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Background: The clinical usefulness of olfactory event-related brain potentials (OERPs) to assess olfactory function is limited by

the relatively low signal-to-noise ratio of the responses identified using conventional time-domain averaging. Recently, it was
shown that time-frequency analysis of the obtained EEG signals can markedly improve the signal-to-noise ratio of OERPs in heal-
thy controls, because it enhances both phase-locked and non phase-locked EEG responses. The aim of the present study was to

investigate the clinical usefulness of this approach and evaluate its feasibility in a clinical setting.

Methodology: We retrospectively analysed EEG recordings obtained from 45 patients (15 anosmic, 15 hyposmic and 15 normos-

mic). The responses to olfactory stimulation were analysed using conventional time-domain analysis and joint time-frequency

analysis. The ability of the two methods to discriminate between anosmic, hyposmic and normosmic patients was assessed using

a Receiver Operating Characteristic analysis.

Results: The discrimination performance of OERPs identified using conventional time-domain averaging was poor. In contrast,

the discrimination performance of the EEG response identified in the time-frequency domain was relatively high. Furthermore, we

found a significant correlation between the magnitude of this response and the psychophysical olfactory score.

Conclusion: Time-frequency analysis of the EEG responses to olfactory stimulation could be used as an effective and reliable

diagnostic tool for the objective clinical evaluation of olfactory function in patients.
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Introduction

Olfaction has received less attention from researchers than our
other senses. This is partly due to the technical challenge of wor-
king with odorous stimuli and the difficulties of measuring brain
activity induced by a chemosensory stimulus. Nevertheless, the
sense of smell plays a major role in the detection of potential
environmental threats, nutrition, social behaviour, well-being
and also memory processes .

Recent studies have shown that olfactory disorders are extre-

mely common, affecting up to 20% of the general population

@, Although olfactory dysfunction is often unnoticed by the
patient, it has been shown to impact significantly on quality of
life ®. It is widely accepted that the evaluation of patients with
olfactory dysfunction requires a precise clinical work-up to 1)
assess olfactory function, 2) determine the aetiology of olfactory
dysfunction and 3) provide adequate treatment, prognosis and
counselling to patients.

The evaluation of olfactory function is most often performed
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using psychophysical testing such as the Sniffin’ Sticks test “ or
the University of Pennsylvania Smell Identification Test (UPSIT)
©). These tests have the advantage of being easy to implement,
of being validated in multicenter studies *” and of having a high
test-retest reliability ®. However, these tests have the disadvan-
tage of being subject to potential patient response bias. This
constitutes — at least in some situations - a major drawback
when evaluating patients complaining of an olfactory disorder.
The recording and assessment of chemosensory event-related
potentials (CSERPs) has therefore been proposed as an alterna-
tive method to evaluate nasal chemosensory function. As com-
pared to psychophysical testing, electrophysiological testing
only requires some collaboration by the subject/patient. This

is of particular interest, for example, in patients with cognitive
dysfunction, children or assessments performed in a medico-
legal context ©1",

Until now, CSERPs have been mainly investigated using con-
ventional time-domain averaging '>'%. Unfortunately, olfactory
event-related potentials (OERPs) exhibit a low signal-to-noise
ratio "5 and, probably for this reason, cannot be reliably identi-
fied in approximately 30% of normosmic subjects . Hence, the
clinical usefulness of OERPs remains, at present, limited.

Recently, we have shown that a time-frequency analysis of the
recorded electroencephalographic signals (EEG) can markedly
improve the signal-to-noise ratio of CSERPs, in particular, OERPs
recorded in healthy controls "®. The technique, based on the
continuous wavelet transform, has the advantage of revealing
EEG responses that are not strictly phase-locked to the stimulus
onset. Hence, the approach is 1) less sensitive to temporal jitter
and 2) allows characterising non-phase locked EEG responses
such as event-related synchronisation (ERS) and desynchronisa-
tion (ERD). Therefore, it could allow identifying EEG responses
which cannot be consistently identified using conventional
time-domain averaging. Indeed, the low signal-to-noise ratio of
OERPs could at least in part be due to temporal jitter, resul-

ting from the relatively long latency between the onset of the
olfactory stimulus and the generation of a cortical response.
Furthermore, we found that, in healthy subjects, the magnitude
of the EEG responses identified in the time-frequency domain
correlated significantly with the psychophysical olfactory perfor-
mance assessed using the Sniffin’ Sticks test.

Here, our aim was to 1) assess the clinical usefulness of the
time-frequency analysis of EEG responses to chemosensory
stimulation and 2) evaluate the feasibility of implementing this
technique in a clinical setting.

