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Abstract.
Background: Olfactory dysfunction is associated with Alzheimer’s disease (AD), and already present at pre-dementia stage.
Objectives: Based on the assumption that early neurodegeneration in AD is asymmetrical and that olfactory input is primarily
processed in the ipsilateral hemisphere, we assessed whether unirhinal psychophysical and electrophysiological assessment of
olfactory function can contribute to the diagnostic workup of mild cognitive impairment (MCI).
Methods: Olfactory function of 13 MCI patients with positive amyloid PET, 13 aged-matched controls (AC) with negative
amyloid PET and 13 patients with post-infectious olfactory loss (OD) was assessed unirhinally using (1) psychophysical testing of
olfactory detection, discrimination and identification performance and (2) the recording of olfactory event-related brain potentials.
Time-frequency analysis was used to enhance the signal-to-noise ratio of the electrophysiological responses. Psychophysical
and electrophysiological assessment of auditory and trigeminal chemosensory function served as controls.
Results: As compared to AC and OD, MCI patients exhibited a significant asymmetry of olfactory performance. This asymmetry
efficiently discriminated between MCI and AC (sensitivity: 85%, specificity: 77%), as well as MCI and OD (sensitivity: 85%,
specificity: 70%). There was also an asymmetry of the electrophysiological responses, but not specific for MCI. In both MCI and
OD, olfactory stimulation of the best nostril elicited significantly more activity than stimulation of the worse nostril, between
3–7.5 Hz and 1.2–2.0 s after stimulus onset. Trigeminal and auditory psychophysical testing did not show any difference between
groups.
Conclusion: MCI patients exhibit a marked asymmetry of behavioral olfactory function, which could be useful for the diagnostic
workup of MCI.
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INTRODUCTION

Alzheimer’s disease (AD) is the most frequent
cause of dementia, accounting for more than half of the
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cases of dementia [1]. The clinical symptoms of AD are
characterized by a progressive deterioration of higher
brain functions, involving memory loss and cognitive
decline, affecting daily life activities [2, 3]. It is widely
admitted that the disease progresses over years before
reaching the dementia stage. The pathophysiological
characteristics of AD are the progressive accumulation
of neurofibrillary tangles and amyloid plaques in the
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central nervous system. Following Braaks’ staging, the
accumulation of neurofibrillary tangles typically starts
in the limbic and paralimbic regions of the brain [4].
As the disease progresses, neurofibrillary tangles and
amyloid plaques tend to expand to neocortical areas,
leading to global deficits in attention, memory, and
behavior. Hence, dementia is present only in the later
stages of the disease, and early diagnosis of AD is cru-
cial to ensure optimal medical and social intervention.

Mild cognitive impairment (MCI) is characterized
by progressive memory loss, with preserved global
cognitive function and no major impact on daily life
activities. Studies have shown that approximately 10%
to 15% of MCI patients evolve toward AD each year,
at least during the first years after the diagnosis of
MCI [5, 6]. However, not all patients presenting with
MCI evolve toward AD. Some patients remain stable
or even recover a normal cognition [7–9]. Approx-
imately 70% of MCI patients actually develop AD
[10]; and 30% of MCI patients do not present the neu-
ropathological features of AD at autopsy [11]. Other
neurological disorders, in particular, depression and
age-related cognitive decline, are also potential causes
of MCI [12]. Hence, the early diagnosis of AD on
clinical grounds alone remains problematic.

In April 2011, new criteria for AD diagnosis were
officially established by the National Institute of Aging
(NIA) in three different publications. The first focused
on the preclinical stage of AD [13]. The second focused
on MCI [14]. The third focused on dementia [3]. It
was proposed that AD is a continuum where the pre-
clinical stage precedes MCI, which itself precedes AD
dementia. The diagnoses are based on both clinical
and pathological criteria. The authors emphasize on
the importance of using accurate tests to character-
ize memory deficits. Biomarkers also contribute to
the diagnosis: (1) biomarkers of amyloid-� deposit
(low amyloid in the cerebrospinal fluid (CSF), amy-
loid ligand positron-emission tomography (PET)), and
(2) biomarkers of neural degeneration (increased tau in
CSF, medial temporal lobe atrophy on MRI, reduced
glucose metabolism in parietal regions on fludeoxyglu-
cose PET).

Over the last decades, the finding of an associa-
tion between olfactory disorders and AD has generated
interest in the scientific community. It is well known
that olfactory function decreases with age. However, as
compared to age-matched controls, AD patients exhibit
a stronger loss of olfactory function. This difference
is already present in the early course of the disease,
coinciding or even preceding the onset of cognitive
symptoms [15–21]. Studies have shown that patients

with amnestic MCI present a deficit in the identifi-
cation of odors [15, 22] and, most importantly, that
olfactory deficit in amnestic MCI patients is predictive
of evolution toward AD [23]. In addition, it has been
suggested that a deficit in odor identification can be
detected before patients are classified as cognitively
impaired [24].

The neuropathological changes in AD patients are
asymmetrical [25, 26] and result in different cogni-
tive profiles [27]. Based on the assumption that early
neurodegeneration in AD is asymmetrical and that
olfactory input from each nostril is primarily pro-
cessed in the ipsilateral hemisphere, it has recently
been proposed that unirhinal olfactory assessment of
odor identification and detection could contribute to the
evaluation of amnestic MCI and AD patients [28, 29].
Indeed, the asymmetrical progression of AD [25, 30,
31] may be expected to lead to a significant asymmetry
in olfactory performance.

Assessment of olfactory function has thus been pro-
posed as a tool for the early diagnosis of AD. Olfactory
function can be investigated using various psychophys-
ical tests, such as tests to assess odor detection
threshold, discrimination, identification, recognition
memory, and naming. These different abilities are
thought to reflect different levels of olfactory pro-
cessing [32–37]. The majority of studies have only
investigated olfactory identification abilities, using the
University of Pennsylvania Smell Identification Test
(UPSIT) [38] or a variant of this test. These studies
have consistently shown that AD and MCI patients
have reduced performance for odor identification [18,
39]. Only a small number of studies have assessed odor
detection thresholds and odor discrimination, and the
obtained results are conflicting. This could be due to
the diversity of the psychophysical approaches used to
assess olfaction, the low reliability of the methods used
to assess olfactory detection threshold, and the small
sample sizes [18, 39]. Another important issue is the
use of different criteria to define MCI and AD, making
between-study comparisons difficult.

A small number of studies have assessed olfactory
function in AD by recording olfactory event-related
potentials (OERPs) [22, 40–42]. Although this is a
relatively unbiased technique requiring limited patient
collaboration,publishedresultsarecontradictory.Some
studies found abnormal OERPs despite normal psy-
chophysical function [42], and others reported normal
OERPsdespiteabnormalodor identificationscores [22,
40]. Moreover, a study showed that the latencies of
OERPs are significantly increased in AD patients and
that this increase in latency significantly correlates with
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dementia rating scales [41]. The reasons for these con-
flicting results might be the heterogeneity of the studied
populations and, most importantly, the fact that OERPs
have a poor signal-to-noise ratio [43], particularly in
aged subjects. In order to recruit more homogeneous
samplesofMCIpatients thatreallypresent incipientAD
changesitwasrecentlyproposedtousebiologicalmark-
ers in addition to traditional cognitive evaluation [14].

The objective of the present study was to assess
unirhinal olfactory function in MCI patients using (1) a
validated psychophysical method to assess odor identi-
fication, threshold and discrimination abilities (Sniffin’
Sticks extended test) [44] and (2) the recording of brain
responses to unirhinal olfactory stimulation using a
novel approach based on the time-frequency analysis
of electroencephalographic (EEG) signals, previously
shown to markedly enhance the signal-to-noise ratio
of OERPs [45, 46]. We hypothesized that asymme-
try in olfactory function could be an early predictor
of AD and, hence, that it could distinguish between
MCI and age-matched healthy controls. Crucially, we
selected a uniform population of MCI patients with
positive amyloid PET, a biomarker currently consid-
ered as the hallmark of AD patients at a predemential
stage of the disease [47] and compared them with a
group of healthy, amyloid-negative age-matched con-
trols. Furthermore, we also compared the MCI group to
a group of patients presenting with a primary olfactory
dysfunction (post-viral olfactory loss).

