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Abstract
The olfactory system is vital mechanism for our survival to interact with the environment, influencing not only on odor detection but 
also on nutrition, social behavior and well-being. Current findings suggest that before the onset of any cognitive decline reflecting early 
sign of dementia, dysfunction in the areas processing olfactory information is present at the early stages of Alzheimer’s disease (AD). 
Behavioral test including thresholds, odor identification, recognition memory tasks are the most common types of odor measurement. 
However, recent neuroimaging techniques using measures of brain response, including Olfactory Event Related Potentials (OERPs) 
suggested the potential for detection of AD at the early preclinical stage. The importance of olfactory event related potentials and their 
relation with AD appear to be very promising.
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IS DETECTING EARLY ONSET OF ALZHEIMER’S DISEASE IS 
GAINING A “NEW IDENTITY”? OLFACTORY DYSFUNCTION AS 
AN ERP BIOMARKER OF ALZHEIMER’S DISEASE.

Özet
Koku alma sistemi bizim çevre ile etkileşimimizde hayatta kalmamız sağlayan, sadece koku algılamayı değil aynı zamanda beslenme, sosyal davranış 
ve iyi olma halini etkileyen hayati bir mekanizmadır. Güncel bulgular, koku bilgi işleme alanlarında fonksiyon bozukluğunun, Alzheimer hastalığının 
(AH) erken aşamalarında, erken bunamayı yansıtan herhangi bir bilişsel gerileme başlamadan da mevcut olduğunu göstermektedir. Koku eşikleri, 
koku tanımlama, tanıma bellek görevleri koku ölçümü için kullanılan en yaygın davranış testi türleridir. Ancak, beyin yanıt ölçülerini kullanan yeni 
nörogörüntüleme teknikleri Alzheimer hastalığının klinik öncesi aşamasında, Koku Olaya İlişkili Potansiyeller’in (KOİP), hastalığın tespitinde önemini 
vurgulamaktadır. Koku olaya ilişkin potansiyeller’in (KOİP) Alzheimer hastalığı ile ilişkisi ve önemi çok umut verici görünmektedir.
Anahtar Kelimeler: Koku Olaya İlişkili Potansiyeller (OERPs), Alzheimer Hastalığı, Yaş, Koku Alma, Apolipoprotein E

1. Introduction

Alzheimer’s disease (AD) is an age-related 
neurodegenerative disease, related with early cognitive 
and behavioral dysfunctions, particularly in memory 
domain (Chapman et al., 2011). Although the disease 
mostly seen in the elderly, it can occur in middle to late adult 
life. This irreversible and progressive disorder insidiously  
destroys short – term memory, and finally goes further 
to destroy long term memory accompanied by cognition 
loss and functional decline; thinking, deterioration of 
language, perceptual and motor skills, mood instability 
(DSM-IV). AD worsens as it progresses, unresponsiveness 
occur in advanced stages followed by severe loss of 

mobility and control of bodily functions, and eventually 
leads to death (National Institute of Aging). According to 
NHS (National Health Service), the worldwide prevalence 
of Alzheimer’s disease was 26.6 million in 2006. Current 
therapeutic advances and preventive approaches have 
small impact on the progression of the disease, yet can 
significantly contribute to delay in the global burden of AD 
(Brookmeyer et al., 2006). However, such contributions 
do not give significant outcomes, since the causes of AD 
are not yet known and postmortem autopsy and brain 
biopsy are the primary features for a definite diagnosis 
(Morgan and Murphy, 2012; Brookmeyer et al., 2006). 

