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Objective: To clarify the olfactory deficit
hypothesis regarding Alzheimer’s disease,
the authors compared olfactory function
in patients with Alzheimer’s disease, sub-
jects with mild cognitive impairment, and
healthy comparison subjects.

Method: Olfactory function of 14 pa-
tients with mild Alzheimer’s disease, eight
subjects with mild cognitive impairment,
and eight healthy age-matched compari-
son subjects was assessed with both psy-
chophysical tests and olfactory event-re-
lated potentials.

Results: Group comparison of the psy-
chophysical test results showed a signifi-
cant main effect of diagnosis for odor de-
tection threshold, odor discrimination,
and odor identification. These results cor-
related only partially with those obtained
from olfactory event-related potentials.
Seven Alzheimer’s disease patients and
four with mild cognitive impairment
showed no olfactory event-related poten-
tials, suggesting hyposmia, while all com-
parison subjects had clearly discernible
responses. Patients with Alzheimer’s dis-

ease were significantly more likely to be
nonresponders. In the four Alzheimer’s
disease patients and four subjects with
mild cognitive impairment who had clear
electrophysiological responses, ampli-
tudes and latencies of the various event-
related potential components were nor-
mal, i.e., similar to those of the compari-
son subjects, although 12 of the 14 Alz-
heimer’s disease patients and seven of
the eight mildly impaired subjects were
classified as functionally anosmic with
psychophysical methods.

Conclusions: The electrophysiological
results confirm prior findings of olfactory
dysfunction in patients with Alzheimer’s
disease and preclinical Alzheimer’s dis-
ease. Investigations of larger study groups
with detailed cognitive examination and
postmortem diagnosis may resolve the
intriguing possibility of early diagnosis
and discrimination of Alzheimer’s disease
subtypes through chemosensory event-
related potentials in addition to existing
biomarkers.

(Am J Psychiatry 2003; 160:1995–2002)

Brain areas involved in olfactory function are situated
in medial temporal regions that undergo early neuro-
pathological change in Alzheimer’s disease (1–3). Corre-
spondingly, patients with Alzheimer’s disease are expected
to develop an olfactory dysfunction early in the disease, a
hypothesis supported by an increasingly large body of re-
search (4–7). Olfactory dysfunction in Alzheimer’s disease
correlates with disease progression (8, 9), aids in the dif-
ferential diagnosis of Alzheimer’s disease versus major de-
pression (10), and may be clinically useful as an early diag-
nostic marker in predicting incident Alzheimer’s disease
in high-risk individuals (11–13).

An olfactory deficit is typically assessed by using tests of
odor identification, discrimination, and detection-thresh-
old sensitivity. These psychophysical tests require active
cooperation of the test subject and various cognitive func-
tions, including working memory and semantic categori-
zation. Therefore, cognitive impairment in Alzheimer’s dis-
ease may significantly mediate olfactory test performance.

In a more objective way, olfactory sensory physiology can
be assessed with complex electrophysiological and func-
tional brain imaging measures. A study of olfactory-evoked
regional cerebral blood flow using positron emission to-
mography showed low activation in the piriform cortex of
Alzheimer’s disease patients (14). Electrophysiological
studies of patients with Down’s syndrome (15), which is
neuropathologically similar, and individuals who are posi-
tive for apolipoprotein E4 (16) demonstrated abnormal ol-
factory event-related potentials. The few direct studies of
olfactory event-related potentials in Alzheimer’s disease
have shown contradictory results. Sakuma et al. (17) found
abnormal potentials despite the absence of psychophysi-
cal olfactory dysfunction, whereas Hawkes and Shepard
(18) reported normal potentials in four patients, although
the odor identification scores were abnormal.

The purpose of the present study was to confirm and ex-
tend the olfactory deficit hypothesis of Alzheimer’s disease
by using an objective electrophysiological measure. A fur-
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ther aim was to investigate the olfactory function in sub-
jects with mild cognitive impairment (19). Mild cognitive
impairment is a recently defined clinical term referring to
a cognitive decline between those of normal aging and
Alzheimer’s disease and is believed to indicate high risk for
the development of probable Alzheimer’s disease. Mild
cognitive impairment is recognized as suitable for the
evaluation of early diagnostic markers of Alzheimer’s dis-
ease (19).

