 
Amplitude of delta power increased and that of 

alpha decreased. 
Kraaier et al., 1988 

LORETA N=10 Ischemic hypoxia 
Compared to healthy subjects, both AD and con-

gestive heart failure (CHF) patients presented 

higher delta and lower alpha temporal sources 

Vecchio et al., 2011 

Spectral power density, 
coherence, phase shift 

 
Hypoxic hypoxia (gas mix-
ture with 8 % of oxygen) 

No result on spectral power density. Delta and 
alpha coherence decreases; beta coherence in-

creases; phase-shift increases in delta-and theta-

and decreases in beta. 

Burykh, 2005 

Spectral power density N=14 
Hypoxic hypoxia (low 
oxygen gas mixtures) 

Low oxygen gas mixtures induced a slowing of 
the EEG activity. 

Schellart and Reits, 2001 

Spectral power density N=18 Hypobaric hypoxia 
Alpha decreased in the posterior brain areas and 

theta increased in anterior brain areas. 
Ozaki et al., 1995 

Spectral power density, 
visual evoked responses 

(VER) 

N=7 Hypoxic hypoxia 

In three subjects, EEG frequency was increased, 
amplitude decreased, and/or spiking became 

evident. In four subjects, VER amplitude was 

reduced. 

Forster et al., 1975 

Spectral power density N=10 Ischemic hypoxia. 
Spectral analysis of the EEG recorded under 

hypoxia demonstrated neurophysiological altera-

tions indicative of a deterioration in vigilance. 

Saletu et al., 1984 

Spectral power density N=16 Hypoxic hypoxia 
Delta/theta increased in parietal, temporal and 

central regions while there was a widespread 
decrease of alpha activity. 

Saletu et al., 1990 

Spectral power density N=10 Hypoxic hypoxia. 
Power of theta and alpha bands increased during 

hypoxia. 
Papadelis et al., 2007 

Contingent negative varia-
tion (CNV) 

 Hypobaric hypoxia 
The complete CNV decreased significantly; early 
CNV showed a significant decrease; there was no 

significant change in late CNV. 

Takagi and Watanabe, 1999 

Event related potentials 

(ERPs) 
N=10 Hypobaric hypoxia 

Attenuation of P1 and enhancement of N1-P3 

amplitudes; delay of P2 latency for targets and 
nontargets; delay of P3 latency for nontargets. 

Tsarouchas et al., 2008 

 

OSA syndrome is characterized by hypoxia during sleep 
and/or sleep fragmentation. The number and duration of ap-
noea–hypopnoea events define the extent of hypoxia during 
sleep in OSA patients. OSA is common in patients suffering 
from AD with prevalence rates reported to be greater than 
40% in those who are institutionalized [139]. OSA affects 
cognitive function and EEG activity. Untreated OSA itself 
can have deleterious effects on cognition and daytime func-
tioning [140-142], and may exacerbate the primary cognitive 
and functional deficits associated with AD [143-145]. The 
most effective treatment of OSA is continuous positive air-
way pressure (CPAP). In a 6-week randomized placebo con-
trolled clinical trial of CPAP in patients with mild-moderate 
AD and OSA, CPAP improved OSA, objective sleep pa-
rameters, and daytime sleepiness and resulted in modest im-

provements in measures of cognitive functioning [146-149]. 
Finally, previous EEG studies have shown that compared to 
healthy subjects, OSA patients reveal an increased resting-
state delta and theta power as well as an increased ratio of 
delta/theta to alpha/beta power during rapid eye-movement 
sleep and wakefulness [150-152]. 

 (Table 2) provides an overview of the main bibliographic 
evidence on the effects of SD on the on-going EEG rhythms 
measured in healthy volunteers. 

5. EFFECTS OF TMS ON EEG ACTIVITY 

5.1. TMS As a Tool 

 Since its introduction in 1985 [26], the scientific applica-
tions of TMS have rapidly expanded. TMS has become a
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Table 2. Overview of the main bibliographic evidence on the effects of sleep deprivation (SD) on the on-going EEG rhythms in 

healthy volunteers. Of note, the heterogeneity of the EEG markers (i.e. spectral power, LORETA, spectral coherence in 

different frequency bands as well as phase shift, visual evoked responses, contingent negative variation, event related po-

tentials) reported in the cited studies did not make possible to perform the meta-analyses. 

EEG Marker Group Condition Main Results Reference 

Spectral power density N=8 Total sleep deprivation 

Sleep deprivation enhanced the anterior pre-

dominance of delta activity in the left hemi-

sphere but not in the right one. 

Achermann at al., 2001 

Spectral power density N=8 Total sleep deprivation 
Sleep deprivation enhanced the frontal predomi-

nance of delta rhythms in the left hemisphere. 
Kattler et al., 1994 

Spectral power density N=14 Total sleep deprivation 

Sleep deprivation enhanced theta rhythms; these 

rhythms were found to correlate to subjective 

sleepiness. 

Dumont et al., 1999 

Spectral power density N=9 Total sleep deprivation 
Sleep deprivation enhanced theta/ alpha power 

density and was correlated to subjective fatigue. 
Cajochen et al., 1995 

Spectral power density N=11 Total sleep deprivation 

Spectral power density in the theta, delta and 

alpha bands increased during the nighttime train 

driving. A very high correlations was found 

between sleepiness and alpha and theta. 

Torsvall and Åkerstedt, 1987 

Spectral power density N=9 Total sleep deprivation 
Sleep deprivation enhanced theta/ alpha rhythms 

during a visual vigilance task. 
Corsi-Cabrera et al., 1996 

Spectral power density N=8 Total sleep deprivation 

Alpha rhythms decreased with the increased 

sleepiness level following nocturnal sleep depri-

vation. 

Daurat et al., 1996 

Spectral power density  Partial sleep deprivation. 

Repeated partial sleep deprivation induced long-

lasting changes in the delta, theta rhythms during 

the REM sleep periods. 

Brunner et al., 1990 

Spectral power density N=9 Partial sleep deprivation. 

Repeated partial sleep deprivation induced long-

lasting changes in the delta, theta, and alpha 

rhythms during the REM sleep periods of 3 

consecutive recovery nights 

Brunner et al., 1993 

EEG slow-wave sleep 

(SWS) 
N=10 Total sleep deprivation 

An almost complete selective SWS suppression 

during both deprivation nights was achieved. A 

significant increase of S4 and SWS in the REC 

as compared to the BSL-A paralleled a signifi-

cant shortening of S3 and S4 latencies. S2 per-

centage significantly increased during both DEP 

nights with respect to the other experimental 

nights. There was no significant difference 

among nights with regard to total sleep time, 

percentage of REM sleep, stage 1, movement 

time, number of awakenings and number of 

movement arousals 

Ferrara et al., 1999 

EEG slow-wave sleep 

(SWS) 
N=10 Total sleep deprivation 

There was an almost complete selective SWS 

suppression during the deprivation nights, and a 

significant SWS rebound during the recovery 

sleep. 

Ferrara et al., 2000 

EEG slow-wave sleep 

(SWS) 
N=10 Total sleep deprivation 

During selective SWS deprivation nights, there 

was a significant reductions of sleep EEG power 

in the delta–theta–alpha frequency range at fron-

topolar, central and parietal derivations. 

Ferrara et al., 2002 
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(Table 2) contd…. 

EEG Marker Group Condition Main Results Reference 

EEG slow-wave sleep 

(SWS) 
N=10 Total sleep deprivation 

During the SWS deprivation, there was a mark-

edly larger increase of EEG power during recov-

ery-night non-REM sleep, and a larger increase 

of EEG power during both deprivation-night and 

recovery-night REM sleep. 

Ferrara et al., 2002 

Directed transfer function 

(DTF); slow-wave sleep 

(SWS) 

N=10 Total sleep deprivation 

SWS deprivation advanced the shift to an ante-

rior-to-posterior directionality of functional 

cortical coupling. 

De Gennaro et al., 2005 

Spectral power density N=9 Total sleep deprivation 

Performance recovery was predicted by in-

creased delta power and decreased sigma power 

in recovery sleep compared to normal sleep. 

Mander et al., 2010 

 
 
valuable tool to probe the excitability of intracortical circuits 
in the motor, sensory and visual cortices [153]. As described 
above, single pulses or short bursts of TMS can effectively 
perturb ongoing neuronal processing in the stimulated cortex 
even beyond the time of stimulation [154, 155]. These neu-
romodulatory effects of TMS have been exploited in many in 
vivo studies on cortical plasticity in humans [156-160], and 
may be of some use in patients with neurological and psy-
chiatric diseases to maintain or restore brain function [161]. 
Furthermore, rTMS has added a new dimension to human 
brain mapping and has provided unique opportunities to 
probe causality at a systems level of sensory, cognitive and 
motor brain networks [162]. For instance, perturbative ef-
fects of rTMS can be used to make causal inferences regard-
ing the functional contribution of the stimulated cortex to a 
specific brain function [28, 31, 160, 163]. Of note, the effects 
of rTMS are not limited to the stimulated cortex but focal 
rTMS gives rise to functional changes in interconnected cor-
tical areas [160]. Studies combining TMS with functional 
neuroimaging techniques in humans revealed that these ef-
fects occur both in the main cortical stimulated region as 
well as, due to trans-synaptic effects, in other distant areas 
[164]. TMS effects can be either facilitatory or disruptive 
depending on the time point of stimulation [165]. Several 
studies have found behavioral facilitations when single-pulse 
TMS is applied shortly before the onset of a cognitive proc-
ess [156, 166]. In contrast, the better-known “virtual lesions” 
or disruptions in perception and behavior are generally ob-
tained when TMS is applied during the perceptual/cognitive 
process [167, 168]. 

 TMS has been shown to impact episodic memory, which 
is the most vulnerable cognitive domain in AD and amnesic 
MCI. Although mnemonic processes are crucially related to 
the integrity of medial temporal lobe structures, other brain 
areas including the dorsolateral prefrontal cortex also have a 
relevant role both in encoding and retrieval mechanisms of 
long-medium term episodic memory as revealed by fMRI 
and PET [169-172]. Noteworthy, several studies have 
pointed to a prevalence of activity in the left prefrontal cor-
tex during the encoding of verbal and spatial materials, while 
activity was enhanced in the right prefrontal cortex during 
the retrieval of that information content [173-175]. It has 

been shown that rTMS applied over the left dorsolateral pre-
frontal cortex results in distal changes of neural activity, 
relative to the site of stimulation, and that these changes de-
pend on the patterns of brain network activity during resting-
state [176]. Furthermore, rTMS of dorsolateral prefrontal 
cortex, but not posterior parietal cortex, can transiently inter-
fere with the encoding and consecutive retrieval of visuospa-
tial episodes [163, 177]. In separate experiments, the same 
visuospatial episodes have induced increased fronto-parietal 
EEG gamma (around 40 Hz) power and functional coupling 
[47, 178]. 