Genetic studies have confirmed that 10 percent of cases 

ALZHEİMER HASTALIĞINDA ERKEN TANI YENİ BİR KİMLİK Mİ KAZANIYOR? 
ALZHEİMER HASTALIĞINDA BİR ERP BİYOMARKERİ OLARAK KOKU 
DİSFONKSİYONU
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begin before the age of 60 are emerging as a result of a 
genetic mutation which is called the Apolipoprotein (ApoE) 
ε4 allele: a genetic risk factor for AD (Bertram and Tanzi, 
2005; Teter et al., 2002; Farrer et al,. 1997; Blacker, 
1997). Being carrier of even a single the Apolipoprotein 
(ApoE) ε4 increases the emergence of the disease by a 
factor of three in men and four in women (Morgan and 
Murphy, 2012; Blacker, 1997; Combarros et al,. 2002; 
Bertram, 2005; Farrer et al., 1997). Presence of the 
allele is associated with olfactory deficit accompanied 
by dysfunction in olfactory threshold sensitivity, odor 
identification, odor recognition memory, and odor fluency 
(Morgan and Murphy, 2012). Neuroimaging studies have 
found that degenerative changes in the olfactory system 
can be detected with using Olfactory Event Related 
Potentials (OERP) before the onset of any cognitive 
decline reflecting early sign of dementia, dysfunction in 
the areas processing olfactory information is present at 
the early stages of Alzheimer’s disease (AD). 

2. The Olfactory System

The olfactory system is vital mechanism for our survival 
to interact with the environment, influencing not only 
on odor detection but also on nutrition, social behavior 
and well-being (Huart et al., 2013; Ozdener and Rawson, 
2004). These regions involved in olfactory system are 
located in medial temporal areas which are essential 
for conscious memory for facts (Squire et al., 2004). 
Odor identification is particularly sensitive to several 
cognitive changes with dementia (Morgan and Murphy, 
2012). During the preclinical stage, although there is 
no any alarming cues about dementia, toxic changes, 
particularly in olfactory system, take place in the brain, 
and during this latent period, these areas undergo early 
neuropathological change in Alzheimer’s disease (Squire 
et al., 2004; Murphy, 1999; National İnstitute of Aging). 
It was shown that abnormal accumulation of proteins that 
form amyloid plaques and tau tangles known as a primary 
marker of Alzheimer’s disease throughout the brain (Huart 
et al., 2013; National İnstitute of Aging). This process 
causes neurons to work less efficiently, and eventually 
losing their ability to function, communicate with each 
other, and eventually ends in death (National Institute of 
Aging; Huart et al., 2013). Figure 1 shows Alzheimer type 
degenerative changes in the olfactory system, depicting 
the accumulation of neurofibrillary tangles (a protein as a 
primary marker of Alzheimer’s disease). 

Odor molecules reach the olfactory cleft, stimulating the 
olfactory receptor neurons that synapse with neurons at 
the olfactory bulb. The olfactory information is then carried 
to the primary olfactory cortex, including piriform cortex, 
located in the telencephalon and relates to the perception 
of smell (Piredda et al., 1985); entorhinal cortex which 
is located in the medial temporal lobe and functioning as 
center in a widespread network for memory and navigation 
(Hafting et al., 2005); periamygdaloid cortex located in 
the rhinencephalon; anterior olfactory nucleus, olfactory 
tubercle (Ozdener and Rawson, 2004). The information 
is then projected via primary olfactory cortex, among 
other areas, including the orbitofrontal cortex located in 
the frontal lobe, involved in the cognitive processing of 
decision-making (Kringelbach, 2005); the insular cortex 
located within the lateral sulcus, involved in consciousness 

and related to emotion (Phan et al., 2002) or the regulation 
of the body’s homeostasis (Oppenheimer et al., 1992); 
thalamus situated between the cerebral cortex and the 
midbrain, playing roles in the relaying of sensory and 
motor signals to the cerebral cortex (Sherman, 2006), and 
regulation of sleep and alertness; Hippocampus, a major 
component of the brain located in the medial temporal 
lobe and part of limbic system, having vital functions 
including the consolidation of information from short-term 
memory to long-term memory and spatial navigation 
(Kheirbeck and Hen, 2011). Additionally, it is the one of 
the first regions of the brain that shows a disruption as 
one of the earliest signs of Alzheimer’s disease, leading 
a memory loss and disorientation (Hampel et al., 2008; 
Prull et al., 2000). Hypothalamus is the last destination 
where the information is processed for further analysis, 
and it is located below the thalamus. It has several 
major functions, including the regulation of hormone 
secretion, body temperature and some activities of the 
autonomic nervous system; hunger, thirst, fatigue, sleep, 
and circadian rhythms, as well it plays role on important 
aspects of parenting and attachment behaviors (Blair et 
al., 2006; Saper and German, 1987). Figure 2 shows a 
significant correlation between Alzheimer type cortical 
changes and the density of neuropil threads (loss of axon, 
dendrites and synapses), neurofibrillary tangles and senile 
plaques (extracellular deposits of beta amyloid in the gray 
matter of the brain) in the olfactory system. 