Method

Subjects

The study included patients with Alzheimer’s disease, subjects
with mild cognitive impairment, and a healthy age-matched
comparison group. All subjects were recruited from outpatients
in the Memory Clinic of the Department of Psychiatry and Psy-
chotherapy of the University Hospital Frankfurt am Main, Ger-
many. The research protocol was approved by the local ethics
commission, and written informed consent was obtained from
each patient, his or her caregiver (spouse or adult child), and each
comparison subject before any examination procedures were
performed.

Routine diagnostic assessment at the Memory Clinic involves a
physician cooperating with a multiprofessional team (neurolo-
gists, psychiatrists, psychologists). The procedures include a de-
tailed medical history from both the patient and the spouse or
relative; general physical, neurological, and psychiatric examina-
tions; and laboratory testing that comprises a CBC with differen-
tial counts, syphilis and Lyme borreliosis screening, and measures
of serum electrolytes, liver and renal function, cholesterol status,
thyroid function, and serum vitamin B12 and folate levels. Techni-
cal diagnostic procedures include a structural magnetic reso-
nance imaging (MRI) scan of the brain and functional assessment
with [18F]fluorodeoxyglucose positron emission tomography
(FDG PET). The FDG PET scan is performed in a resting state after
12 hours of fasting and is visually analyzed for Alzheimer-typical
patterns of hypometabolism (20). A trained neuropsychologist ad-
ministers the following tests: the Mini-Mental State Examination
(MMSE) (21), the test battery of the Consortium to Establish a Reg-
istry for Alzheimer’s Disease (22), and the Short Cognitive Per-
formance Test (23). All available information is reviewed by the
multiprofessional team, which makes a consensus diagnosis that
includes a rating of disease severity according to the Global Deteri-
oration Scale (24) and the Clinical Dementia Rating (25), in order to
distinguish between mild cognitive impairment and Alzheimer’s
disease and to document possible progression on follow-up.

All included patients were seen at least twice during semi-
annual follow-up visits. For patients with Alzheimer’s disease, the
inclusion criteria were age greater than 50 years, diagnosis of de-
mentia made on the basis of ICD-10 criteria, and diagnosis of
probable Alzheimer’s disease according to criteria of the National
Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer’s Disease and Related Disorders Associ-
ation (26). Patients with disease severity ranging from very mild to
moderate, corresponding to a Global Deterioration Scale rating of
3 to 4, and an MMSE score higher than 15 were accepted. Stable
general health and the ability to read and write as well as to follow
basic test instructions were further prerequisites. Fourteen pa-
tients with Alzheimer’s disease were recruited, five men and nine
women. Their mean age was 72.2 years (SD=5.7, range=57–81),
their mean MMSE score was 23.3 (SD=3.1, range=16–27), and the
mean disease severity according to the Global Deterioration Scale
was 3.7.

Recruitment of the patients with mild cognitive impairment
followed current conceptual criteria for amnestic mild cognitive
impairment (19) and required memory complaints corroborated
by an informant, impaired memory function for age and educa-
tion, preserved general cognitive function, and intact activities of
daily living. Further inclusion criteria were age greater than 50,
stable general health, and the diagnosis of “questionably de-
mented” (score=0.5) according to the Clinical Dementia Rating
(25). Eight subjects were recruited, five men and three women.
Their mean age was 72.5 years (SD=5.0, range=65–79), and their
mean MMSE score was 28.7 (SD=1.4, range=27–30). All of the in-
cluded patients with mild cognitive impairment demonstrated
temporoparietal hypometabolism in functional imaging with
PET, characteristic of beginning Alzheimer’s disease (20).