5.2. TMS Interferes with the Generation of EEG Activity 

 To better understand the effects of TMS on cortical activ-
ity several studies have recorded EEG and TMS simultane-
ously, i.e. the TMS-EEG approach, which allows several 
lines of empirical observations. First, EEG activity can be 
compared before and after TMS over a cortical region to 
understand how spontaneous EEG activity and causal modu-
lation of that activity affect sensory and cognitive processes. 
For example TMS over occipital cortex evoked phosphenes 
as a function of alpha activity before TMS [179]. Second, the 
comparison of EEG activity before and after TMS has re-
vealed changes in the EEG power spectrum. A single TMS 
pulse has been reported to transiently synchronized activity 
in the beta (14-30 Hz) range [180]. Furthermore, rTMS trains 
of 1 Hz [181] and 5 Hz rTMS [182] were associated with 
concurrent changes in cortical alpha (about 8-12 Hz) and 
beta activity. Third, the TMS-EEG approach allows the 
study of functional connectivity between cortical areas prob-
ing the effect of TMS over one cortical site on the ERPs 
evoked in another area. A single TMS-pulse evokes in the 
EEG a cortical potential which strongly differs in polarity 
and amplitude of its peak components. This is dependent on 
several factors including position and orientation of the TMS 
coil, stimulation intensity, and electrode position. However, 
supra-threshold stimulation (biphasic pulse configuration) of 
the cortical motor hand area reliably evokes a response at the 
vertex with the following components: N10, P14, N15/18, 
P30, N40/45, P55/60, N100, P180/190 and N280 [180, 183]. 
As an alternative to peak analysis, especially for hd-EEG 
recordings, the calculation of global mean field power 
(GMFP) has been introduced as a reference-free measure of 
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local EEG variability [184]. As the number of neurons re-
cruited by a single TMS-pulse is directly related to their ex-
citability, GMFP amplitude change has been proposed as a 
measure of cortical excitability, which is sensitive to TMS-
induced changes in cortical plasticity [185-187]. Along this 
line, temporospatial propagation of TMS-evoked cortical 
activity can be traced to gain insight into the temporospatial 
dynamics of corticocortical connectivity patterns activated 
by TMS [188, 189]. During a typical TMS-EEG session, 
several measurements can be obtained: (i) Strength of its 
immediate response in the cortical target area of interest 
[190], (ii) Temporospatial dynamics of the ensuing spread of 
activation [191, 192], (iii) Corticocortical conduction times 
[193, 194], and (iv) Complex dynamics such as phase lock-
ing or power modulation of EEG rhythms [180-182, 195]. 

 Fourth, the TMS-EEG approach provides an important 
opportunity to associate causal changes in EEG activity with 
performance in cognitive tasks. These data complement pre-
vious fMRI studies showing that dorsal brain networks, in-
cluding right intra parietal sulcus (IPS), subserve the top-
down control of parieto-occipital activity underlying visu-
ospatial attention processes [196, 197]. Consistent with this, 
recent evidence of combined TMS-functional MRI approach 
demonstrated that attention-related activation of visual cor-
tex was affected when TMS is applied over right IPS [198, 
199]. Furthermore, right IPS-rTMS interference on presenta-
tion of a visual cue stimulus abolished typical preponderant 
pre-target activation of parieto-occipital areas (i.e. power 
reduction of alpha rhythms at about 8-12 Hz), especially in 
the hemisphere contralateral to the hemifield where the vis-
ual target was attended [200]. Moreover, such right side IPS-
rTMS interference impaired target identification even when 
the stimuli were presented at unattended locations. This was 
despite the finding that the amplitude of earlier components 
(i.e. P1/N1) of parieto-occipital visual evoked potentials was 
unaffected [200, 201]. To explain this effect, it can be 
hypothesized that the IPS-rTMS interference on presentation 
of the visual cue stimulus affected later cortical activity and 
attention processes, possibly reflected by subsequent ERP 
components. In this line, the IPS-rTMS interference on pres-
entation of the visual cue stimulus affected late positive 
event-related potentials following the invalid (rare) target 
stimuli spatially incongruent to the cue stimuli (i.e. P3) 
[202]. Furthermore, the application of rTMS during a visual 
search task disrupted an ERP component following P1/ N1, 
i.e. N2pc, which is considered a marker for a shift of atten-
tion during visual scanning [203].  

 It is important to note that it has been shown the frontal 
areas are important in controlling visual processing in poste-
rior visual brain areas during the orienting of spatial attention 
[204]. Furthermore, the dorsal medial frontal cortex influ-
ences lateralized ERPs in primary motor cortices during con-
flict resolution in an action selection task [205].  

 (Table 3) provides an overview of the main bibliographic 
evidence on the effects of TMS on the EEG activity in 
healthy volunteers. 

6. INNOVATIVE CHALLENGE MODELS FOR DRUG 

DISCOVERY IN AD 

 The data reviewed above show that SD, transient hy-
poxia, and rTMS can alter cognitive processes and EEG 

rhythms in humans. The PharmaCog project aims to identify 
the most sensitive of these models to induce transient cogni-
tive deficits when applied in healthy volunteers and to re-
verse them by symptomatic drugs against AD such as Ache-
tylcholinesterase inhibitors (e.g. donepezil) or NMDA recep-
tor antagonists (e.g. memantine).  

 In the PharmaCog project, the utility of SD as a suitable 
challenge in human healthy volunteers will be tested as fol-
lows. Healthy volunteers will be instrumented for EEG re-
cordings. EEG activity will be recorded during normal sleep 
for one night as a baseline control condition and, then, dur-
ing sleep deprivation experiment in the subsequent night. 
During the daytime following both the control and the SD 
night, EEG recordings will be performed in resting state 
eyes-open and -closed conditions as well as during a stan-
dard auditory oddball P300 paradigm. It is hypothesised that 
the effects of SD on cognition and EEG markers may be 
attenuated by chronic administration (i.e. 14 days) of done-
pezil and memantine in a double blind and placebo con-
trolled trial. 

 With respect to hypoxia, the PharmaCog project plans the 
following challenge in human healthy volunteers: various 
gas mixtures will be delivered through a mask to healthy 
volunteers in a preliminary experiment. Gas mixtures will be 
realized extemporaneously using a servo ventilator (Siemens 
SV900), while vital signs, pulse oxymetry, O2, CO2, and 
N2O will be controlled. The psychometric evaluation will 
comprise a battery of vigilance and cognition tasks whilst the 
EEG measurements will include resting state, eyes-open and 
-closed conditions, as well as a standard auditory oddball 
P300 paradigm. This step will allow the selection of the most 
appropriate procedure to be used in the subsequent pharma-
cological studies. Cognitive and EEG assessments will be 
taken before (baseline), during and after hypoxia challenge. 
Once a robust challenge has been established, cognitive per-
formance, mood, vigilance and EEG markers will be evalu-
ated in double blind and placebo controlled trials of the ref-
erence drugs (donepezil and memantine). 

 Finally, rTMS will be evaluated as a challenge model in 
human healthy volunteers as follow: rTMS will be used to 
induce transient episodic memory impairments by stimulat-
ing the dorsolateral prefrontal cortex (DLPFC) during a cog-
nitive task in healthy volunteers. The cognitive test is a vis-
ual episodic encoding memory task, in which 16 complex 
colored magazine pictures (representing indoor and outdoor 
scenes) are pesented. Real and sham rTMS high frequency 
trains (20Hz, 500 msec) with relatively low intensity (10% 
of subthreshold) will be delivered to the DLPFC during the 
performance of the memory task. In several studies, it has 
been demonstrated that administration of rTMS robustly 
impairs this kind of episodic memory (as observed by a 
higher proportion of incorrect vs correct responses and/or the 
reaction time latencies during the recognition memory test). 
it has been reported that, left DLPFC stimulation impairs 
memory encoding, whereas right DLPFC impairs memory 
retrieval in young healthy individuals [206]. In the elderly 
healthy subjects, both kinds of stimulation impair episodic 
memory processes consistently [207]. EEG measurements 
(resting state, eyes open and eyes closed conditions, standard 
auditory oddball P300 paradigm) will be recorded at baseline
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Table 3. Overview of the main bibliographic evidence on the effects of transcranial magnetic stimulation (TMS) on the EEG activ-

ity in healthy volunteers. 

EEG Marker Group Condition Main Results Reference 

Temporal spectral evolution 

(TSE) and ERD/ERS 
N=15 

TMS to induce illusory 

visual percepts (phosphe-

nes) in blindfolded partici-

pants 

TMS over occipital cortex evoked phosphenes as 

a function of alpha activity before TMS 
Romei eta al., 2008 

Spectral power density and 

ERP 
N=7 

TMS was applied over the 

left primary motor cortex 

(M1) 

A single TMS pulse induced a brief period of 

synchronized activity in the beta range in the 

vicinity of the stimulation site. TMS pulses 

evoked a waveform consisting of a positive peak 

(P30), followed by two 

Paus et al., 2001 

ERD/ERS N=6 

Low frequency (1 Hz) TMS 

on left primary motor cortex 

(MI) 

TMS induced a synchronization of the alpha, that 

increased with the duration of the stimulation, 

and this increase was inversely correlated with 

motor-evoked potentials (MEPs) amplitude 

Brignani et al., 2008 

ERPow and ERCoh N=11 

High-frequency (5-Hz) 

rTMS on left primary motor 

cortex (MI) 

rTMS induced an ERPow increase, for the alpha,  

during the trains of stimulation, mainly in frontal 

and central regions ipsilateral to stimulation, and 

a similar synchronization of cortical oscillations 

for both rTMS intensities, for the beta. Moreo-

ver, rTMS induced a specific ERCoh decrease 

over the posterior regions during the trains of 

stimulation for alpha and beta 

Fuggetta et al., 2008 

Global mean field power 

(GMFP) and SWA 
N=10 

High-frequency (5-Hz) 

TMS on motor cortex 

TMS induced a localized potentiation of TMS-

evoked cortical EEG responses. The change in 

amplitude of GMFP between 100 and 140 ms 

was the best predictor of the local increase of 

sleep slow wave activity (SWA), in the sleep 

episode following TMS. 

Huber et al., 2007 

GMFP and SWA N=19 

High-frequency (5-Hz) 

TMS on contralateral corti-

cal hand area (PAS proto-

col) 

TMS produced large deflections in scalp voltage. 