MATERIALS AND METHODS

Participants

13 amnestic MCI patients with positive amyloid
PET (MCI), 13 age-matched controls with negative
amyloid PET (AC), and 13 patients suffering from
post-infectious olfactory loss (OD) were included
in the current study. Written informed consent was
obtained from all the participants. The investigations
were approved by the local Ethics Committee and done
in accordance with the Helsinki declaration of 1975.

MCI and AC were recruited from a cohort studied
to evaluate the usefulness of the combination of differ-
ent biomarkers in the classification of non-demented
patients attending a memory clinic [48].

MCI patients were at least 50 years old and
complained of memory and/or cognitive problems.
Evidence by a relative was sought and obtained for a
majority of patients. The diagnosis of MCI was based
on both clinical findings according to Petersen’s cri-
teria [5], and biomarkers according to the NIA-AA

criteria [14]. Dementia was excluded on basis of the
DSM-IV-TR criteria [49]. A Mini Mental State Exam
(MMSE) score of 24 or more was required [50]. AC
subjects were healthy elderly without complaints of
memory and/or cognitive problems, recruited by adver-
tisement.

MCI and AC participants underwent the same
assessment consisting in a comprehensive neuropsy-
chological examination (see infra), apolipoprotein
E genotyping, brain MRI, fluorine-18 fluoro-2-
deoxyglucose ([18F]-FDG) PET scan and [F18]-
flutemetamol PET scan ([F18]-flutemetamol is an
investigational product being studied clinically as an
amyloid imaging agent; for details, see [51]). All
MCI patients had an elevated amyloid deposition
score ([F18]-flutemetamol SUVr (Standardized Uptake
Value)) (see [48] for details on the method), exceed-
ing the score reached by 90% of controls. All AC
participants were below the same threshold for amy-
loid deposition score. Amyloid deposition scores were
computed for the right and left neocortex, and the
right and left orbitofrontal cortex. We did not explore
amyloid load in mesial temporal structures because
previous studies have shown that mesial temporal areas
are relatively spared of amyloid deposition in the early
stages of the disease [4, 52–56].

Patients with postinfectious olfactory loss were
recruited from the ENT outpatient clinic. The diag-
nosis was made by two trained ENT specialists, based
on patient history and clinical examination using both
rhinoscopy and nasal endoscopy. All patients had a his-
tory of olfactory loss following symptoms of common
cold.

For all groups, exclusion criteria also comprised
major depression and other psychiatric disease, past
or present neurological condition, history of alcohol
or drug abuse, and severe head injury. A rhinoscopy
and nasal endoscopy was performed in all participants
to exclude sino-nasal disease and to evaluate nasal
patency of the left and right nostrils. Included subjects
had no major asymmetries or obstruction of left and
right nasal fossa.

Neuropsychological assessment

Neuropsychological assessment evaluated episodic
memory, language, executive functions and visuo-
spatial processing. Episodic memory was tested using
the Free and Cued Selective Reminding Test (FCSRT)
which requires memorization of 16 visually presented
words belonging to 16 different semantic categories
used as cues in order to control encoding and retrieval
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Table 1
Cognitive performance of MCI patients and age-matched controls

Aged controls (AC) MCI patients AC versus MCI

Median IQR Median IQR p-value

Episodic memory (FCSRT)
– free recall [0–48] 31 28–38 20 15–23 <0.001
– total recall [0–48] 48 46–48 41 36–44 <0.001
– free delayed recall [0–16] 12.5 11.2–15.7 7 5–9 <0.001

Language functions
– LEXIS naming test [0–64] 61 60–64 58 55–60 0.001
– category fluency 35 32–43 25 22–39 0.042
– phonological fluency 28 22–35 19 14–24 0.004

Executive functions
– TMT A (s) 34 25–42 50 36–74 0.026
– TMT B (s) 74 62–104 144 101–218 0.006
– TMT B-A (s) 40 28–63 104 69–122 0.010
– Luria graphical test [0–32] 29.5 26–30 23.7 19–26 0.014

Visuo-spatial functions
– clock drawing [0–8] 8 6–8 6 6–8 0.036
– clock copy [0–10] 10 10–10 10 9–10 0.038
– CERAD [0–11] 11 10–11 10 9–11 0.032

IQR, Interquartile range (25–75); FCRST, Free and Cued Selective Reminding Test; TMT, Trail Making Test.

(French version, see [57]). Language was tested using
the LEXIS Naming Test [58], the Category Fluency
Test for animals and the Letter Fluency Test for the
letter P [58]. Executive functions were evaluated using
the Trail Making Test and Luria’s Graphic Sequences
(adaptation in French, unpublished). Visuo-spatial pro-
cessing was examined using the Clock Drawing Test
[59] and the Praxis Part of the CERAD battery [60].
Results of neuropsychological assessment are reported
in Table 1. The detailed demographic results are
reported in Supplementary Table 1.

Experimental sessions

Olfactory, trigeminal, and auditory functions were
assessed using psychophysical and electrophysiologi-
cal testing. The two tests were performed in separate
sessions, organized on different days.

Psychophysical assessment of olfactory,
trigeminal, and auditory functions

Before starting the experiment, subjects were famil-
iarized with the experimental surrounding and the
material used for the psychophysical assessment.

Psychophysical evaluation of olfactory function

Psychophysical evaluation of olfactory function was
assessed unirhinally using the validated Sniffin’ Sticks
test [61, 62]. The non-evaluated nostril was obstructed
by asking the subject to close the nostril with the

fingertip. The order of the tested nostril was counter-
balanced across participants. Odors were presented to
the subject using felt-tip pens placed approximately
2 cm in front the nostril. Based on previous studies,
we assumed that the score of the best nostril reflected
birhinal olfactory score [63, 64].

First, the olfactory threshold (T) was assessed using
n-butanol presented by means of a single staircase,
using stepwise dilutions in a row of 16 felt tip pens.
Subjects were blindfolded. In each trial, three pens are
presented in a randomized order, with two pens con-
taining only the solvent and the third containing the
odorant at a certain dilution. The task of the subject was
to identify the odor-containing pen (three alternative
forced choice; 3-AFC) [44].

Second, odor discrimination (D) was assessed by
asking the subject to perform a 3-AFC using 16 pairs of
odorants. While blindfolded, three pens are presented
to the subject, two containing the same odorant and one
containing a different odorant. Subjects were asked to
identify the different odorant.

Third, odor identification (I) was assessed by asking
thesubject toidentify16individualodorsbyperforming
a forced choice between four descriptors. To decrease
the lexical demand required in the odor identification
task, we developed a picture-based odor identification
test. Instead of choosing between a list of four verbal
descriptors such as in the original Sniffin’ Sticks test,
the four descriptors were presented as pictures in front
of the subjects. We ensured that subjects understood
the meaning of every picture before starting the test.
The pictures were named verbally by the experimenter,
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simultaneous to their presentation. Subjects were asked
to designate the picture corresponding to the odor by
namingorpointingit.Participantswereallowedtosmell
the odor for as long as they desired before identify-
ing it. For olfactory discrimination and identification
tests, the order of the tested nostril and the sequence of
presentation were counterbalanced across participants.
Furthermore, the side of stimulation was changed every
8items.Olfactorythreshold(T),discrimination(D),and
identification (I) were summed to obtain the total TDI
score, used to evaluate global olfactory function [61].
To assess the asymmetry in olfactory function, we also
computed the difference (�T, �D, �I, �TDI) between
the “best” nostril (TMAX, DMAX, IMAX, TDIMAX) and
the “worse” nostril (TMIN, DMIN, IMIN, TDIMIN).

Psychophysical evaluation of trigeminal
chemosensory function

Nasal trigeminal chemosensory function was
assessed using a lateralization test based on previous
studies [65, 66], using a device consisting in two par-
allel syringes (total volume 50 ml) with their spouts
angled so that the vapors from one were directed to
left nostril and the vapors of the other were directed
to the right nostril. One syringe contained 20 ml of
menthol diluted in propylene glycol (50%). The other
contained 20 ml of odorless propylene glycol. Air
from the headspace of the syringes was delivered in
a uniform manner by pressing the common bottom of
the syringes. Subjects were stimulated passively and
were blindfolded. They received 26 stimuli, counter-
balanced in a pseudorandom sequence. Subjects had to
indicate which nostril was stimulated with menthol.