The comparison group was recruited from age-matched
spouses of the cognitively impaired subjects. These individuals
underwent an evaluation similar to that just described, including
a general medical history, neurological examination, and brief
neuropsychological testing with the MMSE. Subjects qualified as
healthy comparison subjects if, in the opinion of the clinician,
they were functioning normally in daily life and did not have any
sign of cognitive impairment. Eight male comparison subjects
were included. Their mean age was 73.9 years (SD=9.4, range=53–
83), and their mean MMSE score was 29.9 (SD=0.4, range=29–30).

The exclusion criteria for all participants were 1) any current or
past history of neurological or psychiatric illness other than mild
cognitive impairment or Alzheimer’s disease, including stroke,
head trauma, affective disorders, and structural evidence of
stroke or major perfusion deficits (MRI evidence of cortical
stroke, subcortical lacunae or infarcts, extensive periventricular
white matter changes, or other radiological changes indicative of
a probable vascular dementia according to the criteria of the Na-
tional Institute of Neurological and Communicative Disorders
and Stroke and the Association Internationale pour la Recherche
et l'Enseignement en Neurosciences [27]); 2) history of alcohol or
substance dependence (ICD-10 criteria); 3) current or past his-
tory of smoking; 4) endocrinological disorder; 5) any unstable
medical condition; or 6) acute rhinitis, active allergy, or any his-
tory of obstructive nasal disease or nasal-sinus surgery. All partic-
ipants were right-handed.

Psychophysical Testing of Olfactory Function

Before the session to evaluate event-related potentials, all par-
ticipants were tested for chemosensory functioning by means of a
commercially available psychophysical olfactory test battery;
normative data in relation to age and gender and information on
the battery’s validity in comparison to established measures of ol-
factory sensitivity have been published (28, 29). It comprises
three tests of olfactory function: threshold for detection of bu-
tanol odor, odor discrimination, and odor identification. Odors
are presented in felt-tip pens 14 cm long with a 1.3-cm inner di-
ameter. Instead of dye, the pen’s tampon is saturated with a liquid
odorant. For odor presentation, the cap was removed by the ex-
perimenter and the pen’s tip was placed 2 cm in front of both nos-
trils for approximately 3 seconds. An interval of at least 30 sec-
onds between odors minimized olfactory desensitization.

Odor thresholds were assessed by using n-butanol. Sixteen di-
lution steps were established in a geometric series, starting from
4% n-butanol (with aqua conservata as solvent). The threshold
was determined by employing a multiple staircase method, with a
triple-force design, i.e., three pens were presented in a random-
ized order, two containing the solvent and one with the odorant at
a certain dilution. The subject’s task was to identify the odor-con-
taining pen. After correct identification in two successive trials, a
higher-dilution step was attempted. If the subject failed to iden-
tify the odor, a lower dilution was repeated. The mean of the last
four reversal points was used as the threshold estimate. The



Am J Psychiatry 160:11, November 2003 1997

PETERS, HUMMEL, KRATZSCH, ET AL.

http://ajp.psychiatryonline.org

scores could range between 0 and 16; results show a normal dis-
tribution in the general population (29).

In the odor-discrimination task, triplets of pens were presented
in a randomized order, with two containing the same odorant and
the third a different odorant. The subject’s task was to determine
which pen differed. As a total of 16 triplets were presented, the
scores could range from 0 to 16.

Odor identification was assessed by presentation of 16 com-
mon odors (orange, leather, fish, cinnamon, peppermint, ba-
nana, apple, lemon, licorice, turpentine, garlic, coffee, rose, pine-
apple, clove, and aniseed). The subjects were free to sample each
odor as often as necessary before selecting one out of four de-
scriptors from a list specifically assigned to each odor. Again, the
scores could range from 0 (none correctly recognized) to 16.

The results of the three subtests were summarized in the com-
posite score (threshold plus discrimination plus identification),
resulting from addition of the three subtest scores. A composite
score of 15 or less is used to identify functional anosmia (29).