Changes in TMS-evoked cortical EEG response 

and change in sleep slow wave activity (SWA) 

were localized to similar cortical regions and 

were positively correlated. These results suggest 

that changes in cortical excitability in opposite 

directions lead to corresponding changes in local 

sleep regulation, as reflected by SWA, providing 

evidence for a tight relationship between cortical 

plasticity and sleep intensity. GMFP contained 

distinct peaks, which had similar latencies when 

compared between the pre and post TMS test 

phases 

Huber et al., 2008 

GMFP N=7 

High-frequency (5-Hz) 

rTMS on hand area of motor 

cortex 

rTMS produced EEG responses significantly 

potentiated (expecially at EEG electrodes located 

bilaterally over premotor cortex).GMFP con-

tained distinct peaks with similar latencies when 

compared between the pre and post rTMS test 

phases. The strongest activation was initially 

produced in sensorimotor cortex, and during 

later peaks was generated in either sensorimotor 

cortex or premotor cortex 

Esser et al., 2006 
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(Table 3) contd…. 

EEG Marker Group Condition Main Results Reference 

SWA N=15 
Low frequency (<1 Hz) 

TMS 

TMS enhanced sleep SWA, locally and glob-

ally.TMS triggering of slow waves reveals in-

trinsic bistability in thalamocortical networks 

during non-rapid eye movement sleep. Moreo-

ver, evoked slow waves lead to a deepening of 

sleep and to an increase in EEG slow-wave ac-

tivity 

Massimini et al., 2007 

GMFP N=7 
TMS on left and right pri-

mary motor cortex 

TMS produced a GMFP featured by five deflec-

tions peaking at 17, 30, 54,104, and 187 ms 

(average values) 

Komssi et al., 2007 

ERP N=4 

Low frequency (<1 Hz) 

TMS on visual and motor 

cortex 

TMS produced the strongest EEG activity at the 

site of the strongest induced current flow. In all 

subjects and for both motor and visual cortex 

stimulation, neuronal activation during the first 5 

ms post-stimulus produced a current flow in the 

anterior–posterior direction; at 6–7 ms, the direc-

tion of the current was reversed 

Ilmoniemi et al., 1997 

ERP N=6 TMS 

During quiet wakefulness, an initial response at 

the stimulation site was followed by a sequence 

of waves that moved to connected cortical areas 

several centimeters away. During non-REW 

sleep, the initial response was stronger but was 

rapidly extinguished and did not propagate be-

yond the stimulation site 

Massimini et al., 2005 

MEP N=10+14 
Low (<1 Hz) and high-

frequency (5-Hz) TMS 

High-frequency TMS (n=10) produced an im-

mediate decrease in MEPs, 1 min after the exer-

cise, followed by a gradual increase to pre-

exercise values. Low-frequency TMS (n=14; 

same task) produced a slight no significant de-

crease in MEPs, up to 15 min post-exercise 

Bonato et al., 2002 

Spectral power density and 

cortical current-density 

distributions 

N=6 
TMS on left sensorimotor 

cortex 

The activation had spread from below the coil 

center to the surrounding frontal and parietal 

cortical areas, having a very lateral maxi-

mum.The current-density distributions suggested 

activation of premotor and posterior parietal 

cortex, and the temporo-parietal junction. 

Komssi et al., 2002 

ERPow and ERCoh N=10 
TMS on left primary motor 

cortex 

TMS modulated cortical oscillations within the 

first half second for both alpha and beta, and 

enhanced the electrode connectivity of both 

hemispheres. ERPow reflected regional oscilla-

tory activity of neural assemblies, while ERCoh 

reflected the inter-regional functional coupling 

of oscillatory neural activity. 

Fuggetta et al., 2005 

ERD/ERS N=33 
High-frequency (20-Hz) 

rTMS 

Right IPS-rTMS interference on presentation of 

a visual cue stimulus abolished typical prepon-

derant pre-target activation of parieto-occipital 

areas (i.e. power reduction of alpha rhythms), 

especially in the hemisphere contralateral to the 

hemifield where the visual target was attended 

Capotosto et al., 2009 
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(Table 3) contd…. 

EEG Marker Group Condition Main Results Reference 

ERD/ERS N=15 
High-frequency (20-Hz) 

rTMS 

Right and left IPS-rTMS interference disrupted 

the normally lateralized anticipatory modulation 

of occipital visual cortex, with stronger alpha 

desynchronization contralaterally to the attended 

visual field. In contrast, only interference with 

right IPS induced a paradoxical pretarget syn-

chronization of alpha rhythms and bilateral defi-

cits of target identification. 

Capotosto et al., 2010 

ERD/ERS N=24 
High-frequency (20-Hz) 

rTMS 

Right IPS-rTMS impaired target detection, espe-

cially for stimuli presented at unattended loca-

tions; it also caused a modulation of the ampli-

tude of parieto-occipital positive ERPs peaking 

at about 480 msec (P3) post-target. The P3 sig-

nificantly decreased for unattended targets and 

significantly increased for attended targets after 

right IPS-rTMS as compared with sham stimula-

tion. Similar effects were obtained for left IPS 

stimulation albeit in a smaller group of subjects. 

Capotosto et al., 2012 

ERP N=7 

TMS on vertex (Cz) and 

right posterior parietal cor-

tex (rPPC) 

Single-pulse TMS over rPPC delayed response 

times to targets during conjunction search, and 

this behavioral effect had a direct ERP correlate. 

The early phase of the N2pc component was 

eliminated over the right hemisphere when TMS 

was applied there but was present when TMS 

was delivered to a control site (vertex) 

Fuggetta et al., 2006 

ERP N=18 

High-frequency (10-Hz) 

rTMS on the right frontal 

eye field (FEF) 

TMS affected the neural activity evoked by 

visual stimuli, as well as the ongoing neural 

activity recorded during earlier anticipation of 

the visual stimuli 

Taylor et al., 2007 

ERP N=16 

High-frequency (10-Hz) 

rTMS on left dorsal medial 

frontal cortex (dMFC) 

dMFC influences lateralized ERPs in primary 

motor cortices during conflict resolution in an 

action selection task 

Taylor et al., 2007 

 

and during and after the rTMS challenge. Once a robust pro-
tocol has been established, cognitive performance, mood and 
vigilance will be evaluated in a double blind, placebo con-
trolled trials using the reference drugs (donepezil and me-
mantine). 

 The ideal healthy volunteer model will be a) reversible 
with clinically active treatments, b) applicable for a broad 
range of therapeutic targets, and c) predictive of clinical out-
come. The PharmaCog project aims to develop and validate 
a healthy volunteer model which can predict the beneficial 
effects of new treatments in a relatively short time frame and 
in controllable conditions, providing the opportunity to iden-
tify the most promising new therapeutic agents. 

7. CONCLUDING REMARKS 

 The use of cognitive ‘challenge’ models such as SD, 
transient hypoxia, and TMS in healthy volunteers, as well as 
the validation of non-invasive, translational, and low-cost 
neural correlates of these challenges such as resting state 
EEG rhythms constitute a promising approach to evaluate 

effects of pharmacological treatment on biomarkers as in-
strumental secondary end points in drug discovery. Indeed, it 
has previously been shown that the resting state EEG 
rhythms in amnesic MCI and AD subjects are characterized 
by an increase in delta rhythms concomitant with a decrease 
of alpha rhythms in occipital, parietal, and temporal areas. 
Furthermore, these features were related to global cognition 
and some clear signs of neurodegeneration. In this article, we 
have reported relevant literature on the effects of hypoxia, 
SD, and TMS on these EEG rhythms and cognitive perform-
ance in humans, in order to form a knowledge platform for 
novel research for drug discovery in AD (see Tables 1, 2, 
and 3 for a summary and bibliographic references). It has 
been shown that sleep pressure enhanced frontal delta 
rhythms (< 4 Hz) during the night, while SD increased slow 
rhythms in the theta range (4-7 Hz), and reduced resting state 
alpha rhythms (8-12 Hz) during the day after. Furthermore, 
SD transiently affected cognitive performance. In contrast, 
transient experimental hypoxia induced abnormal posterior 
resting state delta and alpha rhythms in healthy volunteers 
that resemble the abnormal EEG rhythms typically recorded 
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in AD patients (this suggests that EEG abnormalities ob-
served in amnesic MCI and AD subjects might be associated 
with an impairment of vasomotor reactivity and neurovascu-
lar coupling that could be, at least in part, due to chronic 
and/or acute hypoxia effects). However, the relationship be-
tween the cognitive and EEG effects of such challenge is 
poorly understood. In the same line, the EEG literature on 
TMS reports that the combined TMS-EEG approach has the 
potential to investigate neurophysiologic mechanisms at the 
basis of functional cortical connectivity and cognitive func-
tions in humans. Among them, causal interference with TMS 
over fronto-parietal attention networks induced changes in 
posterior alpha rhythms and attention. However, few TMS-
EEG studies investigated the effects of this challenge on 
episodic memory or executive functions (i.e. the cognitive 
benchmark of AD) and EEG rhythms. On the whole, the 
findings reviewed above encourage the use of the SD chal-
lenge model and the resting state EEG rhythms in healthy 
volunteers to assess the potential of novel symptomatic drugs 
to provide early clinical proof of concept in AD drug discov-
ery. Specifically, the most interesting EEG markers for trans-
lational purposes may be delta (<4 Hz) and low-frequency 
(8-10 Hz) rhythms recorded in the posterior scalp regions. 
Furthermore, the findings reviewed above encourage future 
investigations to better understand the opportunities offered 
by TMS and hypoxia challenges. 

 Keeping in mind the above data and considerations, we 
propose a speculative physiological model predicting the 
effects of hypoxia, SD, and TMS challenges on resting state 
EEG rhythms. In the resting state (eyes closed) condition, 
normal brain typically shows dominant alpha rhythms (8–12 
Hz) in the posterior cortical regions, which would denote the 
back-ground, spontaneous synchronization around 10 Hz of 
neural networks regulating the fluctuation of subject’s global 
arousal and consciousness states. These networks would 
span neural populations of cerebral cortex, thalamus, basal 
forebrain and brainstem, including glutamatergic, choliner-
gic, dopaminergic and serotoninergic parts of the reticular 
ascending systems. We posit that AD neurodegenerative 
processes affect the interactions among these neural popula-
tions, thus inducing an amplitude increase of widespread 
delta (2-4 Hz) and theta (4-8 Hz) rhythms and an amplitude 
decrease of the dominant alpha rhythms. This “slowing” of 
the EEG rhythms would mainly reflect a sort of thalamo-
cortical “disconnection mode” (Fig. 1), and would be 
functionally mimicked by the transient and reversible effects 
of hypoxia, SD, and TMS challenges on the resting state 
EEG rhythms recordable in healthy subjects (Fig. 2). A 
further intriguing prediction is that some classes of novel 
symptoms drugs for AD might impinge upon the neuro-
modulatory systems regulating EEG rhythms and subjects’ 
global cortical arousal in the resting state condition. 

