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Abstract

The phenomenon that longstanding impaired olfactory function is associated with the decreased gustatory function was
described in present studies, which was seems attributed to mutual chemosensory interactions. And the interaction between
olfaction and gustation still needs more research to figure out. The objective of the study was to investigate how the taste was
influenced by olfactory impairment in the central pathway. We tested 33 subjects with normal (n=19) or impaired (n=14)
olfactory function for their gustatory event-related potentials (ZERPs). Validated tests were used for olfactory and gustatory
testing (Sniffin’ Sticks, gERPs, and three-drop test). This study reported an objective gustatory function decline in olfactory
dysfunction participants. However, it also reported the increased gustatory event-related potentials of olfactory dysfunction
participants, especially at the frontal electrode (F,) and electrode 16 (E16), and the reduced latency of P2 peak of them at
electrode 21 (E21), while no obvious difference was observed at the centro-parietal electrode (P,). Inferior insula might be
the main response area for the increase in gERPs, and this increase averaged amplitude of the P2 component may attribute to
compensation of the secondary gustatory response that occurred in the gustatory processing of olfactory-impaired patients.

Keywords Gustatory event-related potentials - gERPs - Olfactory dysfunction - Odor - Taste

Introduction

Tastes and smells play important roles in life and pro-
vide a vital tool for screening soluble chemicals for food
evaluation, selection, and avoidance of potentially toxic
substances [1]. A high comorbidity rate of olfactory and
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gustatory impairment was reported in the present studies
[2, 3]. This rate varies widely among studies, which was
partly attributed to the difficulties of distinguishing gustatory
from retro-nasal smell produced in the oral cavity and naso-
pharynx [4, 5]. Swiecicki L et al. provided information on
the prevalence of smell and taste disorders in a non-clinical
population, which estimates range from 2.7 to 76.8% and 5
to 20% [6]. And an estimated 95% of taste disorders which
are caused by impairment of smell rather than the gustatory
loss were reported [7]. Although these two systems iden-
tify and mediate different qualities and their fibers are not
found intermingled with each other at any peripheral site,
some daily works such as perceiving flavor require intricate
integration of taste and olfactory information [8]. Taste and
odor afferent information were confirmed to converge at the
orbitofrontal cortex in the center [9].

Evidence showed a high comorbidity rate of olfactory and
gustatory dysfunction is based on the overlap of taste and
odor representation in the brain center. Traditional theories
propose that the orbitofrontal cortex (OFC) is the first area
capable of responding to both olfactory and gustatory stim-
uli [10, 11]. The convergence of taste and smell informa-
tion onto single neurons is realized in the caudal OFC (and
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immediately adjacent agranular insula) [10]. Recent studies
consistently found that the gustatory cortex (GC) responds to
both olfactory and gustatory stimuli. Taste perception have
the ability to influence olfactory coding [12]. The insular
cortex contributes to olfactory perception through overlap-
ping taste and odor representation in it, which was based on
the monosynaptic connections between the primary insular
gustatory cortex and the primary piriform olfactory cortex
[13]. These overlapping transduction mechanisms and con-
nection pathways in the center proved that it is feasible for
the olfactory function to affect gustatory function. However,
those researches on the influences of smell on taste were
mostly based on psychophysical chemical tests and func-
tional imaging examinations. In psychophysical chemical
tests, impaired olfactory function, especially the retro-nasal
smell produced by volatile agents dissolved in the mouth by
chewing and saliva, was usually roughly reported as changes
in “taste perception” by subjects can lead to data distortion
[14, 15]. The utility of functional imaging examinations was
restricted by the delayed cortical response to the taste stimuli
and unclear brain positioning.

Gustatory event-related potentials (gERPs) had been
proven a relatively unbiased, reliable, and easy approach
to objectively assess human taste function [16]. It derives
from electroencephalographic (EEG) measures and recorded
the early cortical response to gustatory stimulus in millisec-
onds. In the previous study in our group, we have used it for
exploring the characteristics of EEG to gustatory stimulus in
the old [17]. In this study, we compared the gERPs between
participants with olfactory dysfunction and volunteers with
normal olfaction. And through the correlation analysis of
olfaction and gERPs, we explore the potential effect of olfac-
tory function on early central cortical response to the gusta-
tory stimulus.