Figure 1. Photomicrographs illustrating the AD-
type degenerative changes in the olfactory system in 
Alzheimer’s disease (AD), depicting the accumulation 
of neurofibrillary tangles (a protein as a primary marker 
of Alzheimer’s disease) in the frontal cortex (A) and 
in the olfactory bulb (B) (Gallyas silver technique). 
C and D also present amyloid ß deposition in senile 
plaques of the frontal associative cortex and olfactory 
bulb, respectively. E/ F depict an accumulation of 
neurofibrillary tangles in the frontal associative 
cortex (E) and anterior olfactory nucleus (F) showing 
degenerative changes of the olfactory system in the 
case of a young familial Alzheimer’s disease. Adapted 
from Christen-Zaech and et al. 2003. 
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Taking into consideration the fact that studies of the 
functional processes of the olfactory system will shed 
light on early diagnosis and prevention of Alzheimer’s 
disease and may lead to new therapeutic approaches in 
the treatment of AD.

3. The Olfactory event related potentials 

There are many ways to measure olfaction. Behavioral 
test including thresholds, odor identification, recognition 
memory tasks are the most common types of odor 
measurement. However, recent neuroimaging techniques 
using measures of brain response, including fMRI and 
Event Related Potentials suggested the potential for 
detection of AD at the early preclinical stage (Bondi et 
al., 2005; Morgan and Murphy, 2012; Peters et al., 2003). 
Depending on ApoE status, recent OERP studies have 
found significant brain activity during odor identification, 
however fMRI studies revealed mixed results showing 
increased activation in ApoE+ individuals (Han et al., 2007; 
Bookheimer et al., 2000; Lind et al., 2006) or reduced 
activation in ApoE+ carriers (Lind et al., 2006) (Morgan 
and Murphy, 2012). Backman et al. demonstrated that 
individuals who were positive for the genetic risk factor 
the ApoE+ showed greater activation in the left and medial 
frontal gyrus, bilateral fusiform gyri, left pyramis and the 
parietal cortex (1999; Morgan and Murphy, 2012). Peters 
et al. also demonstrated electrophysiological findings of 
individuals with AD and with mild cognitive deficit, showing 
significantly lower olfactory functioning than healthy age-
matched comparison group (Peters et al., 2003). More 
recently, Morgan and Murphy indicated that individuals 

with the ApoE+ showed different ERP latency with the 
onset of olfactory stimuli, however visual stimuli did not 
elicit any significant ERP component (2012). One of the 
robust findings from their study was to show significant 
different olfactory event related responses (OERP) based 
on ApoE+ condition and interactions with the age for each 
group. ApoE+ individuals produced significantly longer N1 
and P2 latencies in comparison with ApoE- individuals.

A few previous studies using olfactory event-related 
potentials have demonstrated contradictory results. 
Despite the absence of psychophysical dysfunction 
of olfactory system, Sakuma et al. (1996) reported 
abnormal potentials, however, although the individuals 
odor identification scores were abnormal Hawkes and 
Shepard (1998) found normal event related potentials 
(Peters et al., 2003).