 

Fig. (1). Tentative physiological model of generation of resting state eyes-closed electroencephalographic (EEG) rhythms in the brain of 
healthy subjects and Alzheimer’s disease (AD) patients. In the normal brain, dominant EEG rhythms are observed at alpha frequencies (8-12 
Hz), which would denote the back-ground, spontaneous synchronization around 10 Hz of neural networks regulating the fluctuation of sub-
ject’s global arousal and consciousness states. These networks would span neural populations of cerebral cortex, thalamus, basal forebrain 
and brainstem, including glutamatergic, cholinergic, dopaminergic and serotoninergic parts of the reticular ascending systems. In the brain of 
AD patients, the amplitude of these rhythms is reduced (i.e. desynchronization) together with an amplitude increase of the pathological EEG 
slow frequencies spanning delta (<4 Hz) and theta (4-7 Hz) rhythms. This “slowing” of the EEG rhythms would mainly reflect a sort of 
thalamo-cortical “disconnection mode”. 
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 As a final concluding remark, an important question is as 
to whether these challenges and EEG markers can be used to 
make decisions regarding the therapeutic potential of novel 
symptomatic drugs in AD. Unfortunately, no definitive con-
clusion can be drawn based on the data available. However it 
can be speculated that these challenge models and spectral 
EEG markers may be invaluable at the earlier stages of the 
drug development, i.e. preclinical through to early PI/PII 
clinical trials. Indeed, quite similar EEG experiments and the 
same kind of spectral data analysis can be performed in ani-
mal models of AD, in healthy young volunteers, and in eld-
erly individuals with prodromal or manifest AD. Further-
more, the procedures for SD, transient experimental hypoxia, 
TMS, and recording of the resting state EEG rhythms in hu-
mans can be easily back-translated to the experiments to be 
carried out in wild type and transgenic animal models of AD. 
Furthermore, the same FFT procedures can be used for the 
estimation of the spectral power density in the preclinical 
and clinical EEG data. A number of such translational stud-
ies using the mentioned challenges and EEG markers are 
planned or being performed within the framework of the 
European IMI project “PharmaCog”. 

CONFLICT OF INTEREST 

 The author(s) confirm that this article content has no con-
flicts of interest. 

ACKNOWLEDGEMENTS 

 The research leading to the present review has received 
funding from the European Community's Seventh Frame-

work Programme (FP7/2007-2013) for the Innovative Medi-
cines Initiative under Grant Agreement n°115009 (Prediction 
of cognitive properties of new drug candidates for neurode-
generative diseases in early clinical development, Pharma-
Cog). For further information on the PharmaCog project 
please refer to www.pharmacog.org. We thank the staff of 
University of Foggia for his help in the preliminary review 
of the literature (Prof./Dr. Giuseppe Cibelli, Fabrizio Vec-
chio, Antonello Bellomo, Annamaria Petito, Mario Alta-
mura, Pietro Fiore, and Andrea Santamato). 

REFERENCES 

[1] Daulatzai MA. Early stages of pathogenesis in memory impairment 
during normal senescence and Alzheimer's disease. J Alzheimers 
Dis 20(2): 355-67 (2010). 

[2] Ebert U, Grossmann M, Oertel R, Gramatté T, Kirch W. Pharma-
cokinetic-pharmacodynamic modeling of the electroencephalogram 
effects of scopolamine in healthy volunteers. J Clin Pharmacol 
41(1): 51-60 (2001). 

[3] Snaedal J, Johannesson GH, Gudmundsson TE, Gudmundsson S, 
Pajdak TH, Johnsen K. The use of EEG in Alzheimer's disease, 
with and without scopolamine - a pilot study. Clin Neurophysiol 
121(6): 836-41 (2010).  

[4] Horacek J, Brunovsky M, Novak T, Tislerova B, Palenicek T, 
Bubenikova-Valesova V, et al. Subanesthetic dose of ketamine de-
creases prefrontal theta cordance in healthy volunteers: implica-
tions for antidepressant effect. Psychol Med 40(9): 1443-51 (2010). 

[5] McNicholas WT. Impact of sleep in COPD. Chest 117(2): 48S-53S 
(2000). 

[6] Kent BD, Mitchell PD, McNicholas WT. Hypoxemia in patients 
with COPD: cause, effects, and disease progression. Int J Chron 
Obstruct Pulmon Dis 6: 199-208 (2011). 

[7] Scragg JL, Fearon IM, Boyle JP, Ball SG, Varadi G, Peers C. Alz-
heimer's amyloid peptides mediate hypoxic up-regulation of L-type 
Ca2+ channels. FASEB J 19(1): 150-2 (2005). 

 

Fig. (2). Tentative physiological model of generation of resting state eyes-closed EEG rhythms in the brain of healthy subjects immediately 
after the exposition to transient hypoxia, sleep deprivation (SD), and transcranial magnetic stimulation (TMS) challenges. We posit that these 
challenges induce a transient and reversible “slowing” of the EEG rhythms that mimics that observed in AD patients when they experience a 
resting state eyes-closed condition. 



14    Current Alzheimer Research, 2014, Vol. 11, No. 5 Claudio et al. 

[8] Smith C, MacNeill C. Impaired motor memory for a pursuit rotor 
task following stage 2 sleep loss in college students. J. Sleep Res 3: 
206-213 (1994). 

[9] Walker MP, Brakefield T, Morgan A, Hobson JA, Stickgold R. 
Practice with sleep makes perfect: sleep-dependent motor skill 
learning. Neuron 35: 205-211 (2002). 

[10] Walker MP, Liston C, Hobson JA, Stickgold R. Cognitive flexibil-
ity across the sleep–wake cycle: REM-sleep enhancement of ana-
gram problem solving. Cogn Brain Res 14: 317-324 (2002). 

[11] Gais S, Born J. Declarative memory consolidation: mechanisms 
acting during human sleep. Learn Mem 11: 679-685 (2004). 

[12] Linde L, Bergstrom M. The effect of one night without sleep on 
problem-solving and immediate recall. Psychol Res 54: 127-136 
(1992). 

[13] Harrison Y, Horne JA. One night of sleep loss impairs innovative 
thinking and flexible decision making. Organ Behav Hum Decis 
Process 78: 128-145 (1999).  

[14] Hauw JJ, Hausser-Hauw C, De Girolami U, Hasboun D, Seilhean 
D. Neuropathology of sleep disorders: a review. J Neuropathol Exp 
Neurol 70(4): 243-52 (2011). 

[15] Drummond SP, Brown GG. The effects of total sleep deprivation 
on cerebral responses to cognitive performance. Neuropsycho-
pharmacology 25(5): S68-73 (2001). 

[16] Doran SM, Van Dongen HP, Dinges DF. Sustained attention per-
formance during sleep deprivation: evidence of state instability. 
Arch Ital Biol 139: 253-267 (2001). 

[17] Belenky G, Wesensten NJ, Thorne DR, Thomas ML, Sing HC, 
Redmond DP, et al. Patterns of performance degradation and resto-
ration during sleep restriction and subsequent recovery: a sleep 
dose–response study. J Sleep Res 12: 1-12 (2003). 

[18] Kendall AP, Kautz MA, Russo MB, Killgore WD. Effects of sleep 
deprivation on lateral visual attention. Int J Neurosci 116: 1125-
1138 (2006). 

[19] Oken BS, Salinsky MC, Elsas SM. Vigilance, alertness, or sus-
tained attention: physiological basis and measurement. Clin Neuro-
physiol 117: 1885-1901 (2006). 

[20] Drummond SP, Paulus MP, Tapert SF. Effects of two nights sleep 
deprivation and two nights recovery sleep on response inhibition. J 
Sleep Res 15: 261-265 (2006). 

[21] Killgore WD, Balkin TJ, Wesensten NJ. Impaired decision making 
following 49 h of sleep deprivation. J Sleep Res 15: 7-13 (2006). 

[22] Bocca ML, Denise P. Total sleep deprivation effect on disengage-
ment of spatial attention as assessed by saccadic eye movements. 
Clin Neurophysiol 117: 894-899 (2006). 

[23] Fimm B, Willmes K, Spijkers W. The effect of low arousal on 
visuo-spatial attention. Neuropsychologia 44: 1261-1268 (2006). 

[24] Killgore WD, Kahn-Greene ET, Lipizzi EL, Newman RA, Kami-
mori GH, Balkin TJ. Sleep deprivation reduces perceived emo-
tional intelligence and constructive thinking skills. Sleep Med 29: 
29 (2007). 

[25] Santhi N, Horowitz TS, Duffy JF, Czeisler CA. Acute sleep depri-
vation and circadian misalignment associated with transition onto 
the first night of work impairs visual selective attention. PLoS 
ONE e1233: 2 (2007). 

[26] Barker AT, Jalinous R, Freeston IL. Non-invasive magnetic stimu-
lation of human motor cortex. Lancet 1(8437): 1106-7 (1985). 

[27] Rossini PM, Rossi S. Transcranial magnetic stimulation: diagnos-
tic, therapeutic, and research potential. Neurology 68(7): 484-8 
(2007). 

[28] Pascual-Leone A, Walsh V, Rothwell J. Transcranial magnetic 
stimulation in cognitive neuroscience--virtual lesion, chronometry, 
and functional connectivity. Curr Opin Neurobiol 10(2): 232-7 
(2000). 

[29] Rossini PM, Rossi S, Babiloni C, Polich J. Clinical neurophysiol-
ogy of aging brain: from normal aging to neurodegeneration. Prog 
Neurobiol 83(6): 375-400 (2007). 

[30] Rossi S, Rossini PM. TMS in cognitive plasticity and the potential 
for rehabilitation. Trends Cogn Sci 8(6): 273-9 (2004). 

[31] Walsh V, Cowey A. Transcranial magnetic stimulation and cogni-
tive neuroscience. Nat Rev 1(1): 73-9 (2000). 

[32] Jahanshahi M, Dirnberger G. The left dorsolateral prefrontal cortex 
and random generation of responses: studies with transcranial mag-
netic stimulation. Neuropsychologia 37(2): 181-90 (1999). 

[33] Berger H. Über das Elektroenkephalogramm des Menschen. Archiv 
für Psychiatrie und Nervenkrankheiten 87: 527-570 (1929). 

[34] Nunez PL. Toward a quantitative description of large-scale neocor-
tical dynamic function and EEG. Behav Brain Sci 23: 371-398 dis-
cussion 399–437 (2000). 