Olfactory and Trigeminal Event-Related Potentials

Monomodal chemosensory nasal stimulation was performed
by the use of a sophisticated stimulus apparatus (Olfactometer
OM2S, Burghart Instruments, Wedel, Germany) that allows the
application of chemical stimuli without concomitant stimulation
of mechanoreceptors or thermoreceptors (30–32). This was
achieved by embedding chemical stimuli of 200-msec duration in
a constantly flowing air stream (8 liters/minute) applied to the
nasal mucosa by a cannula with an inner diameter of 3 mm in-
serted approximately 1 cm into the nostril beyond the nasal valve
area. The temperature and humidity of the air stream were kept
constant (36.5°C, 80% relative humidity). The rise time of the
stimulus concentration was less than 20 msec. Hydrogen sulfide
(H2S), 8 ppm, was used for olfactory stimulation, since it specifi-
cally stimulates the olfactory system without simultaneous
trigeminal activation (33). In contrast, carbon dioxide (CO2), 50%
volume/volume, was used for specific stimulation of trigeminal
nociceptors, in order to control for systematic errors and to con-
firm an intact nasal sensitivity. It produces a painful stinging sen-
sation (34). During each session, 20 stimuli of H2S and CO2 each
were applied to the right nostril with an interstimulus interval of
40 seconds to avoid habituation. The procedure lasted approxi-
mately 40 minutes. In keeping with published recommendations
for the recording of olfactory event-related potentials (32, 35), the
session started with H2S. Among the reasons for this procedure is
that vigilance decreases during sessions. Thus, olfactory event-re-
lated potentials, as the measure of highest interest, were recorded
first, while trigeminal event-related potentials were recorded later
during the sessions. The subject was seated in an air-conditioned
room that was darkened and acoustically shielded to minimize
other sensory stimuli; the patient’s movements were monitored
through a video camera system. The complete procedure was
performed while the subject breathed naturally.

The EEG was recorded from five positions of the international
10/20 system (Cz, C3, C4, Fz, and Pz) referenced to linked ear-
lobes (A1, A2). Blink artifacts were monitored from an additional
site (Fp2). Stimulus-linked EEG segments of 2,048 msec were dig-
itally recorded at a frequency of 250 Hz (band-pass filter 0.2–15
Hz). Event-related potentials were obtained by off-line averaging
of at least 15 digitized EEG segments. The baseline event-related
potential was set at the mean of the EEG record during the pre-
trigger period of 548 msec. Records contaminated by eye blinks
(>50 µV at the Fp2 lead) or other disturbances (e.g., high-fre-
quency motor artifacts) were discarded during off-line visual
inspection of single trials by a trained observer (T.H.). Only par-
ticipants with at least 15 remaining records per session were con-
sidered for further evaluation.

Furthermore, an event-related potential was considered ab-
sent if it was not possible to distinguish a clear response from the
background noise in an artifact-free recording. Subjects without a
clear response to trigeminal stimulation with CO2, suggesting ei-
ther a procedural error or generalized pathology of the nasal mu-
cosa, were excluded from further evaluation. The presence of
clear evoked potentials in response to CO2 combined with an in-
discernible response to specific olfactory stimulation with H2S
was considered to be indicative of anosmia (32).

There is discussion about the nomenclature of chemosensory
event-related potentials (32). In this study the peaks were named
P1, N1, and P2, in keeping with the widely accepted nomenclature
of Evans et al. (35). On average, the first positive peak (P1) in this
study occurred at position Pz after a latency of 395 msec, followed
by a major negativity (N1) at 515 msec and a late positive complex
(P2) at 802 msec. Peak amplitudes N1 and P2 (measured in relation
to prestimulus baseline) and latencies N1 and P2 (in relation to
stimulus onset) were evaluated by an experienced rater (T.H.), who
was blinded to the subjects’ diagnoses. On the basis of these mea-
surements, the peak-to-peak amplitudes A-P1N1 and A-N1P2,
base-to-peak amplitudes A-P1, A-N1, and A-P2, and peak latencies
T-P1, T-N1, and T-P2 were subjected to statistical analysis.

Statistical Analysis

The analysis focused on group differences between the pa-
tients with Alzheimer’s disease, subjects with mild cognitive im-
pairment, and healthy comparison group.