Despite few contradictory studies, a major effort is 
emerging to identify ERP biomarker of AD during odor 
identification. The most common peaks examined in OERP 
research are the N1, P2, and N2 are early exogenous 
components (stimulus driven activation) of the olfactory 
event related responses (OERP) that are associated with 
odor threshold and odor identification (See Figure 3) 
(Tonoike et al., 1990; Murphy, 1994, Morgan and Murphy, 
2012; Krauel et al., 1998). These OERPs are more 
sensitive than classical behavioral methods measuring 
odor identification, and show higher specificity to ERPs 
obtained in other domains e.g. auditory or visual (Wetter 
and Murphy, 2001). A recent fMRI study revealed that 
behavioral tests showed no significant differences between 
male and female individuals, however increasing age 
correlated with a decline in odor identification performance 
(Evans et al., 1995). A significant correlation has been 
found between P2 latency and the generation of olfactory 
processing. Age related decline has been observed in 
N1-P2 inter-peak amplitude (Evans et al., 1995). It was 
also demonstrated that when the visual stimuli were 
demonstrated individuals with the ApoE+ showed different 
OERP latencies for identification of olfactory stimuli but 
not visual stimuli (Murphy and Morgan, 2012; Wetter & 
Murphy, 2001). ApoE+ individuals correctly identified and 
quickly responded to picture identification task, whereas 
the same ApoE+ individuals showed difficulties at odor 
identification.

Figure 2. Early Olfactory Involvement in Alzheimer’s disease. 
The severity of the changes in the olfactory system are 
significantly associated with the densities of neurofibrillary 
tangles (ONFT), neuropil threads (ONT) and senile plaques 
(OSP) in the olfactory system in the groups: without Alzheimer’s 
disease (AD-), with discrete (AD+), moderate (AD++) and with 
severe (AD+++) cortical involvement, progressively increased 
with the severity of the cortical involvement. Adapted from 
Christen-Zaech et al., 2003. 

Figure 3. An illustration of the Olfactory Event Related Potentials 
(OERP) waveform with labeled peaks: The early major negative 
components N1 and N2 are followed by second late positive 
component P2 and P3 as endogenous potential with a latency of 
250-600 msec reflecting processes involved in stimulus evaluation 
or categorization. Adapted from Tonoike et al., 1990.
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In another OERPs study, when the N1, P2, and N2 OERPs 
were compared to traditional olfactory psychophysical 
testing in an age related study, they found that when the 
odorant stimulus presented to the individuals the older 
participants showed smaller peak latencies and also 
longer ISIs (Inter-Stimulus-Intervals). Peak amplitudes 
also increased with longer ISIs for older males (Morgan 
et al., 1997; Morgan and Murphy, 2010, 2012). The P3 
component reflecting cognitive processing; classification 
speed, evaluation of the stimuli is also used in OERP 
studies (Polich, 2007). The findings revealed that P3 peak 
latency correlates with neurophysiological test, measuring 
memory and classification speed (Covington et al., 1999; 
Murphy and Morgan, 2012).

Forecasting the early onset of AD, Chapman et al. 
used OERP to compare individuals with Mild Cognitive 
Impairment (MCI) (2007). Several different ERPs related 
memory storage and stimuli relevancy and P3 component 
obtained in a perceptual/cognitive paradigm. MCI 
individuals were separated into two groups: AD progress 
and stable groups, indicating the disease is progressing 
and there is no progress, respectively. They demonstrated 
that MIC progress individuals showed smaller P3 amplitude 
to relevant stimuli than MCI stable groups, implying that 
difficulty in evaluating and discriminating of relevant and 
irrelevant stimuli may predict AD-like cognitive decline 
(Chapman et al., 2011).