[35] Michel CM, Murray MM, Lantz G, Gonzalez S, Spinelli L, Grave 
de Peralta R. EEG source imaging. Clin Neurophysiol 115(10): 
2195-222 (2004). 

[36] Rossini PM. Implications of brain plasticity to brain-machine inter-
faces operation a potential paradox? Int Rev Neurobiol 86: 81-90 
(2009). 

[37] Babiloni C, Pizzella V, Gratta CD, Ferretti A, Romani GL. Funda-
mentals of electroencefalography, magnetoencefalography, and 
functional magnetic resonance imaging. Int Rev Neurobiol 86: 67-
80 (2009).  

[38] Nunez PL (1995) Neocortical dynamics and human EEG rhythms. 
New York: Oxford University Press. 

[39] Pascual-Marqui RD, Michel CM, Lehmann D. Low resolution 
electromagnetic tomography: a new method for localizing electrical 
activity in the brain. Int J Psychophysiol 18: 49-65 (1994). 

[40] Rossetti AO, Kaplan PW. Seizure semiology: an overview of the 
'inverse problem'. Eur Neurol 63(1): 3-10 (2010). 

[41] Grech R, Cassar T, Muscat J, Camilleri KP, Fabri SG, Zervakis M, 
Xanthopoulos P, et al. Review on solving the inverse problem in 
EEG source analysis. J Neuroeng Rehabil 5: 25 (2008). 

[42] Luck SJ. An introduction to the event-related potential technique. 
Cambridge, MA: MIT Press; 2005. 

[43] Picton TW, Bentin S, Berg P, Donchin E, Hillyard SA, Johnson R 
Jr, et al. Guidelines for using human event-related potentials to 
study cognition: recording standards and publication criteria. Psy-
chophysiology 37: 127-52 (2000). 

[44] Murray MM, Brunet D, Michel CM. Topographic ERP analyses: a 
step-by-step tutorial review. Brain Topogr 20(4): 249-64 (2008).  

[45] Nuwer MR. Quantitative EEG: I. Techniques and problems of 
frequency analysis and topographic mapping. J Clin Neurophysiol 
5(1): 1-43 (1988). 

[46] Steriade M. Grouping of brain rhythms in corticothalamic systems. 
Neuroscience 137(4):1087-106 (2006). 

[47] Babiloni C, Binetti G, Cassetta E, Cerboneschi D, Dal Forno G, 
Del Percio C, et al. Mapping distributed sources of cortical rhythms 
in mild Alzheimer's disease. A multicentric EEG study. NeuroIma-
ge 22: 57-67 (2004). 

[48] Babiloni C, Binetti G, Cassetta E, Dal Forno G, Del Percio C, 
Ferreri F, et al. Sources of cortical rhythms change as a function of 
cognitive impairment in pathological aging: a multicenter study. 
Clin Neurophysiol 117(2): 252-68 (2006). 

[49] Babiloni C, Benussi L, Binetti G, Cassetta E, Dal Forno G, Del 
Percio C, et al. Apolipoprotein E and alpha brain rhythms in mild 
cognitive impairment: A multicentric Electroencephalogram study. 
Ann Neurol 59: 323-34 (2006). 

[50] Babiloni C, Benussi L, Binetti G, Bosco P, Busonero G, Cesaretti 
S, et al. Genotype (cystatin C) and EEG phenotype in Alzheimer 
disease and mild cognitive impairment: a multicentric study. Neu-
roimage 29(3): 948-64 (2006). 

[51] Babiloni C, Frisoni G, Steriade M, Bresciani L, Binetti G, Del 
Percio C, et al. Frontal white matter volume and delta EEG sources 
negatively correlate in awake subjects with mild cognitive impair-
ment and Alzheimer's disease. Clin Neurophysiol 117: 1113-29 
(2006). 

[52] Babiloni C, Cassetta E, Dal Forno G, Del Percio C, Ferreri F, Ferri 
R, et al. Donepezil effects on sources of cortical rhythms in mild 
Alzheimer's disease: Responders vs. Non-Responders. Neuroimage 
31: 1650-65 (2006). 

[53] Babiloni C, Pievani M, Vecchio F, Geroldi C, Eusebi F, Fracassi 
CF, et al. White-matter lesions along the cholinergic tracts are re-
lated to cortical sources of EEG rhythms in amnesic mild cognitive 
impairment. Hum Brain Mapp 30(5):1431-43 (2009). 

[54] Babiloni C, Ferri R, Binetti G, Cassarino A, Dal Forno G, Ercolani 
M, et al. Brain Res Bull. Fronto-parietal coupling of brain rhythms 
in mild cognitive impairment: a multicentric EEG study. 2006; 
69(1): 63-73. 

[55] Babiloni C, Squitti R, Del Percio C, Cassetta E, Ventriglia MC, 
Ferreri F, et al. Free copper and resting temporal EEG rhythms cor-
relate across healthy, mild cognitive impairment, and Alzheimer's 
disease subjects. Clin Neurophysiol 118: 1244-60 (2007). 

[56] Babiloni C, Bosco P, Ghidoni R, Del Percio C, Squitti R, Binetti G, 
et al. Homocysteine and electroencephalographic rhythms in Alz-



Effect of TMS, Sleep Deprivation and Hypoxia on EEG Current Alzheimer Research, 2014, Vol. 11, No. 5    15 

heimer disease: A multicentric study. Neuroscience 145: 942-54 
(2007). 

[57] Babiloni C, Frisoni GB, Pievani M, Vecchio F, Infarinato F, Gerol-
di C, et al. White matter vascular lesions are related to parietal-to-
frontal coupling of EEG rhythms in mild cognitive impairment. 
Hum Brain Mapp. 2008 Dec;29(12):1355-67. 

[58] Babiloni C, Ferri R, Binetti G, Vecchio F, Frisoni GB, Lanuzza B, 
et al. Directionality of EEG synchronization in Alzheimer's disease 
subjects. Neurobiol Aging 30(1): 93-102 (2009).  

[59] Babiloni C, Visser PJ, Frisoni G, De Deyn PP, Bresciani L, Jelic V, 
et al. Cortical sources of resting EEG rhythms in mild cognitive 
impairment and subjective memory complaint. Neurobiol Aging 
31(10):1787-98 (2010) 

[60] Rossini PM, Del Percio C, Pasqualetti P, Cassetta E, Binetti G, Dal 
Forno G, et al. Conversion from mild cognitive impairment to Alz-
heimer's disease is predicted by sources and coherence of brain 
electroencephalography rhythms. Neuroscience 143(3): 793-803 
(2006). 

[61] Babiloni C, Frisoni GB, Pievani M, Vecchio F, Lizio R, Buttiglione 
M, et al. Hippocampal volume and cortical sources of EEG alpha 
rhythms in mild cognitive impairment and Alzheimer disease. Neu-
roimage 44(1):123-35 (2009). 

[62] Dierks T, Jelic V, Pascual-Marqui RD, Wahlund L, Julin P, Linden 
DE, et al. Spatial pattern of cerebral glucose metabolism (PET) 
correlates with localization of intracerebral EEG-generators in Alz-
heimer's disease. Clin Neurophysiol 111(10): 1817-24 (2000). 

[63] Huang C, Wahlund L, Dierks T, Julin P, Winblad B, Jelic V. Dis-
crimination of Alzheimer's disease and mild cognitive impairment 
by equivalent EEG sources: a cross-sectional and longitudinal 
study. Clin Neurophysiol 111(11): 1961-7 (2000). 

[64] Ponomareva NV, Selesneva ND, Jarikov GA. EEG alterations in 
subjects at high familial risk for Alzheimer's disease. Neuropsy-
chobiology 48(3):152-9 (2008). 

[65] Jeong J. EEG dynamics in patients with Alzheimer's disease. Clin 
Neurophysiol 115(7): 1490-505 (2004). 

[66] Prichep LS. Use of normative databases and statistical methods in 
demonstrating clinical utility of QEEG: importance and cautions. 
Clin EEG Neurosci 36(2): 82-7 (2005). 

[67] Jelic V, Shigeta M, Julin P, Almkvist O, Winblad B, Wahlund LO. 
Quantitative electroencephalography power and coherence in Alz-
heimer's disease and mild cognitive impairment. Dementia 7(6): 
314-23 (1996). 

[68] Jelic V, Johansson SE, Almkvist O, Shigeta M, Julin P, Nordberg 
A, et al. Quantitative electroencephalography in mild cognitive im-
pairment: longitudinal changes and possible prediction of Alz-
heimer's disease. Neurobiol Aging 21(4): 533-40 (2000). 

[69] Grunwald M, Busse F, Hensel A, Kruggel F, Riedel-Heller S, Wolf 
H, et al. Correlation between cortical theta activity and hippocam-
pal volumes in health, mild cognitive impairment, and mild demen-
tia. J Clin Neurophysiol 18(2): 178-84 (2001). 

[70] Kwak YT. Quantitative EEG findings in different stages of Alz-
heimer's disease. J Clin Neurophysiol 23(5): 456-61 (2006). 

[71] Coben LA, Danziger W, Storandt M. A longitudinal EEG study of 
mild senile dementia of Alzheimer type: changes at 1 year and at 
2.5 years. Electroencephalogr Clin Neurophysiol 61(2): 101-12 
(1985). 

[72] Soininen H, Partanen J, Laulumaa V, Helkala EL, Laakso M, Riek-
kinen PJ. Longitudinal EEG spectral analysis in early stage of Alz-
heimer's disease. Electroencephalogr Clin Neurophysiol 72(4): 
290-7 (1989). 

[73] Soininen H, Partanen J, Pääkkönen A, Koivisto E, Riekkinen PJ. 
Changes in absolute power values of EEG spectra in the follow-up 
of Alzheimer's disease. Acta Neurol Scand 83(2): 133-6 (1991). 

[74] Kuroiwa Y, Celesia GG. Clinical significance of periodic EEG 
patterns. Arch Neurol 37: 15-20 (1980). 

[75] Synek VM. Prognostically important EEG coma patterns in diffuse 
anoxic and traumatic encephalopathies in adults. J Clin Neuro-
physiol 5: 161-174 (1988). 

[76] Westmoreland BF, Klass DW, Sharbrough FW, et al. Alpha-coma. 
Electroencephalographic, clinical, pathologic, and etiologic correla-
tions. Arch Neurol 32: 713-718 (1975). 

[77] Iragui VJ, McCutchen CB. Physiologic and prognostic significance 
of‘alpha coma’. J Neurol Neurosurg Psychiatry 46: 632-638 
(1983). 

[78] Brenner RP, Schwartzman RJ, Richey ET. Prognostic significance 
ofepisodic low amplitude or relatively isoelectric EEG patterns. Dis 
Nerv Syst 36: 582-587 (1975). 