Age, odor detection threshold, odor discrimination, odor iden-
tification, and each event-related potential measure (amplitude
and latency at each electrode site) was subjected to univariate
analysis of variance (ANOVA); diagnosis was treated as a between-
subjects factor with three levels (Alzheimer’s disease, mild cogni-
tive impairment, and healthy). The alpha level was set at 0.05. In
case of significance, ANOVA was followed by univariate post hoc
comparisons to identify the specific diagnostic group for which
the factor differed significantly. For this purpose, correlated un-
paired t tests with Bonferroni adjustment for multiple compari-
sons were performed.

In order to test the statistical significance of the differences in
the various rates of present or absent olfactory event-related po-
tentials and the significance of the gender difference between the
diagnostic groups, the nonparametric Fisher’s exact test was con-
ducted. The analysis was processed with the SPSS 9.0 package
(Chicago, SPSS).

Results

The patients with Alzheimer’s disease, subjects with
mild cognitive impairment, and comparison group did
not differ in terms of age (F=0.16, df=2, 27, p=0.86). The
comparison group contained a significantly higher pro-
portion of men (eight of eight) than the Alzheimer’s dis-
ease group (five of 14) (p=0.008, Fisher’s exact test). The
MMSE score was a significant between-group factor (Ta-
ble 1). Post hoc analysis of the MMSE scores showed sig-
nificant differences between the patients with mild cogni-
tive impairment and those with Alzheimer’s disease and
between the comparison group and the patients with Alz-
heimer’s disease but not between the comparison group
and the patients with mild impairment (Table 1).

Psychophysical Tests of Chemosensory Function

All 30 subjects completed the assessment with the psy-
chophysical test battery. A significant main effect of diag-
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nosis was identified for scores on all three individual tests
as well as for the composite score (Table 1). Post hoc anal-
ysis showed that the scores for both the mild cognitive im-
pairment and Alzheimer’s disease groups differed signifi-
cantly from those for the comparison subjects (Table 1).
According to the normative data derived with the odor
stick battery of tests (29), the composite score for olfactory
functioning indicated that all of the comparison subjects
had normal olfactory function, while seven of the eight
subjects with mild cognitive impairment and 12 of the 14
Alzheimer’s disease patients were classified as having hy-
posmia.

Olfactory and Trigeminal 
Event-Related Potentials

With all 30 subjects the complete stimulation proce-
dures were performed. Only traces with a clear response to
the trigeminal irritant CO2 and negligible artifacts were
considered for further evaluation. Of these 30 sessions, one
was excluded because of excessive contamination by eye
blinks (one comparison subject) and three were excluded
because of missing discernible responses to the trigeminal
irritant CO2 (three patients with Alzheimer’s disease).

Of the remaining seven comparison subjects, all had
clearly discernible responses to both gases. Of the eight
subjects with mild cognitive impairment, four had distinct
olfactory event-related potentials in response to H2S,
while four had no discernible response, interpreted as rep-
resenting anosmia. Of the 11 Alzheimer’s disease patients
with valid data, four had distinct event-related potential
responses to H2S; in the remaining seven patients a re-
sponse to H2S was absent (Figure 1).

A Fisher’s exact test of the difference in the rates of miss-
ing responses to H2S between the diagnostic groups dem-

onstrated that the subjects with Alzheimer’s disease were
significantly more likely to be nonresponders to H2S than
were the comparison subjects (p=0.02). The rates of ab-
sent olfactory event-related potentials in the groups with
mild cognitive impairment and Alzheimer’s disease were
similar (p=0.30).