Picture-based auditory-identification test

As a control to the odor picture identification test,
we developed a picture-based auditory identification
test. Sixteen animal noises were presented to subjects.
Subjects were asked to select the corresponding animal
within four pictures of animals presented in front of
them.

Electrophysiological assessment of olfactory,
trigeminal and auditory functions

Before the electrophysiological recording, subjects
were familiarized with the experimental surrounding,
as well as the olfactory, trigeminal and auditory stimuli
used to elicit chemosensory and auditory event-related
potentials (ERPs).

Chemosensory stimuli

Chemosensory stimuli were produced by an air-
dilution olfactometer (OM2S, Burghart Medical
Technology, Wedel, Germany). The device is able to
deliver brief pulses of odorant embedded within a con-
stant airflow. The rapid switching between the odor
and the control airflow is based on a vacuum line.
During the stimulation, the airflow (8 l/min), temper-
ature (36◦C) and humidity (80% relative humidity)
remain strictly unchanged, thus avoiding any con-
comitant stimulation of mechanical or heat sensitive
trigeminal receptors. Selective olfactory and trigem-
inal chemosensory stimulation was achieved using
2-phenylethanol (50% v/v) and gaseous CO2 (55%
v/v), respectively [67, 68]. The stimuli were deliv-
ered through a TeflonTM tube placed in the nostril,
just behind the nasal valve, pointing toward the olfac-
tory cleft. Stimulus duration was 200 ms, with a rising
time of 20 ms. Each type of stimulus was repeated 30
times, and delivered in alternation using an interstim-
ulus interval varying randomly between 15 and 20 s.
Subjects were instructed to breathe through the mouth
and to perform velo-pharyngeal closure. The stimuli
were delivered to the right and left nostril, in two dif-
ferent sessions. The two sessions were separated by
a few minutes of rest. The order of the sessions was
counterbalanced across subjects.

Auditory stimuli

40 auditory stimuli (800 Hz tone) were delivered
binaurally through earphones at a comfortable hear-
ing level. Stimulus duration was 50 ms with a rising
and falling time of 10 ms. The inter-stimulus interval
was randomized, ranging between 3 and 6 s.

Electroencephalographic recording

Subjects were instructed to keep their eyes open
during the recording. The EEG was continuously
recorded from 64 Ag/AgCl electrodes placed on the
scalp according to the International 10/10 system
(Waveguard64 cap, Cephalon A/S, Denmark). Scalp
signals were recorded using an average reference. Ocu-
lar movements and eye-blinks were recorded using
two additional bipolar surface electrodes placed on
the upper-left and lower-right sides of the left eye.
Impedance was kept below 5 kOhm. Signals were
amplified and digitized at a 1000 Hz sampling rate
(64-channel ASA-LAB EEG system, Advanced Neuro
Technologies, The Netherlands). The recording of
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auditory ERPs followed the recording of chemosen-
sory ERPs.

Data preprocessing

All EEG processing steps were carried out using
Letswave 5 (http://www.nocions.org/letswave/), run-
ning on Matlab (MathWorks, USA). The continuous
EEG data was band-pass filtered using a 0.1–30 Hz
Butterworth zero phase filter, and segmented into 4 s
epochs ranging from −1.5 to +2.5 s relative to stimu-
lus onset. After baseline correction (reference interval:
−1.5 to 0 s), electrooculographic (EOG) artifacts were
isolated using an Independent Component Analysis
(ICA) using the runica algorithm [69]. Artifact-free
EEG epochs were generated by removing independent
components (ICs) capturing clear EOG artifacts (time
course typical of eye blinks, frontal scalp topography)
[70]. Finally, epochs with amplitude values excess-
ing ± 100 �V (i.e., epochs likely to be contaminated
by an artifact) were rejected (24 ± 14% of olfactory
epochs, 26 ± 16% of trigeminal epochs, and 19 ± 12%
of auditory epochs). Finally, signals were re-referenced
to the average of the left (M1) and right (M2) mastoids.

Across trial averaging in the time-frequency
domain

Similarly to our previous studies, a time-frequency
(TF) representation based on the continuous Morlet
wavelet transform (CWT) of EEG epochs was used
to characterize the amplitude of oscillatory activity as
a function of time and frequency [45, 46]. The Mor-
let wavelet consists in a complex exponential function
localized in time by a Gaussian envelope. The ini-
tial spread of the Gaussian wavelet was set at 2.5/π
ω0 (ω0 being the central frequency of the wavelet).
Explored frequencies ranged from 0.2 to 15 Hz in steps
of 0.074 Hz.

To obtain a time-frequency representation of both
phase-locked and non-phase locked EEG responses
to olfactory, trigeminal and auditory stimulation, the
time-frequency transform was applied to each single
EEG epoch. For each subject and stimulus type, single-
trial TF maps expressing signal amplitude were then
averaged across trials (see [45, 46] for more details).
For each estimated frequency, oscillation amplitudes
were expressed as the difference relative to the oscilla-
tion amplitude averaged within the prestimulus interval
extending from −1.1 to −0.1 s relative to stimulus
onset.

To assess the asymmetry of the EEG responses
elicited by olfactory stimulation of the “best” versus
the “worse” nostril (determined according to the results
of the Sniffin’ Sticks test), the TF maps obtained from
the “worse” nostril were subtracted from the TF maps
obtained from the “best” nostril.

Statistical analyses

Statistical analyses were performed using SPSS 17.0
(SPSS Inc, Chicago, IL, USA). The level of signifi-
cance was set at p < 0.05.

Neuropsychological scores

A Mann-Whitney test was used to compare the
results of neuropsychological testing between the AC
and MCI groups.

Psychophysical scores of olfactory, trigeminal and
auditory function

A Kruskall-Wallis test was used to compare the mea-
sures obtained in each of the three different groups
(MCI, AC, OD). When significant, post-hoc Mann-
Whitney tests corrected for multiple comparisons
(Bonferroni) were performed.

For the different psychophysical scores showing sig-
nificant group-level differences, Receiver Operating
Characteristic (ROC) curves were constructed to eval-
uate their ability to distinguish between MCI, AC and
OD groups at individual level. The area under the
ROC curve (AUC) was used as an index of discrim-
ination performance. An AUC of 0.5 indicates random
performance, whereas an AUC of 1 and 0 denotes
perfect performance. For each measure, the ability to
distinguish between different groups of patients was
assessed by examining whether AUC was significantly
different from 0 [71, 72]. When significant, the cut-off
value (J) associated with the greatest Youden index
(y = Sensitivity + Specificity −1) was chosen as deci-
sion criterion [73, 74]. This cutoff value corresponds
to the point on the ROC curve that is the farthest from
the diagonal line.

EEG responses to olfactory, trigeminal and
auditory stimulation

To assess significant differences between the TF
maps of the EEG responses to olfactory, trigeminal
and auditory stimulation obtained in the MCI, AC,
and OD groups, point-by-point two-sample t-tests with

http://www.nocions.org/letswave/
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cluster-based thresholding were performed. Cluster-
based thresholding is an approach commonly used in
neuroimaging. This technique assumes that true neu-
ral activity will tend to stimulate signal changes over
contiguous pixels of the TF maps [75, 76]. First, raw
statistical TF maps were thresholded at p < 0.05 and
p < 0.01 to identify the clusters of contiguous pixels
which differed significantly between the two groups.
Second, permutation testing (1000 permutations) was
used to assess the distribution of clusters sizes in the
permuted data. Cluster size threshold was set at Z > 3
standard deviations from the mean. This yielded, TF
maps highlighting the regions where the EEG signal
differed significantly between the two groups.

Correlation between olfactory testing,
neuropsychological testing, and amyloid load

The correlations between the psychophysical olfac-
tory scores, the magnitude of the EEG responses to
olfactory stimulation, scores of neuropsychological
testing and amyloid load were assessed in MCI patients
using Spearmans’ correlation coefficient.

RESULTS

A total of 13 subjects were included in the MCI
(5 women; mean age: 70.46 ± 5.97; 1 smoker), AC
(7 women; mean age: 69.69 ± 8.35; 2 smokers), and
OD (10 women, mean age: 52.00 ± 9.78; 2 smokers)
groups. There was no significant difference regarding
gender between the three groups (χ2 = 2.75, p = 0.252).
As expected, subjects in the OD group were, on aver-
age, significantly younger as compared to subjects
in the MCI (p < 0.001) and AC (p < 0.001) groups.
MCI and AC subjects were similar in terms of
age (p = 0.812). There was no difference regarding
smoking status between the three groups (χ2 = 0.46,
p = 0.795).