[79] Rae-Grant AD, Strapple C, Barbour PJ. Episodic low-amplitude 
events: an under-recognized phenomenon in clinical electroen-
cephalography. J Clin Neurophysiol 8: 203-–211 (1991). 

[80] Peers C, Dallas ML, Boycott HE, Scragg JL, Pearson HA, Boyle 
JP. Hypoxia and neurodegeneration. Ann NY Acad Sci 1177: 169-
77 (2009). 

[81] Bernard GR, Artigas A, Brigham KL, Carlet J, Falke K, Hudson L, 
et al. The American–European Consensus Conference on ARDS. 
Definitions, mechanisms, relevant outcomes, and clinical trial co-
ordination, Am J Respir Crit Care Med 149 (3 Pt 1): 818-824 
(1994).  

[82] Papadelis C, Maglaveras N, Kourtidou-Papadeli C, Bamidis PD, 
Albani M, Chatzinikolaou K, et al. Quantitative multichannel EEG 
measure predicting the optimal weaning from ventilator in ICU pa-
tients with acute respiratory failure, Clin Neurophysiol 117(4): 
752-770 (2006). 

[83] Van Huffelen AC, Poortvliet DCJ, Van der Wulp CJM. Quantita-
tive electroencephalography in cerebral ischemia. Detection of ab-
normalities in "normal" EEGs. Progr. Brain Res 62: 3-29 (1984). 

[84] Ingvar, D.H. and Sulg, I.A. Regional cerebral blood flow and EEG 
frequency content in man. Scand. J Clin Invest 23 (109): 47-66 
(1969). 

[85] Tolonen, U. and Sulg, I.A. (1981) Comparison of quantitative EEG 
parameters from four different analysis techniques in evaluation of 
relationships between EEG and CBF in brain infarction. Electroen-
ceph. Clin. Neurophysiol., 51: 177-185. 

[86] Nagata K, Tagawa K, Hiroi S, Shishido F, UemuraK. Electroen-
cephalographic correlates of blood flow and oxygen metabolism 
provided by positron emission tomography in patients with cerebral 
infarction. Electroenceph clin Neurophysiol 72: 16- 30 (1989). 

[87] Koerner E, Ott E, Kaiserfeld P, Pfurtscheller G, Wolf R, Lindinger 
G, et al. (1989) EEG mapping in patients with transient ischemic 
attacks: a follow-up study. In: K. Maurer (Ed.), Topographic Brain 
Mapping of EEG and Evoked Potentials. Springer, Berlin, pp. 209-
218. 

[88] Vecchio F, Valeriani L, Buffo P, Scarpellini MG, Frisoni GB, 
Mecarelli O, et al. Cortical sources of EEG rhythms in congestive 
heart failure and Alzheimer's disease. Int J Psychophysiol 86(1): 
98-1 (2012). 

[89] Kraaier V, Van Huffelen AC, Wieneke GH. Changes in quantita-
tive EEG and blood flow velocity due to standardized hyperventila-
tion; a model of transient ischemia in young human subjects. Elec-
troenceph clin Neurophysiol 70: 377-387 (1988). 

[90] Kraaier V, Van Huffelen, AC, Wieneke GH. Quantitative EEG 
changes due to hypobaric hypoxia in normal subjects. Electroen-
ceph clin Neurophysiol 69: 303-312 (1988). 

[91] Plum J, Huys J, De Scheerder Y, Dhont E, De Smedt M. Influence 
of nandrolone decanoate on the repopulation of the thymus after to-
tal body irradiation of mice. Immunopharmacology 5(1): 19-30 
(1982). 

[92] Gastaut, H., Fischgold, J. and Meyer, J.S. (1961) EEG in acute 
cerebral hypoxia in man. In: J.S. Meyer and H. Gastaut (Eds.), 
Cerebral Hypoxia and the Electroencephalogram. Thomas, Spring-
field, IL, pp.599-617. 

[93] Gastaut, H., Bostem, F., Femandez-Guardiola, A., Naquet, R. and 
Gibson, W. (1961) Hypoxic activation of the EEG by nitrogen in-
halation. In: H. Gastaut and J.S. Meyer (Eds.), Cerebral Anoxia and 
the Electroencephalogram. Thomas, Springfield, IL, pp. 343-354. 

[94] Burykh E.A., Relations of the EEG local and spatialtemporal spec-
tral characteristics changes under hypoxia in humans, Ross Fiziol 
Zh Im I M Sechenova. 91 (2005) (11), pp. 1260–1280. 

[95] Schellart NA, Reits D. Transient and maintained changes of the 
spontaneous occipital EEG during acute systemic hypoxia, Aviat 
Space Environ Med 72(5): 462-470 (2001). 

[96] Thiebauld C, Van Mullen J, Lintermans J, Sprumont P. Testing in a 
hypobaric chamber drugs claimed to improve impaired brain func-
tion (Letter). Lancet ii: 225-226 (1983). 

[97] Ozaki H, Watanabe S, Suzuki H. Topographic EEG changes due to 
hypobaric hypoxia at simulated high altitude. Electroencephalogr 
Clin Neurophysiol 94(5): 349-56 (1995). 

[98] Forster HV, Soto RJ, Dempsey JA, Hosko MJ. Effect of sojourn at 
4,300 m altitude on electroencephalogram and visual evoked re-
sponse. J Appl Physiol 39: 109-113 (1975). 



16    Current Alzheimer Research, 2014, Vol. 11, No. 5 Claudio et al. 

[99] Selvamurthy W, Saxena RK, Krishnamurthy N, Suri ML, Malhotra 
MS. Changes in EEG pattern during acclimatization to high altitude 
(3,500 m) in man. Aviat Space Environ Med 49: 968-971 (1978). 

[100] Shi Z, Zhao D, Gu Z. The influence of acute and chronic hypoxia 
on the electroencephalogram of human body. Ann Physiol Anthro-
pol 6: 111-121 (1987). 

[101] Meyer JS, Waltz AG. Arterial oxygen saturation and alveolar car-
bon dioxide during electroencephalography. I. Comparison of hy-
perventilation and induced hypoxia in subjects without brain dis-
ease. Arch Neurol 2: 631-643 (1960). 

[102] Saletu B, Grünberger J. The hypoxia model in human psychophar-
macology: neurophysiological and psychometric studies with 
aniracetam i.v, Hum Neurobiol 3(3): 171-181 (1984). 

[103] Saletu, B. and Grunberger, J. (1985) Memory dysfunction and 
vigilance: neurophysiological and psychopharmacological aspects. 
Ann. NY Acad. Sci., 444: 406-427. 

[104] Shi Z, Zhao D, Li C, Qian M. Changes on electroencephalogram 
under acute hypoxia and relationship between tolerant ability to 
hypoxia and adaptation ability to high altitudes. Scient Sin 26: 58-
69 (1983). 

[105] Matsuoka, S., Kadoya, C., Okuda, S., Wada, S. and Mori, M. 
(1989) Topographic characteristics of EEG during a saturation dive 
to a 31 ATA helium-oxygen environment with specific reference to 
Fm  or FIRDA. In: K. Maurer (Ed.), Topographic Brain Mapping 
of EEG and Evoked Potentials. Springer, Berlin, pp. 226-232. 

[106] Saletu B, J. Grünberger, L. Linzmayer and P. Anderer, Brain pro-
tection of nicergoline against hypoxia: EEG brain mapping and 
psychometry, J Neural Transm Park Dis Dement Sect 2(4): 305-
325 (1990).  

[107] Papadelis C, Kourtidou-Papadeli C, Bamidis PD, Maglaveras N, 
Pappas K. The effect of hypobaric hypoxia on multichannel EEG 
signal complexity. Clin Neurophysiol 118(1): 31-52 (2007).  

[108] Cantin S, Villien M, Moreaud O, Tropres I, Keignart S, Chipon E, 
et al. Impaired cerebral vasoreactivity to CO2 in Alzheimer's dis-
ease using BOLD fMRI. Neuroimage 58(2): 579-87 (2011). 

[109] Vicenzini E, Ricciardi MC, Altieri M, Puccinelli F, Bonaffini N, Di 
Piero V, et al. Cerebrovascular reactivity in degenerative and vas-
cular dementia: a transcranial Doppler study. Eur Neurol 58(2): 84-
9 (2007). 

[110] Takagi M, Watanabe S. Two different components of contingent 
negative variation (CNV) and their relation to changes in reaction 
time under hypobaric hypoxic conditions. Aviat Space Environ 
Med 70(1): 30-4 (1999). 

[111] Tsarouchas N, Benedek K, Bezerianos A, Benedek G, Keri S. 
Effects of moderate hypobaric hypoxia on evoked categorical 
visuocognitive responses. Clin Neurophysiol. 2008 Jul; 119(7): 
1475-85. 

[112] Webb WB. Twenty-four-hour sleep cycling. In: Kales A, editor. 
Sleep physiology and pathology. Philadelphia: Lippincott; 1969.p. 
53-65. 

[113] Webb WB, Agnew HW. The effects on subsequent sleep of an 
acute restriction of sleep length. Psychophysiology 12(4): 367-70 
(1975). 

[114] Webb WB, Agnew HW. Are we chronically sleep deprived? Bulle-
tin of the Psychonomic Society 6(1): 47-8 (1975). 

[115] Bonnet MH, Arand DL. We are chronically sleep deprived. Sleep 
18(10): 908-11 (1995). 

[116] Johns MW, Gay TJ, Goodyear MD, Masterson JP. Sleep habitsof 
healthy young adults: use of a sleep questionnaire. Br J Prev Soc 
Med 25: 236-41 (1971). 

[117] Valdez P, Ramirez C, Garcia A. Delaying and extending sleep 
during weekends: sleep recovery or circadian effect? Chronobiol-
ogy International 13(3): 191-8 (1996). 

[118] National Sleep Foundation 2002. 2002 sleep in America poll. 
Washington DC: National Sleep Foundation. 

[119] Van Dongen HP, Maislin G, Mullington JM, Dinges DF. The cu-
mulative cost of additional wakefulness: dose–response effects on 
neurobehavioral functions and sleep physiology from chronic sleep 
restriction and total sleep deprivation. Sleep 2: 117-26 (2003). 

[120] Vgontzas AN, Zoumakis E, Bixler EO, Lin HM, Follett H, Kales 
A, et al. Adverse effects of modest sleep restriction on sleepiness, 
performance, and inflammatory cytokines. J Clin Endocrinol Metab 
89(5): 2119-26 (2004).  

[121] Horne JA. Why we sleep: the functions of sleep in humans and 
other mammals. Oxford: University Press; 1988. 