The remaining traces from subjects with clear event-re-
lated potential responses to both gases (seven of seven com-
parison subjects, four of eight subjects with mild cognitive
impairment, four of 11 Alzheimer’s disease patients) were
compared with regard to the effect of the between-subject
factor diagnosis. ANOVA was used for each event-related po-
tential component, i.e., amplitudes (A-P1N1, A-N1P2, A-N1,
A-P1, A-P2) and latencies (T-P1, T-N1, T-P2), at each elec-
trode site (Cz, C3, C4, Fz, and Pz) and for each stimulation
modality. For all components analyzed, there was no signifi-
cant effect of diagnosis on either H2S or CO2 trigeminal
event-related potentials. Table 2 shows grand means at the
electrode sites Cz and Pz. They indicate that there was no
major difference in chemoreception between the healthy
comparison subjects and the subgroup of patients with Alz-
heimer’s disease and mild cognitive impairment in whom
olfactory event-related potentials were present. Further-
more, of these four subjects with Alzheimer’s disease and
four with mild impairment who demonstrated normal sen-
sory responses to stimulation, three in each group had been
classified as having hyposmia or functional anosmia ac-
cording to previous psychophysical testing.

Discussion

Our results are partially consistent with an olfactory
dysfunction hypothesis derived from previous studies.
Both subjects with mild cognitive impairment and pa-

TABLE 1. Age, Cognitive Status, and Scores on Psychophysical Tests of Olfactory Function for Healthy Comparison Subjects,
Patients With Mild Cognitive Impairment, and Patients With Alzheimer’s Disease

Comparison
Subjects (N=8)

Patients With Mild 
Cognitive Impairment 

(N=8)

Patients With
Alzheimer’s Disease 

(N=14)
ANOVA

(df=2, 27)

Characteristic Mean SD Mean SD Mean SD F p
Age (years) 73.9 9.4 72.5 5.0 72.2 5.7 0.16 0.86
Score on Mini-Mental State Examinationa 29.9 0.4 28.8 1.4 23.3 3.1 27.58 <0.005*
Scores on tests of olfactory function using odor sticks 

(possible range=0–16)
Odor detection thresholdb 7.71 1.35 5.41 1.29 4.24 1.67 13.60 <0.005*
Odor discriminationc 12.38 0.92 9.50 1.69 9.64 2.34 6.34 0.006*
Odor identificationd 12.63 1.51 10.50 2.33 10.07 2.30 3.81 0.04*
Composite (total of preceding three)e 32.71 1.57 25.41 4.43 23.96 5.47 10.13 0.001*

a Post hoc analysis showed significant differences between the patients with mild cognitive impairment and those with Alzheimer’s disease (t=
4.76, df=20, p<0.005) and between the comparison group and the patients with Alzheimer’s disease (t=6.03, df=20, p<0.005) but not be-
tween the comparison group and the patients with mild impairment (t=2.22, df=14, p=0.06).

b Post hoc analysis showed that the scores for both the mild cognitive impairment (t=3.48, df=14, p=0.004) and Alzheimer’s disease (t=4.99,
df=20, p<0.005) groups differed significantly from those for the comparison subjects.

c Post hoc analysis showed that the scores for both the mild cognitive impairment (t=4.23, df=14, p=0.001) and Alzheimer’s disease (t=3.14,
df=20, p=0.005) groups differed significantly from those for the comparison subjects.

d Post hoc analysis showed that the scores for both the mild cognitive impairment (t=2.17, df=14, p=0.04) and Alzheimer’s disease (t=2.79,
df=20, p=0.01) groups differed significantly from those for the comparison subjects.

e Post hoc analysis showed that the scores for both the mild cognitive impairment (t=4.39, df=14, p=0.001) and Alzheimer’s disease (t=4.38,
df=20, p<0.005) groups differed significantly from those for the comparison subjects.

*p<0.05.
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tients with mild Alzheimer’s disease showed significantly
lower olfactory functioning than age-matched compari-
son subjects in all three psychophysical tests using odor
sticks: odor detection threshold, odor discrimination, and
odor identification. The verification of previous psycho-
physical results for Alzheimer’s disease (4–9) was expected
and underscores the validity and reliability of the rather
new test of nasal chemosensory performance based on
pen-like odor-dispensing devices (28, 29).