Psychophysical assessment of olfactory
performance

The results of individual olfactory psychophysi-
cal assessment are presented in Table 2. Global TDI
scores of olfactory performance obtained from the best
nostril (TDIMAX, reflecting the scores which would
have been obtained using birhinal stimulation) were
27.0 ± 3.7, 23.9 ± 7.7, and 21.8 ± 6.9 in the AC, MCI
and OD groups, respectively (mean ± standard devia-
tion) (Fig. 1). These differences were not significant
(χ2 = 4.424, p = 0.110). Global TDI scores of olfac-

tory performance obtained from the worse nostril
(TDIMIN) were 24.6 ± 4.1, 19.0 ± 6.5, and 19.1 ± 6.5
in the AC, MCI, and OD groups, respectively. These
differences were significant (χ2 = 7.531, p = 0.023).
However, post-hoc test corrected for multiple com-
parisons did not show any significant difference.
Regarding the left or right predominance for the best
nostril, we observed that 6/13 AC, 8/13 MCI, and 3/13
OD had a right predominance, 1 AC had symmetrical
performances. The predominant side was not signifi-
cant between the three groups (χ2 = 4.703, p = 0.095).
The asymmetry between the TDI scores obtained from
the best and worse nostril (�TDI) were 2.4 ± 1.8,
5.0 ± 1.7 and 2.7 ± 1.5 in the AC, MCI, and OD
groups, respectively (Fig. 2). These differences were
significant (χ2 = 11.968, p = 0.003). Post-hoc compar-
isons revealed that the asymmetry in global olfactory
performance was significantly greater in MCI patients
as compared to both AC subjects (p = 0.006) and OD
patients (p = 0.009).

Olfactory detection scores obtained from the best
nostril (TMAX) were 6.0 ± 2.0 in AC, 5.2 ± 2.7 in
MCI and 3.0 ± 2.4 in OD (Fig. 1). These differences
were significant (χ2 = 9.618, p = 0.008). Post-hoc com-
parisons showed that OD had significantly lower
TMAX as compared to AC (p = 0.009). However, there
was no significant difference between MCI and AC
subjects (p = 0.448), nor between MCI and OD sub-
jects (p = 0.066). Olfactory threshold scores obtained
from the worse nostril (TMIN) were 4.6 ± 2.0 in AC,
3.4 ± 2.3 in MCI, and 2.3 ± 1.7 in OD. These dif-
ferences were also significant (χ2 = 8.362, p = 0.015).
Post-Hoc tests showed that OD had lower TMIN as
compared to AC (p = 0.015). However, there was
no significant difference between MCI and AC sub-
jects (p = 0.303), nor between MCI and OD subjects
(p = 0.507).

The asymmetry of olfactory thresholds (�T) was
1.4 ± 1.3 in AC, 1.8 ± 1.2 in MCI, and 0.7 ± 0.9 in
OD (Fig. 2). These differences in threshold asymmetry
were significant (χ2 = 6.773, p = 0.034). Post-Hoc tests
showed that MCI had greater asymmetry compared
to OD (p = 0.048). However, there was no significant
difference between MCI and AC subjects (p = 0.922),
nor between AC and OD subjects (p = 0.216).

Olfactory discrimination scores obtained from the
best nostril (DMAX) were 10.4 ± 1.9 in AC, 9.6 ± 2.3
in MCI, and 9.8 ± 2.2 in OD (Fig. 1). Olfactory dis-
crimination scores obtained from the worse nostril
(DMIN) were 9.0 ± 1.6 in AC, 7.3 ± 2.2 in MCI, and
8.6 ± 2.3 in OD. These differences were not signifi-
cant (DMAX: χ2 = 0.818, p = 0.664; DMIN: χ2 = 0.3553,
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Fig. 1. Psychophysical scores of olfactory function measured using the Sniffin’ Sticks test in aged controls (AC), patients with mild cognitive
impairment (MCI), and patients with post-infectious olfactory loss (OD). The TDI score (0–48) corresponds to the sum of the detection threshold
(T: 0–16), discrimination (D: 0–16), and identification (I: 0–16) scores. Results obtained from the best and worse nostrils are shown in black
and white bars, respectively (mean ± 95% confidence interval). Statistically significant differences between groups are represented by ∗p < 0.05
and ∗∗p < 0.01.

Fig. 2. The asymmetry of psychophysical olfactory performance in aged controls (AC), patients with mild cognitive impairment (MCI) and
patients with post-infectious olfactory loss (OD) was assessed by computing the difference between the TDI (�TDI), detection threshold (�T),
discrimination (�D) and identification (�I) scores obtained from the best and worse nostril (mean ± 95% confidence interval). Statistically
significant differences between groups are represented by ∗p < 0.05 and ∗∗p < 0.01.

p = 0.169). The asymmetry of olfactory discrimina-
tion (�D) was 1.4 ± 1.1 in AC, 2.3 ± 1.0 in MCI, and
1.2 ± 1.1 in OD (Fig. 2). These differences in dis-
crimination asymmetry were significant (χ2 = 7.709,
p = 0.021). Post-hoc comparisons showed that MCI
patients had a significantly greater asymmetry in dis-
crimination as compared to OD (p = 0.036), but not as
compared to AC (p = 0.132).

Picture-based olfactory identification scores
obtained from the best nostril (IMAX) were 11.9 ± 2.2
in AC, 9.5 ± 3.5 in MCI, 9.2 ± 3.4 in OD (Fig. 1).
Picture-based olfactory identification scores obtained
from the worse nostril (IMIN) were 9.8 ± 3.4 in AC,
8.0 ± 3.1 in MCI, 8.1 ± 3.75 in OD These differ-
ences did not reach significance (IMAX: χ2 = 5.551,
p = 0.062; IMIN: χ2 = 2.661, p = 0.264). The asym-

metry of olfactory identification scores (�I) was
2.1 ± 1.8 in AC, 1.5 ± 1.3 in MCI, and 1.2 ± 1.1 in
OD (Fig. 2). These differences were not significant
(χ2 = 1.804, p = 0.406).

Discrimination performance of the psychophysical
measures of olfaction

The discrimination performance of the psychophys-
ical measure of olfaction showing a significant
group-level difference between MCI and AC (�TDI)
was assessed using ROC curves (Fig. 3). The asymme-
try in the TDI scores obtained from the best and worse
nostrils (�TDI) was able to discriminate between
MCI versus AC (AUC = 0.846, p = 0.003; sensitivity:
85%; specificity: 77%), MCI versus OD (AUC = 0.834,
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Fig. 3. Receiver Operating Characteristics (ROC) curves were computed to assess the ability of the asymmetry of TDI score (�TDI) to
discriminate between healthy aged controls (AC), patients with mild cognitive impairment (MCI) and patients with post-infectious olfactory
loss (OD). Discrimination performance was assessed using the area under the curve (AUC) (shaded area).

p = 0.004; sensitivity: 85%; specificity: 70%) and MCI
versus AC/OD (AUC = 0.840, p = 0.001; sensitivity:
85%; specificity: 70%).

Correlation between psychophysical olfactory
performance and neuropsychological evaluation

In MCI patients, we evaluated the correlation
between the results of the different cognitive tests
and �TDI. There was a small negative correlation
between �TDI and the FCSRT free delayed recall
test (r = −0.648, p = 0.023, not corrected for multiple
comparisons). Moreover, because of the known hemi-
spheric lateralization of cognitive functions [77–79],
we assessed the correlation between the results of
the different cognitive tests and the difference of TDI
scores obtained at the left and right nostril. No sig-
nificant correlation was found. Detailed results are
reported in Table 3.

Correlation between psychophysical olfactory
performances and amyloid deposition degree

In MCI patients, we evaluated the correlation
between the asymmetry of amyloid deposition degree
and the asymmetry of olfactory performance. For the
measures of amyloid load in the neocortex, there was
no correlation between �TDI and the difference in
amyloid load between the ipsilateral and contralat-
eral hemisphere relative to the best nostril (r = −0.091,
p = 0.767). For the measures of amyloid load in the
orbitofrontal cortex, there was a non-significant trend
toward a correlation (r = 0.525, p = 0.065).