[122] Achermann P, Finelli LA, Borbely AA. Unihemispheric enhance-
ment of delta power in human frontal sleep EEG by prolonged 
wakefulness. Brain Res 913: 220-223 (2001). 

[123] Kattler, H., Dijk, D. J., & Borbely, A. A. (1994). Effect of unilat-
eral somatosensory stimulation prior to sleep on the sleep EEG in 
humans. Journal of Sleep Research, 3, 159–164. 

[124] Dumont M, Macchi MM, Carrier J, Lafrance C, Hebert M. Time 
course of narrow frequency bands in the waking EEG during sleep 
deprivation. Neuroreport 10: 403-407 (1999). 

[125] Cajochen C, Brunner DP, Kräuchi K, Graw P, Wirz-Justice A. 
Power density in theta/alpha frequencies of the waking EEG pro-
gressively increases during sustained wakefulness. Sleep 18: 890-
894 (1995). 

[126] Mander BA, Reid KJ, Baron KG, Tjoa T, Parrish TB, Paller KA, et 
al. EEG measures index neural and cognitive recovery from sleep 
deprivation. J Neurosci 30: 2686-2693 (2010). 

[127] Torsvall L, Åkerstedt T. Sleepiness on the job: continuously meas-
ures EEG changes in train drivers. EEG Clin Neurophysiol 66: 
502-51 (1987) 

[128] Corsi-Cabrera M, Arce C, Ramos J, Lorenzo I, Guevara MA. Time 
course of reaction time and EEG while performing a vigilance task 
during total sleep deprivation. Sleep 19: 563-569 (1996) 

[129] Stampi C, Stone P, Michimori A. A new quantitative method for 
assessing sleepiness: the Alpha Attenuation Test. Work and Stress 
9: 368-376 (1995). 

[130] Daurat A Foret J, Touitou Y, Obenoit O. Detrimental influence of 
bright light exposure on alertness, performance, and mood in the 
early morning. Neurophysiol Clin 26: 8-14 (1996). 

[131] Kräuchi K, Cajochen C, Danilenko KV, Wirz-Justice A. The hypo-
thermic effect of late evening melatonin does not block the phase 
delay induced by concurrent bright light in human subjects. Neuro-
sci Lett 232: 57-61 (1997). 

[132] Brunner DP, Dijk DJ, Tobler I, Borbely AA. Effect of partial sleep 
deprivation on sleep stages and EEG power spectra: Evidence for 
non-REM and REM sleep homeostasis. Electroencephalogr Clin 
Neurophysiol 75: 492-499 (1990). 

[133] Brunner DP, Dijk DJ, Borbely AA. Repeated partial sleep depriva-
tion progressively changes the EEG during sleep and wakefulness. 
Sleep 16: 100-113 (1993). 

[134] Ferrara M, De Gennaro L, Bertini M. Selective slow-wave sleep 
(SWS) deprivation and SWS rebound: Do we need a fixed SWS 
amount per night? Sleep Res 2: 15-19 (1999). 

[135] Ferrara M, De Gennaro L, Casagrande M, Bertini M. Selective 
slow-wave sleep deprivation and time-of-night effects on cognitive 
performance upon awakening. Psychophysiology 37: 440-446 
(2000). 

[136] Ferrara M, De Gennaro L, Curcio G, Cristiani R, Corvasce C, & 
Bertini M. Regional differences of the human sleep electroencepha-
logram in response to selective slow-wave sleep deprivation. Cere-
bral Cortex, 12, 737-748 (2002). 

[137] Ferrara M, De Gennaro L, Curcio G, Cristiani R, Bertini M. Inter-
hemispheric asymmetry of human sleep EEG in response to selec-
tive slow-wave sleep deprivation. Behav Neurosci 116(6): 976-81 
(2002). 

[138] De Gennaro L, Vecchio F, Ferrara M, Curcio G, Rossini PM, 
Babiloni C. Antero-posterior functional coupling at sleep onset: 
changes as a function of increased sleep pressure. Brain Res Bull 
65(2): 133-40 (2005). 

[139] Ancoli-Israel S, Klauber MR, Butters N, Parker L, Kripke DF. 
Dementia in institutionalized elderly: relation to sleep apnea. J Am 
Geriatr Soc 39: 258-63 (1991). 

[140] Ancoli-Israel S, Coy TV. Are breathing disturbances in elderly 
equivalent to sleep apnea syndrome? Sleep 17: 77-83 (1994).  

[141] Bliwise DL. Review: Sleep in normal aging and dementia. Sleep 
16: 40-81 (1993). 

[142] Redline S, Strauss ME, Adams N, Winters M, Roebuck T, Spry K, 
et al. Neuropsychological function in mild sleep-disordered breath-
ing. Sleep 20(2): 160-7 (1997). 

[143] Ancoli-Israel S. Epidemiology of sleep disorders. Clin Geriatr Med 
1989: 347-62. 

[144] Taylor W, Phillipson EA, Moldofsky H. Cognitive function and 
sleep disorderd breathing in normal elderly and patients with Alz-
heimer’s disease. In: Kuna ST, Suratt PM, Remmers JE, eds. Sleep 
and respiration in aging adults. New York: Elsevier, 1991: 251-8. 

[145] Hoch CC, Reynolds CFI. Cognitive function and sleep disordered 
breathing in dementia: the Pittsburgh experience. In: Kuna ST, Su-



Effect of TMS, Sleep Deprivation and Hypoxia on EEG Current Alzheimer Research, 2014, Vol. 11, No. 5    17 

ratt PM, Remmers JE, eds. Sleep and respiration in aging adults. 
New York: Elsevier, 1991: 245-50. 

[146] Ancoli-Israel S, Palmer BW, Cooke JR, Corey-Bloom J, Fiorentino 
L, Natarajan L, et al. Cognitive effects of treating obstructive sleep 
apnea in Alzheimer's disease: a randomized controlled study. J Am 
Geriatr Soc 56(11): 2076-81 (2008).  

[147] Chong MS, Ayalon L, Marler M, Loredo JS, Corey-Bloom J, 
Palmer BW, et al. Continuous positive airway pressure reduces 
subjective daytime sleepiness in patients with mild to moderate 
Alzheimer's disease with sleep disordered breathing. J Am Geriatr 
Soc (5): 777-81 (2006). 

[148] Ayalon L, Ancoli-Israel S, Stepnowsky C, Marler M, Palmer BW, 
Liu L, et al. Adherence to continuous positive airway pressure 
treatment in patients with Alzheimer's disease and obstructive sleep 
apnea. Am J Geriatr Psychiatry 14(2): 176-80 (2006). 

[149] Cooke JR, Ayalon L, Palmer BW, Loredo JS, Corey-Bloom J, 
Natarajan L, et al. Sustained use of CPAP slows deterioration of 
cognition, sleep, and mood in patients with Alzheimer's disease and 
obstructive sleep apnea: a preliminary study. J Clin Sleep Med 
5(4): 305-9 (2009).  

[150] Morisson F, Lavigne G, Petit D, Nielsen T, Malo J, Montplaisir J. 
Spectral analysis of wakefulness and REM sleep EEG in patients 
with sleep apnoea syndrome. Eur Respir J 11(5): 1135-40 (1998). 

[151] Mathieu A, Mazza S, Petit D, Décary A, Massicotte-Marquez J, 
Malo J, et al. Does age worsen EEG slowing and attention deficits 
in obstructive sleep apnea syndrome? Clin Neurophysiol 118(7): 
1538-44 (2007). 

[152] Xiromeritis AG, Hatziefthimiou AA, Hadjigeorgiou GM, 
Gourgoulianis KI, Anagnostopoulou DN, Angelopoulos NV. Quan-
titative spectral analysis of vigilance EEG in patients with obstruc-
tive sleep apnoea syndrome: EEG mapping in OSAS patients. 
Sleep Breath 15(1): 121-8 (2011). 

[153] Kobayashi M, Pascual-Leone A. Transcranial magnetic stimulation 
in neurology. Lancet Neurol 2(3): 145-56 (2003). 

[154] Thickbroom GW. Transcranial magnetic stimulation and synaptic 
plasticity: experimental framework and human models. Exp Brain 
Res 180(4): 583-93 (2007). 

[155] Ziemann U, Paulus W, Nitsche MA, Pascual-Leone A, Byblow 
WD, Berardelli A, et al. Consensus: Motor cortex plasticity proto-
cols. Brain Stimulation 1(3): 164-82 (2008). 

[156] Grosbras MH, Paus T. Transcranial magnetic stimulation of the 
human frontal eye field facilitates visual awareness. Eur J Neurosci 
18(11): 3121-6 (2003). 

[157] Walsh V, Ellison A, Battelli L, Cowey A. Task-specific impair-
ments and enhancements induced by magnetic stimulation of hu-
man visual area V5. Proc Biol Sci 265(1395): 537-43 (1998). 

[158] Siebner HR, Lang N, Rizzo V, Nitsche MA, Paulus W, Lemon RN, 
et al. Preconditioning of low-frequency repetitive transcranial 
magnetic stimulation with transcranial direct current stimulation: 
evidence for homeostatic plasticity in the human motor cortex. J 
Neurosci. 2004 Mar 31; 24(13): 3379-85. 

[159] Siebner HR, Hartwigsen G, Kassuba T, Rothwell JC. How does 
transcranial magnetic stimulation modify neuronal activity in the 
brain? - Implications for studies of cognition. Cortex 45(9): 1035-
42 (2009). 

[160] Siebner HR, Rothwell J. Transcranial magnetic stimulation: new 
insights into representational cortical plasticity. Exp Brain Res 
148(1): 1-16 (2003). 

[161] Ridding MC, Rothwell JC. Is there a future for therapeutic use of 
transcranial magnetic stimulation? Nat Rev 8(7): 559-67 (2007). 

[162] O'Shea J, Taylor PC, Rushworth MF. Imaging causal interactions 
during sensorimotor processing. Cortex 44(5): 598-608 (2008). 

[163] Rossi S, Cappa SF, Babiloni C, Pasqualetti P, Miniussi C, Carducci 
F, et al. Prefrontal cortex in long-term memory: an “interference” 
approach using magnetic stimulation, Nat Neurosci 4: 948-952 
(2001). 

[164] Paus T, Jech R, Thompson CJ, Comeau R, Peters T, Evans AC. 
Transcranial magnetic stimulation during positron emission tomo-
graphy: a new method for studying connectivity of the human cere-
bral cortex. J Neurosci 17(9): 3178-84 (1997). 

[165] Silvanto J, Muggleton NG. New light through old windows: mov-
ing beyond the "virtual lesion" approach to transcranial magnetic 
stimulation. Neuroimage 39(2): 549-52 (2008). 