Materials and methods
Participants

We retrospectively analysed EEG recordings obtained from

45 patients (20 females, 25 males), aged between 18 and 64
years, that presented themselves or were referred to the smell
dysfunction clinic of our department. All patients had subjective
complaints of olfactory disorder. Based on a psychophysical eva-
luation, 15 patients were considered as normosmic (8 females
and 7 males aged 15-62 years; 41 + 14; mean % SD), 15 patients
were considered as hyposmic (7 females and 8 males aged 21-61
years; 42 + 13) and 15 patients were considered as functionally
anosmic (in the following addressed simply as “anosmic”) (6 fe-
males and 9 males aged 18-64 years; 42 + 14). The three groups
were similar in terms of age (one-way ANOVA; p = 0.899) and sex
(chi-square test; p = 0.765).

Normosmic patients presented to the smell clinic for various rea-
sons: suspected post-infectious olfactory disorder (8 patients),
suspected post-traumatic olfactory disorder (2 patients), glosso-
dynia (2 patients), hyperacousia (1 patient), hypogonadism in or-
der to exclude a Kallmann’s syndrome (1 patient), family history
of congenital anosmia (1 patient) and dry syndrome (1 patient).
Hyposmic and anosmic patients suffered from post-infectious
olfactory loss (9 and 5 patients) or post-traumatic olfactory loss
(6 and 10 patients).

The investigations were approved by the local Ethics committee.

Psychophysical evaluation

Psychophysical orthonasal olfactory function was assessed
using the validated Sniffin’ Sticks test “*\. In this test, odours are
presented to the subjects using felt-tip pens placed approxima-
tely 2 cm in front of both nostrils, as follows. First, the olfactory
threshold (T) is assessed using n-butanol presented by means of
a single staircase procedure, using stepwise dilutions in a row of
16 felt tip pens. Second, odour discrimination (D) is assessed by
asking subjects to perform a 3-alternative forced choice (3-AFC)
task using 16 pairs of odorant. Third, odour identification (1) is as-
sessed by asking the subject to identify 16 individual odours by
performing a forced choice from a list of four verbal descriptors.
Olfactory threshold (T), discrimination (D) and identification (1)
are then added together to give the TDI score “*), used to define
normosmia (TDI = 31), hyposmia (16 < TDI < 31) and anosmia
(TDI < 16)1,

The mean TDI score was 34.5 (95% confidence interval: 32.9-
36.1), ranging from 31 to 40 in the normosmic group, 23.0 (95%
confidence interval: 20.6-25.4), ranging from 16 to 30 in the
hyposmic group and 11.1 (95% confidence interval: 9.3-12.8),
ranging from 5 to 15 in the anosmic group.

Stimuli
Chemosensory stimuli were produced by an air-dilution olfacto-
meter (OM2S, Burghart Medical Technology, Wedel, Germany).



The device is able to deliver brief pulses of odorants embedded
in a constant airflow. The rapid switching between the odorant
airflow and the control airflow is based on a vacuum line. During
the stimulation, the airflow (8 I/min), temperature (36°C), and
humidity (80% relative humidity) remain constant. This avoids
any concomitant stimulation of mechanical or heat sensitive
trigeminal receptors. Olfactory stimuli were generated by 2-Phe-
nylethanol (50% v/v), and trigeminal stimuli were generated by
gaseous CO2 (55% v/v)2°2". These two types of stimuli activate
selectively olfactory and trigeminal afferents, respectively. The
stimuli were delivered through a TeflonTM tube placed in the
right nostril, with its ending just behind the nasal valve, pointing
towards the olfactory cleft. Stimulus duration was 200 ms with a
rise time of 20 ms.

Procedure

Before the experiment, subjects were familiarized with the
experimental surrounding, the material used for the psychop-
hysical assessment of olfaction, as well as the olfactory and
trigeminal stimuli used to elicit chemosensory ERPs. During the
experiment, olfactory and trigeminal stimuli were presented

in alternation. Each type of stimulus was repeated 20 times.
Interstimulus interval between each stimulus was 30 s. Hence,
the time interval between two stimuli of the same type was 60 s.
Subjects were instructed to breathe through the mouth and to
perform velo-pharyngeal closure to avoid any respiratory airflow
in the nasal cavity during stimulus presentation #2. Subjects sat
in a comfortable chair located in a well-ventilated room. They
were instructed to keep their eyes open during the recording.

EEG recording

The EEG was recorded continuously at a 256 Hz sampling rate
from scalp electrodes located the International 10-20 positi-

ons Fz, Cz, Pz. The signals were amplified and digitised using a
SAM 32EP system (Micromed, Mogliano Veneto, Italy). Linked
earlobes (A1/A2) were used as reference. Ocular movements and
eye-blinks were recorded using two additional bipolar surface
electrodes placed at the upper-left and lower-right side of the
left eye. The impedance of all electrodes was always kept below
10 kOhm.