Inaddition,wealsoevaluatedthecorrelationbetween
theright-leftasymmetryofolfactoryperformance(right
TDI–left TDI) and the right–left asymmetry of amyloid
deposition degree. There was no significant correlation

Table 3
Correlations between the asymmetry of psychophysical olfactory

performance and neuropsychological testing in MCI patients

�TDI TDI left-TDI right

r p-value r p-value

Episodic memory (FCSRT)
– free recall −0.362 0.224 0.082 0.790
– total recall −0.429 0.144 0.025 0.936
– free delayed recall −0.648 0.023∗ −0.301 0.342

Language functions
– LEXIS 0.036 0.907 0.247 0.416
– category fluency −0.023 0.939 0.046 0.882
– phonological fluency −0.238 0.434 −0.050 0.872

Executive functions
– TMT A 0.132 0.667 −0.110 0.720
– TMT B 0.235 0.463 −0.284 0.372
– TMT B-A 0.154 0.632 −0.210 0.512
– Luria graphical test −0.191 0.552 0.023 0.944

Visuo-spatial functions
– clock drawing 0.061 0.842 0.424 0.149
– clock copy 0.291 0.335 −0.056 0.855
– CERAD 0.047 0.880 0.295 0.328

FCSRT, Free and Cued Selective Reminding Test; TMT, Trail Mak-
ing Test.

(neocortex: r = 0.391, p = 0.187; orbitofrontal cortex:
r = 0.236, p = 0.438).

Correlation between amyloid deposition degree
and cognitive score

In MCI patients, there was no significant correlation
between the different cognitive tests and the amyloid
deposition degree.

Psychophysical assessment of trigeminal
chemosensory performance

The individual results of the psychophysical assess-
ment of trigeminal chemosensory performance are
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presented in Table 2. Trigeminal lateralization scores
were 16.5 ± 2.6 in AC, 15.5 ± 3.6 in MCI, and
16.2 ± 5.3 in OD. These differences were not signifi-
cant (χ2 = 0.931, p = 0.628).

Psychophysical assessment of auditory
performance

The individual results of the psychophysical assess-
ment of auditory performance are presented in Table 2.
The scores of the picture-based auditory identifica-
tion test were 15.4 ± 0.7 in AC, 15.6 ± 0.7 in MCI,
and 15.9 ± 0.3 in OD. These differences were signif-
icant (χ2 = 6.221, p = 0.045). However, post-hoc tests,
corrected for multiple comparisons, did not show any
significant differences between the different groups.

EEG responses to olfactory stimulation

Three subjects (1 AC, 1 MCI, and 1 OD) were
excluded from these analyses because the recorded sig-
nals were contaminated by a large number of artifacts.

The group-level average TF maps obtained at elec-
trode Cz in each group are shown in Fig. 4. Olfactory

stimulation elicited a long lasting increase of EEG
oscillations at very low frequencies (<1 Hz), maxi-
mal at electrode Cz. We were not able to identify
a consistent response at higher frequencies, as pre-
viously reported in recordings obtained from young
normosmic subjects [45]. Statistical comparisons of
the TF maps obtained at electrode Cz revealed no sig-
nificant difference between the TF maps of AC, MCI,
and OD groups, following stimulation of the best and
the worse nostril.

The group-level average TF maps of the difference
between the responses elicited by stimulation of the
best and worse nostril are shown in Fig. 5. In the AC
group, there was no obvious difference between the two
TF maps. In contrast, in the MCI group, stimulation of
the best nostril elicited greater activity than stimulation
of the worse nostril between 4 and 8 Hz and 1 to 2 s
after stimulus onset, as well as between 1 and 2 Hz and
0.5 to 1.5 s after stimulus onset. A similar difference
was observed in the OD group.

Point-by-point statistical comparisons of the dif-
ference maps obtained in AC and MCI revealed a
significant cluster between 4 and 7.5 Hz and 1.2 to 1.8 s
after stimulus onset (Fig. 5).

Fig. 4. Group-level average time-frequency (TF) maps of the EEG responses to olfactory stimulation of the best nostril, trigeminal stimulation
of both nostrils and auditory stimulation, obtained in healthy aged controls (AC), patients with mild cognitive impairment (MCI) and patients
with post-infectious olfactory loss (OD). The TF maps show the signal measured at Cz versus M1M2, expressed as the difference in oscillation
amplitude as compared to the prestimulus reference interval (−1.1 – −0.1 s).
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Fig. 5. Group-level average time-frequency (TF) maps expressing the difference between the responses obtained by stimulation of the best
nostril and stimulation of the worse nostril in healthy aged controls (AC), patients with mild cognitive impairment (MCI) and patients with
post-infectious olfactory loss (OD). In the AC group, there was no obvious difference between the responses elicited by stimulation of the best
and worse nostril. In contrast, stimulation of the best nostril elicited significantly greater activity than stimulation of the worse nostril between
4–8 Hz and 1-2 s in the MCI group. A similar difference was observed in the OD group. Comparison of the difference TF maps obtained in
AC versus MCI and AC versus OD was performed using point-by-point t-tests with cluster-based thresholding (see Methods). The significant
clusters (Z > 3) between AC versus MCI and AC versus OD are shown in black (p < 0.05) and red (p < 0.01) contours.

There was also a significant difference between the
difference maps of AC and OD between 3 and 6 Hz
and 1.5 and 2.0 s after stimulus onset. There was no
significant difference between the difference maps of
MCI and OD.

Correlation between EEG responses to olfactory
stimulation and psychophysical olfactory
performances

At the whole group level, there was a significant
correlation between the difference in magnitude of the
EEG responses elicited by stimulation of the best and

worst nostril at electrodes Fz, Cz and Pz, (�Fz, �Cz,
and �Pz) and the difference in TDI scores obtained
at the best and worse nostril (�Fz versus �TDI:
r = 0.471, p = 0.004; �Cz versus �TDI: r = 0.556,
p < 0.001; �Pz versus �TDI: r = 0.549, p = 0.001).
In the AC group, there was a significant correlation
between �Pz and �TDI (r = 0.582, p = 0.047), but
not between �Fz and �TDI (r = 0.148, p = 0.646)
and between �Cz and �TDI (r = 0.339, p = 0.282).
In the OD group, there was a significant correlation
between �Fz and �TDI (r = 0.589, p = 0.044), as well
as between �Pz and �TDI (r = 0.674, p = 0.016), but
not between �Cz and �TDI (r = 0.511, p = 0.090). In
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the MCI group, there was no significant correlation
between the asymmetry of the EEG responses and the
asymmetry of the psychophysical scores (�Fz ver-
sus �TDI: r = −0.046, p = 0.888; �Cz versus �TDI;
r = 0.217, p = 0.498; �Pz versus �TDI: r = 0.319,
p = 0.313).

Correlation between EEG responses to olfactory
stimulation and cognitive scores

InMCIpatients, therewasnocorrelationbetween the
magnitude of the asymmetry of the EEG responses to
olfactory stimulation and the different cognitive scores.

Correlation between EEG responses to olfactory
stimulation and amyloid deposition degree

In MCI patients, there was no correlation between
the magnitude of the asymmetry of the EEG
responses to olfactory stimulation and the asymme-
try of amyloid load measured in the neocortex (�Fz:
r = 0.147, p = 0.648; �Cz: r = −0.140, p = 0.664; �Pz:
r = −0.063, p = 0.845), and the asymmetry of amy-
loid load measured in the orbitofrontal cortex (�Fz:
r = −0.102, p = 0.752; �Cz: r = −0.201, p = 0.531;
�Pz: r = −0.071, p = 0.828).

EEG responses to trigeminal chemosensory
stimulation

The group-level average TF maps obtained at elec-
trode Cz in each group are shown in Fig. 4 (averaging
of the best and worse nostrils). Such as in our pre-
vious study [45], trigeminal stimulation elicited a
clear increase of activity between 2 and 5 Hz, peaking
approximately 0.5 s after stimulus onset, and between
0 and 1 Hz extending from 0.5 to 2 s after stimulus
onset. In healthy controls, we also noted a reduction
of EEG oscillations between 8–12 Hz and 0.5–1.5 s
after stimulus onset, maximal at electrode Cz. After
averaging the EEG responses obtained from both nos-
trils, we found no significant difference between the
TF maps of AC versus OD, and MCI versus OD. How-
ever, we did observe a significant difference between
the TF maps of MCI versus AC, between 8–12 Hz and
0.6–0.9 s after stimulus onset. There was no significant
difference between the best-worse difference TF maps.