[166] Töpper R, Mottaghy FM, Brügmann M, Noth J, Huber W. Facilita-
tion of picture naming by focal transcranial magnetic stimulation of 
Wernicke's area. Exp. Brain Res 121: 371-378 (1998). 

[167] Walsh V, Pascual-Leone A. 2003. Transcranial Magnetic Stimula-
tion: A Neurochronometrics of Mind, first edition. MIT Press, Bos-
ton, MA. 

[168] Cowey A, The Ferrier Lecture 2004 what can transcranial magnetic 
stimulation tell us about how the brain works? Philos. Trans. R. 
Soc. Lond., B Biol Sci 360:1185-1205 (2005).  

[169] Brewer JB, Zhao Z, Desmond JE, Glover GH, Gabrieli JD. Making 
memories: brain activity that predicts how well visual experience 
will be remembered, Science 281: 1185-1187 (1998).  

[170] Buckner RL, Kelley WM, Petersen SE. Frontal cortex contributes 
to human memory formation, Nat. Neurosci 12: 311-314 (1999). 

[171] Fletcher PC, Henson RNA. Frontal lobes and human memory. 
Insights from functional neuroimaging, Brain 124: 849-881 (2001). 

[172] Spaniol J, Davidson PS, Kim AS, Han H, Moscovitch M, Grady 
CL. Event-related fMRI studies of episodic encoding and retrieval: 
meta-analyses using activation likelihood estimation. Neuropsy-
chologia 47(8-9): 1765-79 (2009). 

[173] Lepage M, Ghaffar O, Nyberg L, Tulving E, Prefrontal cortex and 
episodic memory retrieval mode, Proc Natl Acad Sci 97: 506-511 
(2000). 

[174] Nyberg L, McIntosh A.R, Cabeza R, Habib R, Houle S, Tulving E. 
General and specific brain regions involved in encoding and re-
trieval of events: what, where, and when, Proc Natl Acad Sci USA 
93: 11280-11285 (1996). 

[175] Tulving E, Kapur S, Craik F. I, Moscovitch M, and Houle S, Hemi-
spheric encoding/retrieval asymmetry in episodic memory: positron 
emission tomography findings. Proc Natl Acad Sci USA 91: 2016-
2020 (1994). 

[176] van der Werf YD, Sanz-Arigita EJ, Menning S, van den Heuvel 
OA. Modulating spontaneous brain activity using repetitive tran-
scranial magnetic stimulation. BMC Neurosci 11: 145 (2010). 

[177] Rossi S, Pasqualetti P, Zito G, Vecchio F, Cappa SF, Miniussi C, et 
al. Prefrontal and parietal cortex in human episodic memory: an in-
terference study by repetitive transcranial magnetic stimulation. 
Eur J Neurosci 23(3): 793-800 (2006). 

[178] Babiloni C, Vecchio F, Cappa S, Pasqualetti P, Rossi S, Miniussi 
C, et al. Functional frontoparietal connectivity during encoding and 
retrieval processes follows HERA model. A high-resolution study. 
Brain Res Bull 68(4): 203-12 (2006).  

[179] Romei V, Brodbeck V, Michel C, Amedi A, Pascual-Leone A, 
Thut G. Spontaneous fluctuations in posterior alpha-band EEG ac-
tivity reflect variability in excitability of human visual areas. Cereb 
Cortex 18(9): 2010-8 (2008). 

[180] Paus T, Sipila PK, Strafella AP. Synchronization of neuronal activ-
ity in the human primary motor cortex by transcranial magnetic 
stimulation: an EEG study. J Neurophysiol 86(4): 1983-90 (2001). 

[181] Brignani D, Manganotti P, Rossini PM, Miniussi C. Modulation of 
cortical oscillatory activity during transcranial magnetic stimula-
tion. Hum Brain Mapp 29(5): 603-12 (2008). 

[182] Fuggetta G, Pavone EF, Fiaschi A, Manganotti P. Acute modula-
tion of cortical oscillatory activities during short trains of high-
frequency repetitive transcranial magnetic stimulation of the human 
motor cortex: a combined EEG and TMS study. Hum Brain Mapp 
29(1): 1-13 (2008). 

[183] Komssi S, Kahkonen S. The novelty value of the combined use of 
electroencephalography and transcranial magnetic stimulation for 
neuroscience research. Brain Res Rev 52(1): 183-92 (2006). 

[184] Lehmann D, Skrandies W. Reference-free identification of compo-
nents of checkerboard-evoked multichannel potential fields. Elec-
troencephalogr Clin Neurophysiol Suppl 48(6): 609-21 (1980). 

[185] Huber R, Esser SK, Ferrarelli F, Massimini M, Peterson MJ, 
Tononi G. TMS-induced cortical potentiation during wakefulness 
locally increases slow wave activity during sleep. PLoS ONE 2: 
e276 (2007). 

[186] Huber R, Maatta S, Esser SK, Sarasso S, Ferrarelli F, Watson A, et 

al. Measures of cortical plasticity after transcranial paired associa-
tive stimulation predict changes in electroencephalogram slow-
wave activity during subsequent sleep. J Neurosci 28(31): 7911-8 
(2008). 

[187] Esser SK, Huber R, Massimini M, Peterson MJ, Ferrarelli F, 
Tononi G. A direct demonstration of cortical LTP in humans: A 
combined TMS/EEG study. Brain Res Bull. 2006 Mar 15; 69(1): 
86-94. 

[188] Massimini M, Ferrarelli F, Esser SK, Riedner BA, Huber R, Mur-
phy M, et al. Triggering sleep slow waves by transcranial magnetic 



18    Current Alzheimer Research, 2014, Vol. 11, No. 5 Claudio et al. 

stimulation. Proceedings of the National Academy of Sciences of 
the United States of America. 2007 May 15; 104(20): 8496-501. 

[189] Litvak V, Komssi S, Scherg M, Hoechstetter K, Classen J, 
Zaaroor M, et al. Artifact correction and source analysis of early 
electroencephalographic responses evoked by transcranial mag-
netic stimulation over primary motor cortex. Neuroimage 37(1): 
56-70 (2007). 

[190] Komssi S, Savolainen P, Heiskala J, Kahkonen S. Excitation 
threshold of the motor cortex estimated with transcranial magnetic 
stimulation electroencephalography. Neuroreport 18(1): 13-6 
(2007). 

[191] Ilmoniemi RJ, Virtanen J, Ruohonen J, Karhu J, Aronen HJ, 
Naatanen R, et al. Neuronal responses to magnetic stimulation re-
veal cortical reactivity and connectivity. Neuroreport 8(16): 3537-
40 (1997). 

[192] Massimini M, Ferrarelli F, Huber R, Esser SK, Singh H, Tononi G. 
Breakdown of cortical effective connectivity during sleep. Science 
309(5744): 2228-32 (2005). 

[193] Bonato C, Zanette G, Fiaschi A, Rossini PM. Activity-dependent 
modulation of synaptic transmission in the intact human motor cor-
tex revealed with transcranial magnetic stimulation. Cereb Cortex 
12(10): 1057-62 (2002). 

[194] Komssi S, Aronen HJ, Huttunen J, Kesaniemi M, Soinne L, Nik-
ouline VV, et al. Ipsi- and contralateral EEG reactions to transcranial 
magnetic stimulation. Clin Neurophysiol 113(2): 175-84 (2002). 

[195] Fuggetta G, Fiaschi A, Manganotti P. Modulation of cortical 
oscillatory activities induced by varying single-pulse transcranial 
magnetic stimulation intensity over the left primary motor area: a 
combined EEG and TMS study. NeuroImage 27(4): 896-908 
(2005). 

[196] Corbetta M, Shulman GL. Control of goal-directed and stimulus-
driven attention in the brain. Nat Rev Neurosci 3: 201-15 (2002). 

[197] Bressler SL, Tang W, Sylvester CM, Shulman GL, Corbetta M. 
Top-down control of human visual cortex by frontal and parietal 
cortex in anticipatory visual spatial attention. J Neurosci 28(40): 
10056-61 (2008). 

[198] Ruff CC, Bestmann S, Blankenburg F, Bjoertomt O, Josephs O, 
Weiskopf N, et al. Distinct causal influences of parietal versus 
frontal areas on human visual cortex: evidence from concurrent 
TMS-fMRI. Cereb Cortex 18(4): 817-27 (2008). 

[199] Ruff C.C., Blankenburg F., Bjoertomt O., Bestmann S., Weiskopf 
N., Driver J. Hemispheric Differences in Frontal and Parietal Influ-
ences on Human Occipital Cortex: Direct Confirmation with Con-
current TMS-fMRI. J Cogn Neurosci 21(6): 1146-61 (2009). 

[200] Capotosto P, Babiloni C, Romani GL, Corbetta M. Frontoparietal 
cortex controls spatial attention through modulation of anticipatory 
alpha rhythms. J Neurosci 29(18): 5863-72 (2009). 

[201] Capotosto C, Babiloni B, Romani GL, Corbetta M. Differential 
contribution of right and left parietal cortex to the control of spatial 
attention: a simultaneous EEG-rTMS study Journal of Neurosci-
ence 2010. 

[202] Capotosto P, Corbetta M, Romani GL, Babiloni C. Electrophysi-
ological correlates of stimulus-driven reorienting deficits after in-
terference with right parietal cortex during a spatial attention task: a 
TMS-EEG Study. J Cogn Neurosci 24(12): 2363-71 (2012). 

[203] Fuggetta G, Pavone EF, Walsh V, Kiss M, Eimer M. Cortico-
cortical interactions in spatial attention: A combined ERP/TMS 
study. J Neurophysiol 95(5): 3277-80 (2006). 

[204] Taylor PC, Nobre AC, Rushworth MF. FEF TMS affects visual 
cortical activity. Cereb Cortex 17(2): 391-9 (2007). 

[205] Taylor PC, Nobre AC, Rushworth MF. Subsecond changes in top 
down control exerted by human medial frontal cortex during conflict 
and action selection: a combined transcranial magnetic stimulation 
electroencephalography study. J Neurosci 27(42): 11343-53 (2007). 

[206] Rossi S, Cappa SF, Babiloni C, Pasqualetti P, Miniussi C, Carducci 
F, et al. Prefrontal cortex in long-term memory: an "interference" 
approach using magnetic stimulation. Nat Neurosci 4(9): 948-52 
(2001).  

[207] Rossi S, Miniussi C, Pasqualetti P, Babiloni C, Rossini PM, Cappa 
SF. Age-related functional changes of prefrontal cortex in long-
term memory: a repetitive transcranial magnetic stimulation study. 
J Neurosci 24(36): 7939-44 (2004). 

 

 

Received: ?????           Revised: ?????           Accepted: ????? 