Current findings suggest that before the onset of any 
cognitive decline reflecting early sign of dementia, 
dysfunction in the areas processing olfactory information 
is present at the early stages of AD (Doty, 1994; Murphy, 
1999). Furthermore, although the olfactory alterations 
related to AD may appear together with agedness, 
individuals at the early stage of AD with mild dementia 
show poor performance on olfactory identification task 
than age-matched control group (Peters et al., 2003; 
Geisler et al., 1999; Doty et al., 1987). Overall, the 
results suggest that compared with other methods, 
olfactory event related potentials (OERPs) reflecting 
online measures of olfactory processing with fine-grained 
temporal resolutions are more sensitive to changes 
in the olfactory system (Morgan and Murphy, 2012; 
Luck, 2005). The importance of olfactory event related 
potentials and their relation with AD appear to be very 
promising. Further researches on this topic are rewarding 
and may deepen our understanding of the nature of AD. 
Finally, this method may give opportunity to capture the 
early onset of dementia at the very earliest stages and 
yet enhance diagnosis of AD.

References

Backman, L, Andersson JL, Lyberg L, Winblad B, Nordberg A, Almkvist 
O: Brain regions associated with episodic retrieval in normal aging and 
Alzheimer’s disease. Neurology 1999, 52(9):1861–1870.

Bertram, L, Tanzi RE: The genetic epidemiology of neurodegenerative 
disease. J Clin Invest 2005, 115(6):1449–1457.

Blacker, D. The genetics of Alzheimer’s disease: progress, possibilities, 
and pitfalls. Harv Rev Psychiatry 1997, 5(4):234–237.

Blair, C, Granger D, Willoughby M, and Kivlighan K. Maternal sensitivity 
is related to hypothalamic-pituitary-adrenal axis stress reactivity and 
regulation in response to emotion challenge in 6-month-old infants. Ann N 
Y Acad Sci. 2006. 1094:263-7. 

Bondi, MW, Houston WS, Eyler LT, Brown GG: fMRI evidence of 

compensatory mechanisms in older adults at genetic risk for Alzheimer 
disease. Neurology 2005, 64(3):501–508.

Bookheimer, SY, Strojwas MH, Cohen MS, Saunders AM, Pericak-Vance 
MA, Mazziotta JC, Small GW: Patterns of brain activation in people at risk for 
Alzheimer’s disease. N Engl J Med 2000, 343(7):450– 456.

Brookmeyer R., Johnson, E., Ziegler-Graham K, H. Michael Arrighi. 
Forecasting the Global Burden of Alzheimer’s Disease. The Berkeley 
Electronic Press. 2007.

Chapman, RM, Nowlis GH, McCrary JW, Chapman JA, Sandoval TC, Guillily 
MD, Gardner MN, Reilly LA: Brain event-related potentials: diagnosing early-
stage Alzheimer’s disease. Neurobiol Aging 2007, 28(2):194–201.

Chapman, RM, McCrary JW, Gardner MN, Sandoval TC, Guillily MD, 
Reilly LA, DeGrush E. Brain ERP components predict which individuals 
progress to Alzheimer’s disease and which do not. Neurobiol Aging. 2011 
Oct;32(10):1742-55. 

Christen-Zaech, S. R. Kraftsik, O. Pillevuit, M. Kiraly, R. Martins, K. Khalili 
and J. Miklossy. Early Olfactory Involvement in Alzheimer’s Disease. Can. J. 
Neurol. Sci. 2003; 30: 20-25.

Covington, JW, Geisler MW, Polich J, Murphy C: Normal aging and odor 
intensity effects on the olfactory event-related potential. Int J Psychophysiol 
1999, 32(3):205–214.

Doty, LR., Studies of Olfactory Dysfunction in Major Neurological Disorders. 
Advances in the Biosciences, Vol. 93, pp. 593-602, 1994.

Doty, R.L., P. Reyes and T. Gregor. Presence of both odor identification 
and detection deficits in Alzheimer’s disease. Brain Res. Bull., ll, 597-600, 
(1987).

Evans, WJ, Cui L, Starr A. Olfactory event-related potentials in normal 
human subjects: effects of age and gender. Electroencephalogr Clin 
Neurophysiol. 1995 Oct;95(4):293-301.