Data preprocessing

All EEG processing steps were carried out using Letswave 4
(http://nocions.webmode.com/letswave)?®. After band-pass
filtering using a 0.3 to 30 Hz Butterworth zero phase filter, the
continuous EEG recordings were segmented into 2.0 s long EEG
epochs ranging from -0.5 to +1.5 s relative to stimulus onset.
After baseline correction (reference interval: -0.5 to 0 s), epochs
with amplitude value exceeding + 50uV were rejected. A mini-
mum of 50% artefact-free EEG epochs (10 trials) was considered
as the limit allowing further interpretation of the elicited EEG
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responses. Twelve subjects (four in each group) were rejected
for this reason.

Across-trial averaging in the time domain

For each subject, separate average waveforms were computed
for olfactory and trigeminal stimulation. Within all average wa-
veforms (including the waveforms in which no peaks could be
clearly identified visually), two distinct peaks were measured at
electrode Cz using the following objective criteria. For olfactory
CSERPs, the N1 was measured as the most negative amplitude
value between 320 and 450 ms (OLF-N1) and the P2 was defined
as the most positive amplitude value between 450 and 800 ms
(OLF-P2)t1220212426) Eqor trigeminal CSERPs, the N1 was measured
as the most negative amplitude value between 320 and 450 ms
(TRI-N1) and the P2 was defined as the most positive amplitude
value between 450 and 800 ms (TRI-P2)(12202425) | atencies were
expressed relative to stimulus onset. Amplitudes were expressed
relative to baseline.

Across-trial averaging in the time-frequency domain
Similarly to our previous study, a time-frequency (TF) represen-
tation based on the continuous Morlet wavelet transform (CWT)
of EEG epochs was used to characterise the amplitude of oscil-
latory activity as a function of time and frequency "®. The Morlet
wavelet consists in a complex exponential function localised in
time by a Gaussian envelope. The initial spread of the Gaussian
wavelet was set at 2.5/mw0 (w0 being the central frequency of
the wavelet (see also ®27). Explored frequencies ranged from 0.3
to 30 Hz in steps of 0.3 Hz.

To obtain a time-frequency representation of trigeminal and
olfactory CSERPs, the time-frequency transform was first applied
to the single-subject ERP waveforms obtained after time-do-
main averaging (CWT-AVERAGE). Because time-domain avera-
ging cancels out signal changes that are not strictly stationary
across trials, this transform revealed only stimulus induced EEG
changes that were phase-locked to the stimulus onset (i.e. ERPs).

To obtain a time-frequency representation of both phase-locked
and non phase-locked EEG responses to trigeminal and olfac-
tory stimulation, the time-frequency transform was then applied
to each single EEG epoch (CWT-SINGLE). For each subject and
stimulus type, single-trial TF maps expressing signal amplitude
were then averaged across trials. Because this approach yields a
time-frequency map of the average oscillation amplitude regar-
dless of the phase, it enhanced both phase-locked (i.e. ERPs) and
non phase-locked (i.e. ERD, ERS, ERPs affected by a significant
amount of latency jitter) stimulus-induced changes in EEG oscil-
lation amplitude.

For each estimated frequency, CWT-AVERAGE and CWT-SINGLE
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time-frequency maps were expressed relative to baseline (pre-
stimulus interval ranging from -0.4 to -0.1 s relative to stimulus
onset), as follows: ER%tf = (At,f-Rf)/Rf, where Atf is the signal
amplitude at a given latency t and frequency f, and Rf is the sig-
nal amplitude at the frequency f, averaged within the prestimu-

lus reference interval.

Based on our previous findings, we defined time-frequency
regions of interest (ROIs) in the CWT-SINGLE time-frequency
maps wherein we measured the magnitude of the EEG respon-
ses to chemosensory stimulation. The ROIs corresponded to
the ROIs that were associated with the highest discrimination
performance in our previous study performed in healthy par-
ticipants(18). That is, 300-1000 ms and 3-7 Hz for olfactory EEG
responses (measured at Fz) and 200-600 ms and 2-7.5 Hz for
trigeminal EEG responses (measured at Cz).

Statistical analysis

Group comparisons

Group-level statistical analyses were performed using SPSS
17.0 (SPSS Inc, Chicago, IL, USA). A one-way ANOVA was used to
compare the measures obtained in each of the three different
groups (anosmic, hyposmic, normosmic). When significant,
pairwise post-hoc t-tests were performed using a Bonferonni
correction for multiple comparisons. The level of significance
was set at p < 0.05.