In subgroups of patients with mild cognitive impair-
ment and Alzheimer’s disease, the psychophysical test re-
sults were confirmed by assessment with olfactory event-
related potentials. In a substantial number of subjects in
both of these groups, a response to olfactory stimulation
with H2S was missing, whereas all of the age-matched
comparison subjects had clearly discernible responses.
This finding is in concordance with abnormal event-re-
lated potentials found in patients with related diseases,

such as Down’s syndrome (15), in patients with idiopathic
Parkinson’s disease (36), and in subjects at high risk of de-
veloping Alzheimer’s disease (16).

Magnetoencephalographic techniques have localized
cortical generators of olfactory event-related potentials to
the medial temporal cortex (37) and generators of trigem-
inal event-related potentials to the secondary somatosen-
sory cortex (38). Therefore, the missing response to olfac-
tory stimulation despite a positive response to trigeminal
stimulation could be explained by the specific regional
atrophy found in Alzheimer’s disease (1, 2). The results are
also consistent with PET findings on the olfactory-evoked
glucose metabolic rate in Alzheimer’s disease, which
showed significantly less activation of the medial tempo-
ral lobe (39).

In contrast, in the subgroups in which a clear event-
related potential response to olfactory stimulation was
discernible, the analysis of the various event-related po-

FIGURE 1. Grand Means of Event-Related Potentials Following Trigeminal and Olfactory Stimulation With CO2 and H2S,
Respectively, in Healthy Comparison Subjects, Patients With Mild Cognitive Impairment, and Patients With Alzheimer’s
Diseasea

a Stimuli were presented 548 msec after the beginning of the recordings.
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tential components did not demonstrate major abnormal-
ities with regard to latency and amplitude, according to
comparison with the healthy age-matched subjects. It is
important to add that both groups with and without re-
sponse to olfactory stimulation were clinically homo-
geneous concerning disease severity and neuropsycho-
logical deficits. In addition, in six of the eight subjects with
mild cognitive impairment or Alzheimer’s disease who
had normal olfactory event-related potentials, the scores
from the tests with odor sticks were abnormal, replicating
a discrepancy observed previously by Hawkes and Shep-
ard (18). Several explanations for the lack of discrimina-
tion power of the event-related potentials are possible.

One possibility is that cognitive impairment, inherent to
Alzheimer’s disease and mild cognitive impairment, sig-
nificantly mediates psychophysical test results and could
lead to discrepancies between the results of active olfac-
tory tests and passive chemosensory stimulation. Clarifi-
cation necessitates an exact evaluation of the various def-
icits of cognitive functioning in Alzheimer’s disease and
their correlation with the individual event-related poten-
tial responses.

Normal aging is a significant factor in decreased olfac-
tory function (40) and correlates with abnormalities in ol-
factory event-related potentials (41). A larger study group
would be necessary to distinguish between age-related

and disease-related changes. Further, gender was not bal-
anced. Older men demonstrate greater abnormalities
than older women in olfactory event-related potentials
(42). However, all of the comparison subjects were male,
which further lowers the possibility of finding significant
differences.

In order to adapt the already complex experimental en-
vironment to the constraints of cognitively impaired sub-
jects with mild Alzheimer’s disease, it was not possible to
perform a parallel control of attention, for instance with a
tracking task used in many laboratories (32) or a tech-
nique for control of breathing, during the event-related
potential procedures. Olfactory event-related potentials
do, however, respond to allocation and diversion of atten-
tion (43), while olfactory function can be modulated by
breathing technique (44).

Neuropathological validation of the clinical diagnosis
was not performed in the study. Review of necropsies of
patients with dementia reveal that isolated disease entities
are uncommon in aged demented patients. Rather, cere-
brovascular disease often coexists with the histological
features of Alzheimer’s disease (45), and clinical diagnos-
tic criteria often fail to identify patients with Lewy body
pathology (46). Both disease entities may represent fur-
ther uncontrolled confounding factors.