EEG responses to auditory stimulation

The group-level average TF maps obtained at elec-
trode Cz in each group are shown in Fig. 4. Auditory

stimulation elicited a clear increase of activity between
1 and 12 Hz, peaking approximately 0.2 s after stimu-
lus onset. There was no significant difference between
the TF maps of AC, MCI, and OD groups.

DISCUSSION

In the present study, using unilateral psychophys-
ical testing of olfactory function, we show that MCI
patients exhibit a marked asymmetry of olfactory
function (�TDI) that is significantly greater than the
asymmetry in age-matched healthy controls (AC) as
well as in patients presenting with a primary olfac-
tory disorder (OD). Furthermore, we show that �TDI
is able to efficiently discriminate between MCI and
AC (sensitivity: 85%, specificity: 77%), as well as
between MCI and OD (sensitivity: 85%, specificity:
70%). Importantly, trigeminal and auditory testing
did not show any significant difference between the
three groups, indicating that the observed differences
between MCI and AD are related to specific impair-
ment of olfactory function. Taken together, our results
suggest that unirhinal assessment of olfactory func-
tion could be useful for the diagnostic workup of
MCI patients. Future longitudinal studies, including a
greater number of patients are required to (1) determine
a cutoff value defining the asymmetry of olfactory per-
formance and to (2) evaluate whether this asymmetry
could constitute an effective non-invasive biomarker
for the early diagnosis of AD.

The usefulness of unirhinal evaluation of olfactory
function in AD patients was first suggested by Bahar-
Fuchs et al. [28], based on neuropathological findings
showing an asymmetrical progression of AD-related
neuropathological changes in left and right mesiotem-
poral structures. Some authors have reported that in its
early course, AD predominantly affects the left hemi-
sphere [30], whereas other authors have reported a
predominant involvement of the right hemisphere [31].
Finally, Derflinger et al. [25] described asymmetry with
no hemispheric predominance. Because it is admit-
ted that olfactory information originating from a given
nostril is primarily processed in the ipsilateral hemi-
sphere [80], asymmetry of neurodegeneration in AD
could be expected to manifest itself as an asymmetry
in olfactory function. In their study, in which subjects
performed a unirhinal odor identification task, Bahar-
Fuchs et al. detected a significant difference between
the olfactory performance of MCI and AD only when
unirhinal results were considered. Indeed, when only
the worst nostril of each participant was considered,
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MCI patients performed better than AD patients. There
was no difference between MCI and healthy controls.
This contrasts with the results of the present study, in
which we show that unirhinal testing using the Sniffin’
Sticks test—in particular, the asymmetry between the
best and worst nostril—is able to discriminate between
ACandMCI.Thiscouldbeexplainedby the fact thatwe
assessed not only identification but also threshold and
discriminationperformances.Moreover, thepopulation
of patients included in our study differed from the pop-
ulation studied by Bahar-Fuchs et al. since we included
only amyloid positive MCI. Hence, the MCI group of
the present study was probably more uniform and, most
importantly, more likely to evolve toward AD [14, 81].

Stamps et al. [29] suggested that left-right naris dif-
ferences in the distance at which an odorant source
(peanut butter) can be detected could constitute a sensi-
tive marker of AD. Indeed, they found that the distance
at which the odorant can be detected from the left nos-
tril was markedly shorter than the distance at which the
same odorant can be detected from the right nostril in
AD patients. In contrast, they found no systematic left
lateralization in MCI patients. The notion that impair-
ment of olfactory function is stronger on the left side in
AD patients was questioned in a recent study by Doty et
al. [82], who failed to show a significant asymmetry in
smell in probable AD patients. A possible explanation
for these contradictory findings could be differences
in the methods used to assess olfaction, as well as dif-
ferences in the studied populations (on average, AD
patients had a lower MMSE score in the study of Doty
et al.). In the present study, we found that MCI patients
exhibit a significantly greater asymmetry of olfactory
performance, but found no evidence for a systematic
lateralization of that asymmetry.

As compared to several previous studies (i.e., [15,
83–85]), we found no significant difference regarding
the odor identification performance of MCI and AC
subjects. This might be explained by the fact that our
odor identification test was adapted in order to decrease
the lexical demand of the test (picture-based rather
than word-based identification of odors). Hence, pre-
vious findings of a deficit in odor identification could
have resulted, at least in part, from a cognitive impair-
ment affecting lexical semantic memory [15, 83–85].
Of note, unirhinal studies found no significant differ-
ence between olfactory identification scores of the left
and right nostril [28, 29, 82].

The TF distribution of the EEG responses to olfac-
tory stimulation obtained in the MCI and AC group
differed from that of the EEG responses obtained in
young normosmic controls [45, 46]. Indeed, instead of

an increase in activity predominant between 3–7 Hz,
the response consisted in an increase at lower fre-
quencies, mainly <2 Hz. This could be due to the
physiological decline of olfactory function with age
[38, 61]. Studies have consistently shown that latency
and amplitude of CSERPs are affected by age, with
longer latencies and lower amplitudes with aging
[86–89]. Further studies investigating large population
of healthy controls should be performed in the future
to evaluate the TF distribution of the EEG responses
to olfactory stimulation across age. Nevertheless, our
EEG results confirm that MCI patients exhibit more
asymmetrical EEG responses to olfactory stimulation
as compared to aged-matched controls. Surprisingly,
there was no significant difference between the dif-
ference maps of MCI and OD. Previous studies have
shown that the magnitude of the EEG response to
olfactory stimulation correlates with psychophysical
testing of olfactory function [45, 46], and that the EEG
responses to olfactory stimulation are dependent on the
integrity of olfactory pathways [90–93]. However, it is
important to keep in mind that little is known about the
neural generators of the EEG responses to olfactory
stimulation, and their functional significance. Several
factors might explain the dissociation between asym-
metry of olfactory performance and asymmetry of EEG
responses to olfactory stimulation. First, it could be
related to the fact that behavioral and EEG results were
not obtained using the same chemosensory stimuli.
Second, it could be related to differences in the cause of
olfactory impairment in MCI and OD. In OD patients,
slight asymmetries in the function of left and right
olfactory structures/pathways could lead to measurable
differences in the elicited EEG responses, without lead-
ing to marked differences of olfactory performance.
A third explanation could be that the magnitude of
the elicited EEG responses is more dependent on the
number of activated olfactory receptors and on syn-
chronization of that activity; factors which may be
expected to strongly determine psychophysical olfac-
tory detection scores (T), but may not be such a strong
determinant of discrimination (D) and identification (I)
scores. Future studies are clearly needed to investigate
this dissociation.

We did not observe any difference in the EEG
response elicited by auditory stimulation, indicating
that the impairment in MCI patients is relatively spe-
cific of olfaction. However, we did observe a difference
between the EEG responses to trigeminal stimulation,
consisting in a less pronounced event-related desyn-
chronization of alpha-band rhythms in MCI patients
as compared to AC. Previous studies have shown that
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subjects with no sense of smell exhibit decreased
trigeminal sensitivity [94, 95], interpreted as resulting
from adaptive or compensatory interactions between
olfactory and trigeminal systems.

In MCI patients, there was a significant negative
correlation between the FCSRT free delayed recall, a
neuropsychological test of episodic memory, and the
asymmetry in olfactory performance (�TDI): patients
which performed worse at this test of episodic memory
tended to also show a stronger asymmetry in olfactory
performance. The correlation was marginal, but never-
theless suggests a specific relationship between the two
functions. Episodic memory deficit is the hallmark of
amnestic MCI [96, 97]. It has been shown that episodic
memory is closely linked to the function of the medial-
temporal lobe (MTL) [98, 99]. Studies have shown that
AD lesions start in the MTL [4]. This is in accordance
with episodic memory deficit and with early olfac-
tory dysfunction in the course of the AD. Hence, we
may hypothesize that the negative correlation observed
between episodic memory abilities and �TDI reflects
the degree of involvement of MTL structures with the
course of the disease.