Farrer, LA, Cupples LA, Haines JL, Hyman B, Kukull WA, Mayeux R, 
Myers RH, Pericakvance MA, Risch N, vanDuijn CM: Effects of age, sex, 
and ethnicity on the association between apolipoprotein E genotype and 
Alzheimer disease - A meta-analysis. JAMA 1997, 278(16):1349–1356.

Geisler, MW, Morgan CD, Covington JW, Murphy C. Olfactory Function in 
Mild Cognitive Impairment

and Alzheimer’s Disease: An Investigation Using Psychophysical and 
Electrophysiological Techniques Neuropsychological performance and 
cognitive olfactory event-related brain potentials in young and elderly 
adults. J ClinExpNeuropsychol 1999, 21(1):108–126.

Hafting, T, Fyhn M, Molden S, Moser M, Moser E (2005). “Microstructure 
of a spatial map in the entorhinal cortex”. Nature 436 (7052): 801–6. 
doi:10.1038/nature03721

Hafting, T, Fyhn M, Molden S, Moser M, Moser E. Microstructure of a spatial 
map in the entorhinalcortex”.Nature 436 (7052): 801–6, (2005).

Hampel, H, Burger K, Teipel SJ, Bokde AL, Zetterberg H, Blennow K (2008). 
“Core candidate neurochemical and imaging biomarkers of Alzheimer’s 
disease”. Alzheimers Dement 4 (1): 38–48.

Han, SD, Houston WS, Jak AJ, Eyler LT, Nagel BJ, Fleisher AS, Brown 
GG, Cory-Bloom J, Salmon D, Thal LJ, Bondi MW: Verbal paired-associate 
learning by APOE genotype in non-demented older adults: fMRI evidence 
of a right hemispheric compensatory response. Neurobiol Aging 2007, 
28(2):238–247.

Hawkes, CH and Shepard BC: Olfactory evoked responses and identification 
tests in neurological disease. Ann NY AcadSci 1998; 855:608–615.

Huart, C., Rombaux, P. and Hummel, T. Plasticity of the Human 
Olfactory System: The Olfactory Bulb. Molecules 2013, 18, 11586-11600; 
doi:10.3390/molecules180911586.

Geisler, MW, Morgan, C.D., Covington, J.W., & Murphy, C. (1999). 
Neuropsychological performance and cognitive olfactory event-related 
potentials in young and elderly adults. Journal of Clinical and Experimental 
Neuropsychology, 21(1), 108-126.

Kheirbeck, M.A. and Hen, R. (2011). “Dorsal vs ventral 
hippocampal neurogenensis: Implications for cognition and mood”.
Neuropsychopharmacology 36 (1): 373–374.

Krauel, K, Bettina M. Pause, Bernfried Sojka, Philipp Schott and Roman 
Ferstl. Attentional Modulation of Central Odor Processing. Chem. Senses 
23: 423-432, 1998.

Kringelbach, M. L. (2005) “The orbitofrontal cortex: linking reward to 
hedonic experience.” Nature

Reviews Neuroscience 6: 691-702.

REVIEW ARTICLE



JN
BS

20
14

 P
ub

lis
he

d 
by

 Ü
sk

üd
ar

 U
ni

ve
rs

ity
   

  w
w

w
.j

nb
s.

or
g

  VOLUME 1  /  NUMBER 2  /  JULY 2014  THE JOURNAL OF NEUROBEHAVIORAL SCIENCES   31 

Lind, J, Persson J, Ingvar M, Larsson A, Cruts M, Van Broeckhoven C, 
Adolfsson R, Backman L, Nilsson

LG, Petersson KM, Nyberg L: Reduced functional brain activity response in 
cognitively intact apolipoprotein E epsilon 4 carriers. Brain 2006, 129:1240–
1248.

Luck, S.J. (2005). An introduction to the event-related potentials and their 
neural origins. In S.J. Luck, An Introduction to the Event-Related Potential 
Technique. (pp. 1-50). Cambridge, MA: MIT Press.

Morgan, CD, Covington JW, Geisler MW, Polich J, Murphy C: Olfactory 
event-related potentials: older males demonstrate the greatest deficits. 
ElectroencephalogrClinNeurophysiol 1997, 104(4):351–358.