Discrimination performance

The aim of the present study was to evaluate the clinical use-
fulness of a time-frequency analysis of the EEG responses to
chemosensory stimulation in a population of patients presen-
ting with olfactory complaints. For this purpose, we constructed
Receiver Operating Characteristic (ROC) curves to examine

and compare the ability of each of the different measures of
the EEG responses to olfactory stimulation to discriminate
between three different groups of patients, anosmic, hyposmic
and normosmic patients, defined based on their TDI scores.
Specifically, we examined the ability to discriminate between:
1) normosmic and hyposmic/anosmic patients; 2) normosmic
and hyposmic patients; and 3) normosmic and anosmic patients.
These analyses were performed using MedCalc v. 11.5 (MedCalc
Software, Mariakerke, Belgium). The area under the ROC curve
(AUC) was used as an index of discrimination 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 the AUC was significantly
different from 0.5 @829, When significant (p < 0.05), the cut-

off value (J) associated with the greatest Youden index (y =

Sensitivity+Specificity-1) was chosen as decision criterion 037,
This cutoff value corresponds to the point on the ROC curve that
is the farthest from the diagonal line. Finally, to compare the
discrimination performance of the different EEG measures, the
ROC curves were compared using a nonparametric approach for
comparing areas under two or more correlated ROC curves, as
described by Delong et al. 2,

Correlation

To examine the relationship between the different measures

of the EEG response to olfactory and trigeminal stimulation

and chemosensory perception, the correlation between the
magnitude of the elicited EEG responses and the TDI score was
assessed using Spearman’s rank correlation coefficient. These
analyses were performed using SPSS 17.0 (SPSS Inc, Chicago, Ill.,
USA).
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Figure 1. Olfactory and trigeminal ERPs. Olfactory and trigeminal ERPs
recorded at the scalp vertex (Cz vs ATA2) in 11 normosmic, 11 hyposmic
and 11 anosmic patients. 2-phenylethanol (50% v/v) was used to selec-
tively activate olfactory afferents. Gaseous CO2 (50% v/v) was used to
selectively activate trigeminal afferents. 20 stimuli were presented, last-
ing 200ms (20-ms rise time), separated by a 60 s inter-stimulus interval.
Individual ERP waveforms are shown in light grey. The group-level aver-

age waveform is shown in black.
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Figure 2. Time-frequency representation of the phase-locked EEG responses to olfactory and trigeminal stimulation (CWT-AVERAGE) in 11 normosmic,

11 hyposmic and 11 anosmic patients. The time-frequency transform of the waveforms obtained by performing conventional across trial averaging

in the time-domain was used to identify phase-locked EEG responses. Signal amplitude (group-level average, electrode Cz vs. A1A2) is expressed as

percentage increase or decrease relative to baseline (-0.4 to -0.1s) (ER%). In normosmic patients, the olfactory ERP is represented as an increase of

low-frequencies activities. This phase-locked activity is less pronounced in hyposmic patients and hardly identifiable in anosmic patients. In contrast,

the trigeminal ERP is clearly identifiable in all three groups of patients. Its amplitude appears reduced in the anosmic group. However, this reduction

was not significant.

Results

Olfactory stimulation

Across trial averaging in time domain

Olfactory stimulation elicited, at electrode Cz, a small negative
deflection (OLF-N1) followed by a positive deflection (OLF-P2)
(Figure 1) which was visually-identifiable in 6 out of the 11
normosmic patients, 4 out of the 11 hyposmic patients and only
1 out of the 11 anosmic patients.

The latency of OLF-N1 was 357 + 32,398 + 42 and 383 £ 38 ms
in the normosmic, hyposmic and anosmic waveforms, respec-
tively. The latency of OLF-P2 was 566 + 101, 570 £ 102 and 678
+ 90 ms in the normosmic, hyposmic and anosmic waveforms,
respectively.

The amplitude of OLF-N1 was -3.4+2.2,-2.7+20and-3.3 ¢
2.3 WV in the normosmic, hyposmic and anosmic waveforms,
respectively. The amplitude of OLF-P2 was 4.9 £2.1,4.0+ 1.6
and 5.2 + 2.2 pyV in the normosmic, hyposmic and anosmic
waveforms, respectively (Table 1). These differences were not
significant (OLF-N1: F = 0.350; p = 0.707; OLF-P2: F=1.033; p =

0.368).

Neither the amplitude of OLF-N1 nor the amplitude of OLF-P2
(estimated in each single-subject ERP waveform) were able to
discriminate 1) between normosmic and hyposmic/anosmic
patients (OLF-N1: AUC=0.56 = 0.11, p = 0.600; OLF-P2: AUC =
0.54 +0.11, p = 0.668); 2) between normosmic and hyposmic
patients (OLF-N1: AUC=0.59 £ 0.13, p = 0.461; OLF-P2: AUC =
0.62 +0.13, p = 0.344); and 3) between normosmic and anosmic
patients (OLF-N1: AUC = 0.52 = 0.13, p = 0.874; OLF-P2: AUC =
0.53+0.13, p=0.827) (Table 2).

There was also no significant correlation between the psychop-
hysical TDI score and the amplitude of OLF-N1 (r =-0.20, p =
0.271) or OLF-P2 (r=0.12, p = 0.520).

Across-trial averaging in the time-frequency domain

As shown in the CWT-AVERAGE transform (Figure 2), olfac-
tory chemosensory stimulation elicited a small phase-locked
increase in EEG signal power in the normosmic group. This
phase-locked increase in EEG signal power appeared to be less
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Figure 3. Time-frequency representation of the non-phase locked EEG responses to olfactory and trigeminal stimulation (CWT-SINGLE) in the nor-

mosmic, hyposmic and anosmic groups of patients.