Finally, we found no correlation between amyloid
load and the results of the psychophysical and elec-
trophysiological assessments of olfactory function.
Similarly, Bahar-Fuchs et al. [100] used in vivo mea-
sures of amyloid burden using the Pittsburg Compound
B(PiB)PETandfoundnocorrelationbetweenolfactory
identification scores and the binding of PiB in amnestic
MCI patients. Moreover, olfactory identification scores
did not differ between amyloid-positive and amyloid-
negative amnestic MCI patients. In an animal study,
transgenic mice that overexpress the tau protein showed
olfactory dysfunction [101]. Moreover, histopatholog-
ical studies of human brains have shown that only the
contribution of neurofibrillary tangles is significantly
related with olfactory identification performance [102].
Taken together, these findings suggest that olfactory
deficits are not associated with amyloid deposition but
rather with markers of neural degeneration.

In conclusion, using unirhinal psychophysical
assessment of olfactory function, we show that
amyloid-positive MCI patients exhibit a marked and
significant asymmetry of behavioral olfactory function
as compared to age-matched controls and patients with
post-infectious olfactory loss, suggesting that it could
be used as an early biomarker for AD. Follow-up stud-
ies will be necessary to evaluate how this asymmetry
in olfactory function progresses over time, as well as to
determine its ability to predict actual evolution toward
AD.

ACKNOWLEDGMENTS

Caroline Huart was supported by the Fund for Sci-
entific Research (FRS-FNRS) of the French speaking
community of Belgium. Lisa Quenon was supported
by the Fund for Scientific Research (FRS-FNRS) of
the French speaking community of Belgium.

Authors’ disclosures available online (http://j-alz.
com/manuscript-disclosures/14-1494r2).

SUPPLEMENTARY MATERIAL

The supplementary material is available in the
electronic version of this article: http://dx.doi.org/
10.3233/JAD-141494.

REFERENCES

[1] Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D,
Jones E (2011) Alzheimer’s disease. Lancet 377, 1019-1031.

[2] McKhann G, Drachman D, Folstein M, Katzman R, Price D,
Stadlan EM (1984) Clinical diagnosis of Alzheimer’s dis-
ease: Report of the NINCDS-ADRDA Work Group under
the auspices of Department of Health and Human Ser-
vices Task Force on Alzheimer’s Disease. Neurology 34,
939-944.

[3] McKhann GM, Knopman DS, Chertkow H, Hyman BT,
Jack CR Jr, Kawas CH, Klunk WE, Koroshetz WJ,
Manly JJ, Mayeux R, Mohs RC, Morris JC, Rossor MN,
Scheltens P, Carrillo MC, Thies B, Weintraub S, Phelps
CH (2011) The diagnosis of dementia due to Alzheimer’s
disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimers Dement 7,
263-269.

[4] Braak H, Braak E (1991) Neuropathological stageing of
Alzheimer-related changes. Acta Neuropathol 82, 239-259.

[5] Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos
EG, Kokmen E (1999) Mild cognitive impairment: Clinical
characterization and outcome. Arch Neurol 56, 303-308.

[6] Petersen RC, Smith GE, Waring SC, Ivnik RJ, Kokmen E,
Tangelos EG (1997) Aging, memory, and mild cognitive
impairment. Int Psychogeriatr 9(Suppl 1), 65-69.

[7] Fisk JD, Rockwood K (2005) Outcomes of incident mild
cognitive impairment in relation to case definition. J Neurol
Neurosurg Psychiatry 76, 1175-1177.

[8] Maioli F, Coveri M, Pagni P, Chiandetti C, Marchetti C,
Ciarrocchi R, Ruggero C, Nativio V, Onesti A, D’Anastasio
C, Pedone V (2007) Conversion of mild cognitive impair-
ment to dementia in elderly subjects: A preliminary study in
a memory and cognitive disorder unit. Arch Gerontol Geriatr
44(Suppl 1), 233-241.

[9] Ritchie K, Artero S, Touchon J (2001) Classification cri-
teria for mild cognitive impairment: A population-based
validation study. Neurology 56, 37-42.

[10] Gauthier S, Reisberg B, Zaudig M, Petersen RC, Ritchie K,
Broich K, Belleville S, Brodaty H, Bennett D, Chertkow
H, Cummings JL, de Leon M, Feldman H, Ganguli
M, Hampel H, Scheltens P, Tierney MC, Whitehouse P,
Winblad B, International Psychogeriatric Association

http://j-alz.com/manuscript-disclosures/14-1494r2
http://j-alz.com/manuscript-disclosures/14-1494r2
http://dx.doi.org/10.3233/JAD-141494
http://dx.doi.org/10.3233/JAD-141494


268 C. Huart et al. / Unirhinal Olfactory Function in MCI

Expert Conference on mild cognitive impairment (2006)
Mild cognitive impairment. Lancet 367, 1262-1270.

[11] Petersen RC, Parisi JE, Dickson DW, Johnson KA,
Knopman DS, Boeve BF, Jicha GA, Ivnik RJ, Smith GE,
Tangalos EG, Braak H, Kokmen E (2006) Neuropathologic
features of amnestic mild cognitive impairment. Arch Neurol
63, 665-672.

[12] Buckner RL (2004) Memory and executive function in aging
and AD: Multiple factors that cause decline and reserve
factors that compensate. Neuron 44, 195-208.

[13] Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft
S, Fagan AM, Iwatsubo T, Jack CR Jr, Kaye J, Montine
TJ, Park DC, Reiman EM, Rowe CC, Siemers E, Stern
Y, Yaffe K, Carrillo MC, Thies B, Morrison-Bogorad M,
Wagster MV, Phelps CH (2011) Toward defining the pre-
clinical stages of Alzheimer’s disease: Recommendations
from the National Institute on Aging-Alzheimer’s Associ-
ation workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimers Dement 7, 280-292.

[14] Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman
HH, Fox NC, Gamst A, Holtzman DM, Jagust WJ, Petersen
RC, Snyder PJ, Carrillo MC, Thies B, Phelps CH (2011) The
diagnosis of mild cognitive impairment due to Alzheimer’s
disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimers Dement 7,
270-279.

[15] Djordjevic J, Jones-Gotman M, De Sousa K, Chertkow H
(2008) Olfaction in patients with mild cognitive impairment
and Alzheimer’s disease. Neurobiol Aging 29, 693-706.

[16] Doty RL, Reyes PF, Gregor T (1987) Presence of both odor
identification and detection deficits in Alzheimer’s disease.
Brain Res Bull 18, 597-600.

[17] Koss E, Weiffenbach JM, Haxby JV, Friedland RP (1988)
Olfactory detection and identification performance are
dissociated in early Alzheimer’s disease. Neurology 38,
1228-1232.

[18] Mesholam RI, Moberg PJ, Mahr RN, Doty RL (1998)
Olfaction in neurodegenerative disease: A meta-analysis of
olfactory functioning in Alzheimer’s and Parkinson’s dis-
eases. Arch Neurol 55, 84-90.

[19] Moberg PJ, Doty RL, Mahr RN, Mesholam RI, Arnold
SE, Turetsky BI, Gur RE (1997) Olfactory identification in
elderly schizophrenia and Alzheimer’s disease. Neurobiol
Aging 18, 163-167.

[20] Morgan CD, Nordin S, Murphy C (1995) Odor identifi-
cation as an early marker for Alzheimer’s disease: Impact
of lexical functioning and detection sensitivity. J Clin Exp
Neuropsychol 17, 793-803.

[21] Royet JP, Croisile B, Williamson-Vasta R, Hibert O, Ser-
clerat D, Guerin J (2001) Rating of different olfactory
judgements in Alzheimer’s disease. Chem Senses 26, 409-
417.

[22] Peters JM, Hummel T, Kratzsch T, Lotsch J, Skarke C,
Frolich L (2003) Olfactory function in mild cognitive
impairment and Alzheimer’s disease: An investigation using
psychophysical and electrophysiological techniques. Am J
Psychiatry 160, 1995-2002.

[23] Devanand DP, Michaels-Marston KS, Liu X, Pelton GH,
Padilla M, Marder K, Bell K, Stern Y, Mayeux R (2000)
Olfactory deficits in patients with mild cognitive impairment
predict Alzheimer’s disease at follow-up. Am J Psychiatry
157, 1399-1405.

[24] Wilson RS, Schneider JA, Arnold SE, Tang Y, Boyle PA,
Bennett DA (2007) Olfactory identification and incidence of

mild cognitive impairment in older age. Arch Gen Psychiatry
64, 802-808.