TABLE 2. Amplitude and Latency of Event-Related Potentials at Electrode Sites Cz and Pz in Healthy Comparison Subjects,
Patients With Mild Cognitive Impairment, and Patients With Alzheimer’s Disease Who Had Clear Responses to Breathing
Both CO2 and H2Sa

Characteristic of Event-
Related Potentialb

Cz Pz

Comparison 
Subjects

(N=7)

Patients With 
Mild Cognitive
Impairment 

(N=4)

Patients With 
Alzheimer’s 

Disease
(N=4) ANOVA

(p)

Comparison 
Subjects

(N=7)

Patients With 
Mild Cognitive
Impairment 

(N=4)

Patients With 
Alzheimer’s 

Disease
(N=4) ANOVA

(p)Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
CO2

P1
Amplitude (µV) 2.5 2.3 0.7 4.0 1.5 2.4 0.53 2.9 1.5 0.9 3.4 1.8 3.5 0.50
Latency (msec) 265 73 231 67 251 77 0.67 298 56 229 67 270 75 0.21

N1
Amplitude (µV) –5.5 5.6 –5.8 3.1 –2.7 2.1 0.17 –3.2 2.3 –3.5 3.9 –2.0 2.6 0.61
Latency (msec) 337 74 294 76 332 71 0.45 361 66 294 68 329 76 0.26

P2
Amplitude (µV) 10.6 3.8 16.4 7.7 16.9 9.9 0.25 9.5 3.2 16.7 13.6 14.1 5.6 0.34
Latency (msec) 573 88 521 75 521 84 0.40 597 85 507 66 520 97 0.16

P1N1: amplitude (µV) 8.1 6.9 6.5 3.9 4.2 2.0 0.23 6.1 2.5 4.3 2.9 3.8 1.5 0.19
N1P2: amplitude (µV) 16.2 6.9 22.2 8.4 19.6 11.0 0.47 12.7 3.2 20.2 16.1 16.1 7.5 0.45

H2S
P1

Amplitude (µV) 1.6 1.6 1.9 0.8 0.6 2.2 0.46 1.6 3.2 1.0 0.5 0.5 0.3 0.52
Latency (msec) 391 77 367 73 385 53 0.87 395 97 367 73 382 54 0.87

N1
Amplitude (µV) –3.5 1.5 –1.9 1.4 –4.9 3.5 0.21 –3.6 1.1 –2.2 0.9 –5.4 2.9 0.08
Latency (msec) 501 74 456 93 462 27 0.56 514 92 455 93 482 56 0.57

P2
Amplitude (µV) 2.1 3.7 3.6 0.7 4.2 2.3 0.50 3.3 2.3 3.2 0.8 1.3 1.9 0.27
Latency (msec) 812 92 718 33 762 33 0.14 801 88 699 41 798 56 0.10

P1N1: amplitude (µV) 5.1 1.8 3.8 0.8 5.4 3.4 0.57 5.2 2.5 3.2 0.5 4.8 3.5 0.45
N1P2: amplitude (µV) 7.3 2.0 5.6 1.4 9.0 4.0 0.22 6.9 1.4 5.4 1.4 6.7 1.9 0.37

a Olfactory event-related potentials (responses to H2S) tend to have a maximum at Pz, while trigeminal event-related potentials (responses to
CO2) generally have a maximum at Cz (31).

b Characteristics are named according to the nomenclature of Evans et al. (35). P=positive peak, N=negative peak.
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In summary, the results confirm prior findings of olfac-
tory dysfunction in Alzheimer’s disease and preclinical
Alzheimer’s disease, i.e., mild cognitive impairment,
based on psychophysical olfactory tests and further sug-
gest that the abnormal performance is not only due to an
impaired working memory and deficits in semantic cate-
gorization. The olfactory deficits are supported by missing
electrophysiological response to olfactory stimulation,
likely to be linked to the specific neuropathological devel-
opment in medial temporal regions, including the pri-
mary olfactory cortex. A final clarification must involve
correlation of objective olfactory functioning with individ-
ual cognitive deficits and postmortem neuropathological
findings. Investigations of larger study groups will be nec-
essary to assess the clinical utility and predictive and dis-
crimination value of chemosensory event-related poten-
tials in comparison to existing biomarkers of Alzheimer’s
disease.
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