Non phase-locked EEG responses were identified by performing across-trial averaging in the time-frequency domain, enhancing both phase-locked

and non phase-locked EEG responses. Signal amplitude (group-level average; olfactory stimulation: electrode Fz vs. A1A2; trigeminal stimulation:

electrode Cz vs. ATA2) is expressed as a percentage increase or decrease relative to baseline (-0.4 to -0.1s) (ER%). After olfactory stimulation, nor-

mosmic patients exhibit a clear and long-lasting increase of signal amplitude at low frequencies, referred to as OLF-TF1. In hyposmic patients, the

magnitude of OLF-TF1 is reduced. In anosmic patients, this increase cannot be identified. Also note that trigeminal stimulation does not only elicit a

phase-locked EEG response (TRI-TF1) but also induces a long-lasting desynchronisation of alpha-band EEG rhythms (8-12Hz) and a non phase-locked

increase in EEG signal amplitude peaking approximately 350 ms after stimulus onset and centered around 10-15Hz.

pronounced in the group of hyposmic patients and was hardly
identifiable in the group of anosmic patients.

As show in Figure 3, the CWT-SINGLE transform revealed clearer
EEG responses to olfactory stimulation. In the normosmic group,
we observed a long-lasting increase in the amplitude of low-
frequency EEG oscillations. The magnitude of this response was
decreased in the hyposmic group, and the response was not
visible in the anosmic group. An estimate of the latency and fre-
quency of the response obtained in the CWT-SINGLE transform
was obtained by locating the peak amplitude within 300-1000
ms and 3-7 Hz (electrode Fz). An estimate of the amplitude of

the response was obtained by considering the maximum ampli-
tude value within this region of interest.

In the time domain, the EEG response within this ROl peaked
at 643 + 197,557 + 207 and 641 £+ 298 ms in the normosmic,
hyposmic and anosmic groups, respectively. These differences
were not significant (F = 0.469; p = 0.630).

In the frequency domain, the EEG response within this ROI
peaked at 4.4 £1.5,4.6 + 1.5 and 4.9 + 1.4 Hz in the normosmic,
hyposmic and anosmic groups, respectively. These differences
were not significant (F = 0.263; p = 0.771).

The magnitude of the EEG response within this ROl was +64
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Figure 4. Receiver Operating Characteristic (ROC) analysis. ROC curves were computed to estimate the discrimination performance of each of the
different measures of the EEG response to olfactory stimulation identified using across-trial averaging in the time-domain (OLF-N1 and OLF-P2) and

across-trial averaging in the time-frequency domain (OLF-TF1). The shaded areas represent the 95% confidence interval of the obtained curves.

Table 1. Latency and amplitude of EEG responses to olfactory and

trigeminal stimulation obtained after time-domain averaging (meas-

1204
ured at Cz2).
o
100+
X ° LATENCY OLF-N1 OLF-P2 TRI-N1 TRI-P2
% 80 - o ©
~ . 566 +
~— o o Normosmic 357 £32ms 398 +£37ms 533 +32ms
w60 o ° 101ms
|_l o ©° e °® °
L ° % oo o : 570 +
—1 404 ) ° Hyposmic 398 +42ms 405+29ms 579 +75ms
e) ° o 102ms
o o o o ° o
20 7 ° r=0.64
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5 10 15 20 25 30 35 40 AMPLITUDE
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Normosmic  -3.4+£22uV  49+2.1uV  -6.3+£3.6uV 73 +34uV
Figure 5. Correlation between psychophysical olfactory performance

(TDI score) and the magnitude of the OLF-TF1 response to olfactory .
Hyposmic -27+£2.0uV 40+1.6pV  -57+44pV 84 +39uV

stimulation identified in the CWT-SINGLE transform. Note the significant
positive correlation between the TDI score and OLF-TF1 magnitude (r =

Anosmic -33+£23uV  52+22uV  -43+35uV 6.0+2.1uV
0.64, p =0.0001).
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Table 2. Discrimination performance of the phase-locked and non phase-locked EEG responses to olfactory stimulation. (AUC: Area Under the Curve;

p: p-value, Se: Sensitivity, Sp: Specificity).

Normosmic vs Hyposmic/Anosmic

Normosmic vs Hyposmic

Normosmic vs Anosmic

AUC p Se Sp AUC Se Sp AUC p Se Sp
OLF-N1 106?16 1 0.600 73% 45% 106?19 3 0.461 73% 55% 1065'12 3 0.874 64% 55%
OLF-P2 1065.;11 0.668 64% 59% 106(?123 0.344 100% 27% 106?3 0.827 82% 45%
OLF-TF1 1062?37 0.0001 91% 86% igﬁ 0.0006 91% 82% 106?3 6 0.0001 91% 91%

+23,+41 £ 13 and +30 + 15 % in the normosmic, hyposmic

and anosmic groups, respectively. These differences were
significantly different (F = 10.525; p < 0.001). Posthoc pairwise
comparisons revealed that the magnitude of the EEG response
was significantly different between normosmic and hyposmic
patients (p = 0.015), as well as between normosmic and anosmic
patients (p < 0.001).