Morgan, CD, Murphy C: Differential effects of active attention and age on 
event-related potentials to visual and olfactory stimuli. Int J Psychophysiol 
2010, 78(2):190–199.

Morgan, CD and Murphy, C., Individuals at risk for Alzheimer’s disease 
show differential patterns of

ERP brain activation during odor identification. Behavioral and Brain 
Functions 2012, 8:37.

Morgan, C., Mark W. Geisler, James W. Covington, John Polich, Claire 
Murphy. Olfactory P3 in young

and older adults. Psychophysiology. Volume 36, Issue 3, pages 281–287, 
May 1999.

Murphy, CD. (1999). Loss of olfactory function in dementing disease. 
Physiol Behav,66(2), 177-182.

Oppenheimer, SM, Gelb A, Girvin JP, Hachinski VC (September 1992). 
“Cardiovascular effects of human insular cortex stimulation”. Neurology 
42(9): 1727–32.

Özdener, H. and Rawson. En. Olfactory Dysfunction In Neurodegenerative 
Diseases. European Journal of General Medicine, Vol. 1, No. 3, 2004, pp. 
1-11.

Peters, JM, Thomas Hummel, M.D., TilmanKratzsch, JornLotsch, 
M.D.,Carsten Skarke, LutzFrolich. Olfactory Function in Mild Cognitive 
Impairment and Alzheimer’s Disease: An Investigation Using Psychophysical 
and Electrophysiological Techniques.Am J Psychiatry 2003; 160:1995–2002.

Peters, JM, Thomas Hummel, M.D., TilmanKratzsch,JornLotsch, 
M.D.,CarstenSkarke,LutzFrolich. Prull MW, Gabrieli JDE, Bunge SA (2000). 
“Age-related changes in memory: A cognitive neuroscience perspective”. 
Craik FIM, Salthouse TA. The handbook of aging and cognition. Erlbaum. 
ISBN 978-0- 8058-2966-2.

Phan, KL, Wager T, Taylor SF, Liberzon I (June 2002). “Functional 
neuroanatomy of emotion: a meta analysis of emotion activation studies in 
PET and fMRI”. Neuroimage 16 (2): 331–48.

Piredda, S, Gale K. “A crucial epileptogeneic site in the deep prepiriform 
cortex”. Nature 317 (6038):

623–5, (October 1985). 

Polich, J. (2007). Updating P300: An integrative theory of P3a and P3b. 
Clinical Neurophysiology, 118(10), 2128-2148.

Sakuma, K, Nakashima K, Takahashi K: Olfactory evoked potentials in 
Parkinson’s disease, Alzheimer’s disease and anosmic patients. Psychiatry 
ClinNeurosci 1996; 50:35–40.

Saper, CB and German DC. Hypothalamic pathology in Alzheimer’s 
disease. NeurosciLett. 1987 Mar 9;74(3):364-70.

Sherman, S. (2006). “Thalamus”. Scholarpedia 1 (9): 1583.

Squire, LR, Stark CE, Clark RE. The medial temporal lobe. Annu Rev 
Neurosci. 2004;27:279-306.

Teter, B, Raber J, Nathan B, Crutcher KA: The presence of apoE4, not 
the absence of apoE3, contributes to AD pathology. J Alzheimers Dis 2002, 
4:155–163.

Tonoike, M., N.Seta, T.Maetani, I.Koizuka and M.Takebayashi. 
Measurements of Olfactory Evoked Potentials And Event Related Potentials 
Using Odorant Stimuli. Annual International Conference of the IEEE 
Engineering in Medicine and Biology Society. Vol. 12. No.2. 1990.

Wetter, S. and Claire Murphy. Apolipoprotein E ε4 positive individuals 
demonstrate delayed olfactory event-related potentials. Neurobiology of 
Aging. Volume 22, Issue 3 , Pages 439-447, May 2001.

REVIEW ARTICLE