[25] Derflinger S, Sorg C, Gaser C, Myers N, Arsic M, Kurz
A, Zimmer C, Wohlschlager A, Muhlau M (2011) Grey-
matter atrophy in Alzheimer’s disease is asymmetric but not
lateralized. J Alzheimers Dis 25, 347-357.

[26] Raji CA, Becker JT, Tsopelas ND, Price JC, Mathis CA,
Saxton JA, Lopresti BJ, Hoge JA, Ziolko SK, DeKosky
ST, Klunk WE (2008) Characterizing regional correlation,
laterality and symmetry of amyloid deposition in mild cog-
nitive impairment and Alzheimer’s disease with Pittsburgh
Compound B. J Neurosci Methods 172, 277-282.

[27] Johnson DK, Storandt M, Morris JC, Langford ZD, Galvin
JE (2008) Cognitive profiles in dementia: Alzheimer disease
vs healthy brain aging. Neurology 71, 1783-1789.

[28] Bahar-Fuchs A, Moss S, Rowe C, Savage G (2010) Olfactory
performance in AD, aMCI, and healthy ageing: A unirhinal
approach. Chem Senses 35, 855-862.

[29] Stamps JJ, Bartoshuk LM, Heilman KM (2013) A brief
olfactory test for Alzheimer’s disease. J Neurol Sci 333,
19-24.

[30] Bottino CM, Castro CC, Gomes RL, Buchpiguel CA,
Marchetti RL, Neto MR (2002) Volumetric MRI measure-
ments can differentiate Alzheimer’s disease, mild cognitive
impairment, and normal aging. Int Psychogeriatr 14, 59-72.

[31] Pantel J, Kratz B, Essig M, Schroder J (2003) Parahip-
pocampal volume deficits in subjects with aging-associated
cognitive decline. Am J Psychiatry 160, 379-382.

[32] Bohnen NI, Muller ML, Kotagal V, Koeppe RA, Kilbourn
MA, Albin RL, Frey KA (2010) Olfactory dysfunction,
central cholinergic integrity and cognitive impairment in
Parkinson’s disease. Brain 133, 1747-1754.

[33] Dulay MF, Gesteland RC, Shear PK, Ritchey PN, Frank
RA (2008) Assessment of the influence of cognition and
cognitive processing speed on three tests of olfaction. J Clin
Exp Neuropsychol 30, 327-337.

[34] Hedner M, Larsson M, Arnold N, Zucco GM, Hummel T
(2010) Cognitive factors in odor detection, odor discrimina-
tion, and odor identification tasks. J Clin Exp Neuropsychol
32, 1062-1067.

[35] Hummel T, Heilmann S, Murphy C (2002) Age-related
changes of chemosensory function. In Olfaction, Taste, and
Cognition, Rouby C, Schaal B, Dubois D, Gervais R, Holley
A, eds. Cambridge University Press, New York, pp. 441-456.

[36] Larsson M, Nilsson LG, Olofsson JK, Nordin S (2004)
Demographic and cognitive predictors of cued odor iden-
tification: Evidence from a population-based study. Chem
Senses 29, 547-554.

[37] Postuma R, Gagnon JF (2010) Cognition and olfaction in
Parkinson’s disease. Brain 133, e160; author reply e161.

[38] Doty RL, Shaman P, Dann M (1984) Development of the
University of Pennsylvania Smell Identification Test: A
standardized microencapsulated test of olfactory function.
Physiol Behav 32, 489-502.

[39] Rahayel S, Frasnelli J, Joubert S (2012) The effect of
Alzheimer’s disease and Parkinson’s disease on olfaction:
A meta-analysis. Behav Brain Res 231, 60-74.

[40] Hawkes CH, Shephard BC (1998) Olfactory evoked
responses and identification tests in neurological disease.
Ann N Y Acad Sci 855, 608-615.

[41] Morgan CD, Murphy C (2002) Olfactory event-related
potentials in Alzheimer’s disease. J Int Neuropsychol Soc
8, 753-763.

[42] Sakuma K, Nakashima K, Takahashi K (1996) Olfac-
tory evoked potentials in Parkinson’s disease, Alzheimer’s



C. Huart et al. / Unirhinal Olfactory Function in MCI 269

disease and anosmic patients. Psychiatry Clin Neurosci 50,
35-40.

[43] Lotsch J, Hummel T (2006) The clinical significance of
electrophysiological measures of olfactory function. Behav
Brain Res 170, 78-83.

[44] Hummel T, Sekinger B, Wolf SR, Pauli E, Kobal G (1997)
’Sniffin’ sticks’: Olfactory performance assessed by the
combined testing of odor identification, odor discrimination
and olfactory threshold. Chem Senses 22, 39-52.

[45] Huart C, Legrain V, Hummel T, Rombaux P, Mouraux A
(2012) Time-frequency analysis of chemosensory event-
related potentials to characterize the cortical representation
of odors in humans. PLoS One 7, e33221.

[46] Huart C, Rombaux P, Hummel T, Mouraux A (2013) Clin-
ical usefulness and feasibility of time-frequency analysis
of chemosensory event-related potentials. Rhinology 51,
210-221.

[47] Jack CR Jr., Knopman DS, Weigand SD, Wiste HJ, Vemuri
P, Lowe V, Kantarci K, Gunter JL, Senjem ML, Ivnik RJ,
Roberts RO, Rocca WA, Boeve BF, Petersen RC (2012)
An operational approach to National Institute on Aging-
Alzheimer’s Association criteria for preclinical Alzheimer
disease. Ann Neurol 71, 765-775.

[48] Ivanoiu A, Dricot L, Gilis N, Grandin C, Lhommel R,
Quenon L, Hanseeuw B (2015) Classification of non-
demented patients attending a memory clinic using the new
diagnostic criteria for Alzheimer’s disease with disease-
related biomarkers. J Alzheimers Dis 43, 835-847.

[49] APA (2000) Diagnostic and Statistical Manual of Mental
Disorders, Text Revision (DSM-IV-TR), Whasington DC.

[50] Folstein MF, Folstein SE, McHugh PR (1975) “Mini-
mental state”. A practical method for grading the cognitive
state of patients for the clinician. J Psychiatr Res 12,
189-198.

[51] Vandenberghe R, Van Laere K, Ivanoiu A, Salmon E, Bastin
C, Triau E, Hasselbalch S, Law I, Andersen A, Korner A,
Minthon L, Garraux G, Nelissen N, Bormans G, Buckley C,
Owenius R, Thurfjell L, Farrar G, Brooks DJ (2010) 18F-
flutemetamol amyloid imaging in Alzheimer disease and
mild cognitive impairment: A phase 2 trial. Ann Neurol 68,
319-329.

[52] Hatashita S, Yamasaki H, Suzuki Y, Tanaka K, Wakebe
D, Hayakawa H (2014) [18F]Flutemetamol amyloid-beta
PET imaging compared with [11C]PIB across the spectrum
of Alzheimer’s disease. Eur J Nucl Med Mol Imaging 41,
290-300.

[53] Cohen AD, Klunk WE (2014) Early detection of
Alzheimer’s disease using PiB and FDG PET. Neurobiol
Dis 72 Pt A, 117-122.

[54] Rowe CC, Ng S, Ackermann U, Gong SJ, Pike K, Savage G,
Cowie TF, Dickinson KL, Maruff P, Darby D, Smith C,
Woodward M, Merory J, Tochon-Danguy H, O’Keefe G,
Klunk WE, Mathis CA, Price JC, Masters CL, Villemagne
VL (2007) Imaging beta-amyloid burden in aging and
dementia. Neurology 68, 1718-1725.

[55] Arnold SE, Hyman BT, Flory J, Damasio AR, Van Hoesen
GW (1991) The topographical and neuroanatomical distri-
bution of neurofibrillary tangles and neuritic plaques in the
cerebral cortex of patients with Alzheimer’s disease. Cereb
Cortex 1, 103-116.

[56] Tolboom N, Yaqub M, van der Flier WM, Boellaard R,
Luurtsema G, Windhorst AD, Barkhof F, Scheltens P,
Lammertsma AA, van Berckel BN (2009) Detection of
Alzheimer pathology in vivo using both 11C-PIB and 18F-
FDDNP PET. J Nucl Med 50, 191-197.

[57] Van der Linden M, Coyette F, Poitrenaud J, Kalafat M,
Calicis F, Wyns C, Adam S, GRENEM, elmd (2004)
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