The magnitude of this EEG response was able to discriminate 1)
between normosmic and hyposmic/anosmic patients (AUC =
0.88 + 0.07, p = 0.0001); 2) between normosmic and hyposmic
patients (AUC = 0.84 £ 0.10, p = 0.0006); and 3) between nor-
mosmic and anosmic patients (AUC = 0.93 £ 0.06, p = 0.0001).
Using the cutoff value associated with the greatest Youden
index, the measure of the EEG response identified in the CWT-
SINGLE transform had 1) a sensitivity of 91% and a specificity

of 86% to discriminate between normosmic and hyposmic/
anosmic patients; 2) a sensitivity of 91% and a specificity of 82%
to discriminate between normosmic and hyposmic patients and
3) a sensitivity of 91% and a specificity of 91% to discriminate
between normosmic and anosmic patients (Figure 4, Table 2).
The discrimination performance of the EEG response identified
in the CWT-SINGLE transform was significantly greater than the
discrimination performance of OLF-N1 and OLF-P2 identified

in the time domain, when assessing the ability to discriminate
between 1) normosmic and hyposmic/anosmic patients (CWT-
SINGLE vs. OLF-N1: p = 0.0087; CWT-SINGLE vs. OLF-P2: p =
0.0188); and 2) normosmic and anosmic patients (CWT-SINGLE
vs. OLF-N1: p = 0.0032; CWT-SINGLE vs. OLF-P2: p = 0.0087);

but 3) not when assessing the ability to discriminate between
normosmic and hyposmic patients (CWT-SINGLE vs. OLF-N1: p =
0.070, CWT-SINGLE vs. OLF-P2: p = 0.165).

Finally, there was a significant correlation between the TDI score
and the magnitude of the EEG response identified in the CWT-
SINGLE transform (r = 0.64, p=0.0001) (Figure 5). This correlation

was also present when considering separately the threshold (T),
discrimination (D) and identification (I) scores (T:r = 0.64, p =
0.0001, D: r=0.49, p = 0.0036, I: r = 0.48, p = 0.0049).

Trigeminal stimulation

Across trial averaging in time-domain

As shown in the group-level average waveforms (Figure 1), trige-
minal stimulation elicited, at electrode Cz, a negative deflection
(TRI-N1) followed by a positive deflection (TRI-P2) in the three
groups of patients (Table 1).

The latency of TRI-N1 was 398 + 37, 405 + 29 and 406 + 55 ms in
the normosmic, hyposmic and anosmic groups, respectively. The
latency of TRI-P2 was 533 + 32,579 + 75 and 568 + 100 ms in the
normosmic, hyposmic and anosmic groups, respectively.

The amplitude of TRI-N1 was -6.3 + 3.6,-5.7 + 4.4 and -4.3 + 3.5
MV in the normosmic, hyposmic and anosmic groups, respecti-
vely. The amplitude of TRI-P2 was 7.3 +3.4,84+3.9and 6.0 +

2.1 pV in the normosmic, hyposmic and anosmic groups, respec-
tively. These differences were not significant (TRI-N1: F = 0.588; p
=0.564; TRI-P2: F = 1.608; p = 0.223).

Neither the amplitude of TRI-N1 nor the amplitude of TRI-P2
were able to discriminate 1) between normosmic and hyposmic/
anosmic patients (TRI-N1: AUC=0.62 £ 0.10, p = 0.233; TRI-

P2: AUC=0.51£0.12, p = 0.947); 2) between normosmic and
hyposmic patients (TRI-N1: AUC=0.57 £ 0.14, p = 0.610; TRI-P2:
AUC=0.59 £0.13, p =0.507); and 3) between normosmic and
anosmic patients (TRI-N1: AUC=0.67 £0.12, p = 0.164, TRI-P2:
AUC=0.60 £0.13, p =0.441) (Table 2).

There was also no significant correlation between the psychop-
hysical TDI score and the amplitude of TRI-N1 (r =-0.197, p =
0.271) or TRI-P2 (r =0.116, p = 0.520).

Across trial averaging in the time-frequency domain

As shown in Figure 2, the CWT-AVERAGE transform revealed a
phase-locked EEG response corresponding to the trigeminal
CSERP in the three groups of patients. In addition to 1) this



phase-locked EEG response, the CWT-SINGLE transform also
showed 2) a long-lasting desynchronization of alpha-band (8-
12Hz) oscillations starting approximately 600 ms after stimulus
onset and 3) a non phase-locked increase in EEG signal ampli-
tude peaking approximately 350 ms after stimulus onset and
centred around 10-15Hz. These responses were similar to those
reported in our previous study ®. As described in the Me-
thods section, an estimate of the latency and frequency of the
response obtained in the CWT-SINGLE transform was obtained
by locating the peak amplitude within 200-600 ms and 2-7.5 Hz
(electrode Cz). An estimate of the amplitude of the response was
obtained by considering the maximal amplitude value within
this region of interest.

In the time domain, the EEG response within this ROl peaked at
482 + 114,494 + 39 and 486 + 126 ms in the normosmic, hypos-
mic and anosmic groups, respectively.

In the frequency domain, the EEG response within this ROI
peaked at 4.5 +1.9,3.9 + 1.4 and 4.2 £ 1.6 Hz in the normosmic,
hyposmic and anosmic groups, respectively. These differences
were not significant (F = 0.334; p =0.718).

The magnitude of the EEG response within this ROl was +89 +
78, +83 + 44 and +62 * 33 % in the normosmic, hyposmic and
anosmic groups, respectively. These differences were not signi-
ficant (F = 0.751; p = 0.480). There was no significant correlation
between the magnitude of the EEG response and the TDI score
(r=0.12, p =0.506).

Discussion

In our previous study ¥, we showed that time-frequency analy-
sis can be used to significantly enhance the signal-to-noise ratio
of the EEG responses elicited by chemosensory stimulation in
healthy subjects. Here, our aim was to demonstrate the clinical
usefulness of this approach. For this purpose, we chose to retro-
spectively analyse EEG recordings obtained in a group of anos-
mic, hyposmic and normosmic patients examined in a routine
clinical setting. Hence, as compared to our previous study, the
EEG responses were obtained using a smaller number of trials
(20 vs. 60 stimuli) and scalp electrodes (3 vs. 64 electrodes).

EEG Responses to olfactory stimulation

The discrimination performance of olfactory ERPs identified
using conventional time-domain averaging was poor. In con-
trast, the discrimination performance of the EEG responses to
olfactory stimulation identified in the time-frequency domain
(OLF-TF1) was markedly higher (“normosmic” vs “hyposmic +
anosmic”: p = 0.0001, Sensitivity: 91%, Specificity: 86%; “nor-
mosmic” vs “hyposmic”: p = 0.0006, Sensitivity: 91%, Specificity:
82%; “normosmic” vs “anosmic”: p = 0.0001, Sensitivity: 91%,
Specificity: 91%) (Figure 4). The ability of OLF-TF1 to discriminate
between “normosmic” and “hyposmic + anosmic” groups; and
between “normosmic”and “anosmic” groups was significantly
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higher than the discrimination performance of OLF-N1 (p =
0.009 and p = 0.019, respectively) and OLF-P2 (p = 0.003 and

p = 0.009, respectively). In contrast, the ability of OLF-TF1 to
discriminate between the “normosmic” and “hyposmic” group
was not significantly higher as compared to OLF-N1 (p = 0.070)
and OLF-P2 (p = 0.165).

Of note, OLF-N1 and OLF-P2 peaks were clearly identified in one
of the patients categorized as anosmic based on the psychop-
hysical results, suggesting that the olfactory function of this
patient was at least partially preserved.

The signal-to-noise ratio of the EEG responses to olfactory
stimulation identified in the CWT-SINGLE transform was much
greater than the signal-to-noise ratio of the EEG responses
identified using conventional time-domain averaging (OLF-N1
and OLF-P2), as well as that of the EEG responses identified in
the CWT-AVERAGE transform. Since the CWT-SINGLE transform
highlights both EEG responses that are phase-locked and non
phase-locked across trials, the greater signal-to-noise ratio and,
consequently, the greater discrimination performance of the
responses obtained using the CWT-SINGLE transform is most
likely explained by the fact that the EEG responses elicited by
olfactory stimulation are not strictly time-locked to the onset
of the stimulus. The poor stationarity of the elicited responses
could be explained by a significant amount of temporal jitter®.

In patients suffering from an olfactory disorder, we could expect
that the responses to olfactory stimuli are even more desyn-
chronised across trials as compared to healthy control subjects,
due to a pathological transduction, conduction and/or proces-
sing of the olfactory input at peripheral and/or central level. In
chronic rhinosinusitis, inflammatory processes induce apoptotic
pathological changes in the olfactory neuroepithelium and alter
the mucus composition and hence the olfactory transduction
process 337, In patients suffering from post-traumatic or post-
infectious olfactory loss, the olfactory neuroepithelium appears
to be disorganized, with a reduced number of intact ciliated
olfactory receptor neurons 39, At central level, it is well known
that the olfactory bulb of patients with post-traumatic or post-
infectious olfactory loss show lesions and/or a reduced volume
“o4)_ Finally, subcortical and cortical lesions can also contri-
bute to olfactory dysfunction, for example, in post-traumatic
olfactory loss, or olfactory loss associated with a neurodegene-
rative disease. All these pathological changes are likely to affect
the transduction, conduction and generation of the olfactory
signal and, hence, are likely to increase the temporal jitter of
the EEG responses elicited by olfactory stimulation. Therefore,
time-frequency analysis of EEG responses following olfactory
stimulation could be particularly useful to characterise olfactory
function in patients suffering from olfactory disorder.



Time-frequency analysis of chemosensory ERPs in clinic

Here, within the present study conditions, we found that the
CWT-SINGLE transform was more reliable than conventional
time-domain averaging to evaluate objectively the olfactory
function of patients. At the individual level, using the magnitude
of the OLF-TF1 response associated with the highest Youden
index, we were able to discriminate between normosmic and
hyposmic/anosmic patients with a high sensitivity and speci-
ficity. Hence, time-frequency analysis of the EEG responses to
olfactory stimulation could constitute a useful clinical diagnostic
tool complementing the standard clinical workup of patients
presenting with an olfactory disorder such as psychophysical
testing and MRI. Nevertheless, it is important to highlight that
the cut-off values discriminating between normosmic and hy-
posmic/anosmic patients obtained in the present study should
not be considered as standard values as these could change

as a function of the stimulation paradigm (e.g. inter-stimulus
interval, type of odorant, stimulus intensity) as well as the EEG
acquisition setup. Hence, clinicians aiming to implement this
approach should first build their own reference values based on
a control population. Furthermore, it should be stressed that our
results are based on a relatively small sample of patients (33 pa-
tients). Further studies, reproducing our results in a larger group
of patients are thus clearly needed to establish our approach in
clinical routine.

In this study, we found a significant correlation between the
orthonasal psychophysical score measured by the Sniffin’ Sticks
test and the magnitude of the OLF-TF1 response identified in
the CWT-SINGLE transform. Such a correlation was absent for
the OLF-N1 and OLF-P2 responses identified using conventional
time-domain averaging, at least in the present sample under the
present recording positions. Previous studies that attempted

to correlate measures of the electrophysiological response to
olfactory stimulation with TDI scores also showed no clear cor-
relation with the amplitude of olfactory N1 and P2 peaks “>43.
The fact that OLF-TF1 correlated with olfactory perception could
be explained by the greater signal-to-noise ratio of this response
as compared to the OLF-N1 and OLF-P2 responses. Hence, time-
frequency analysis could be of particular interest for the clinical
evaluation of patients, as it could provide an objective measure
of olfactory function.

Finally, the contrast between the high discrimination per-
formance of our measures obtained using time-frequency
analysis and the low discrimination performance of our present
measures obtained using conventional time-domain averaging
should be tempered by the fact that, in the context of clinical
evaluation, the presence of an OERP is not only determined by
amplitude and/or latency criteria, but also integrates the visual
interpretation of the shape of the ERP waveform, as well as its
scalp topography. Here, it is important to highlight that, in the
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sample of the present study, no olfactory ERP were identified
visually in 5 out of 11 normosmic patients, whereas time-fre-
quency analysis miscategorised only 1 normosmic patient. This
variability in the ERP response is also the reason why, so far in
medico-legal cases, the presence of OERP is used as an indicator
of the presence of olfactory function whereas the absence of
OERP is not used as an indicator of missing olfactory function.

EEG responses to trigeminal stimulation

Neither the EEG responses to trigeminal stimulation obtained
using conventional time-domain analysis (TRI-N1 and TRI-

P2), nor the trigeminal EEG responses obtained using time-
frequency analysis (TRI-TF1) were able to discriminate between
the three groups of patients. This contrasts with the results of
previous studies showing that patients suffering from anosmia
have significantly decreased EEG trigeminal responses as com-
pared to normal subjects “+9), The lack of a significant difference
between the trigeminal responses obtained in our group of nor-
mosmic, hyposmic and anosmic patients could be explained by
the relatively small sample size, as well as by the heterogeneity
of the conditions associated with olfactory dysfunction.

Conclusion

The present study shows that time-frequency analysis of the EEG
responses to olfactory stimulation could be used as an effective
diagnostic tool for the objective clinical evaluation of patients
presenting with an olfactory disorder, as the technique is able to
discriminate between normosmic patients and hyposmic/anos-
mic patients with a high sensitivity and specificity.

There is currently no effective treatment for olfactory dysfunc-
tion. Therefore, clinicians agree that it is essential to provide
prognosis and appropriate counselling to patients suffering
from an olfactory deficit. Several prognostic factors have been
described in the literature, such as the results of psychophysi-
cal testing, age, sex, duration of the disease and olfactory bulb
volume “759, Regarding OERPs, it has been shown that the
presence of a measurable OERP is linked with a better outcome
of patients with post-infectious olfactory loss ©". Future studies
should examine whether time-frequency analysis of the EEG
responses to olfactory stimulation could provide additional
information concerning the prognosis of recovery.
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