Method and materials
Participants

Adult patients over 50 years old were recruited from the
Smell and Taste Center, Beijing Anzhen Hospital, Capital
Medical University. All the participants underwent complete
physical examination, nasal endoscopy, sinus computed
tomography (CT), head magnetic resonance imaging (MRI),
and Sniffin’ Sticks tests. Demographics including age, sex,
body mass index (BMI), smoking, and drinking were col-
lected. Inclusion criteria included participants with normal
gustatory function assessed by the three-drop test. Exclu-
sion criteria included (1) patients with gustatory dysfunction
with known causes (e.g., oral or dental morbidity, diabe-
tes, neurological disorders, trauma, exposure to toxins or
medications, congenital disorders, and idiopathic gustatory
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dysfunction); (2) participants diagnosed with cardiovascular
disease, psychiatric disorder, or certain specific medical his-
tories; (3) participants with tumor, cancer, or other chronic
diseases that might influence the olfaction and cognition;
and (4) participants without self-help skills. Subjects were
not allowed to eat or smoke 2 h before the test. Finally, 33
participants were enrolled from the Smell and Taste Center
of Beijing Anzhen Hospital, and they were divided into two
groups (patients, 14 patients with the main complaint of
olfactory dysfunction, and controls, 19 healthy volunteers).
This study was approved by the Ethics Committee at Beijing
Anzhen Hospital (Beijing, China, No. 2019YFE0116000).
All participants provided written informed consent before
participating in the study. The flow diagram of the study
design was given in Fig. 1.

Psychophysical olfactory test

Psychophysical testing of olfactory function was performed
for each participant using Sniffin” Sticks tests (Burghart,
Gmbh, Wedel, Germany) which were consisted of odor
threshold (OT), odor discrimination (OD), odor identifica-
tion (OI), and the overall composite scores (TDI, a com-
posite score of threshold, discrimination, and identification)
[18]. Standard administration was performed according to
the manufacturer’s instructions [18]. Felt-tip pens containing
various odors were presented to the participants for testing.
The pen’s tip was placed approximately 2 cm in front of
both nostrils for bilateral stimulation. The test comprised
three parts: OT, OD, and OI test. The overall results were
combined and reported as TDI scores which ranged from 1
to 48, with higher scores indicating superior olfactory per-
formance. Subjects with a TDI score greater than 30 are
considered to be normosmia; otherwise, they are considered
to be hyposmia. A TDI score less than or equal to 15 points
was defined as anosmia [18].

Psychophysical gustatory test

Briefly, eight different concentrations of NaCl (salty),
sucrose (sweet), citric acid (sour), and quinine hydrochlo-
ride (bitter) solutions were prepared for this test, with the
minimum concentrations of sucrose (0.19 g/ml), NaCl
(0.06 g/ml), citric acid (0.15 g/ml), and quinine hydrochlo-
ride (0.0012 g/ml) [17, 19-21]. Tastants drops were dripped
onto the middle of the anterior two-thirds of the extended
tongue by pipettes [19]. Subjects were asked to describe
the taste (“salty,” “sweet,” “sour,” and “bitter”’; multiple
forced-choice tasks) and then rinse their mouths with tap
water before the next tasks [17]. The score for each taste was
ranged from 8 to 1, and 1 represented the maximum concen-
tration, while 8 represented the minimum concentration. The
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score was only recorded when the taste was identified twice
consecutively [17].

Electrophysiological gustatory test
Stimulation

NaCl (tastant, 0.3 M) solution was used as the gustatory
stimulus and distilled water for rinsing off tastants [22].
Gustatory stimulation method has previously been described
in detail in our previous study, which featured a computer-
controlled gustometer (Emerging Tech Trans LLC, Hershey,
Pennsylvania, USA) that delivered solutions through peri-
staltic pumps and Teflon tubes [17]. Through two separate
channels, at a rate of 39 ml/min, liquids were kept at a simi-
lar temperature as the tongue (36 °C) and delivered into
the mouth. And subjects were instructed to swallow or keep
still by visual cues. A single cycle included five sessions,
2 s for relaxing, followed by 2 s for tasting, 5 s for still-
ing, 6 s for rinsing, and 5 s for swallowing in turn, and 60
cycles composed a test. Transistor—transistor logic pulses
(+5 V,>10 ms) were used to trace the stimulus of tastant or
distilled water, which were marked by EEG DINS of “1”” and
“2” on the EEG recording software for different stimuli [17].

Gustatory event-related potential recording and data
analysis

Continuous EEG was recorded following the international
10-20 system using a sensor net with scalp electrodes and
amplified by the Net Amps 400 (Electrical Geodesics Inc.,
Eugene, Oregon, USA) [17]. Four sites were recorded by
surface electrodes for statistical analysis, as described by the
previous study [23]: centro-parietal electrode P,, electrode
16 (E16), electrode 21 (E21), and frontal electrode F,. The
detailed location of these electrodes was shown in Fig. 2.
EEG data were processed by the MATLAB R2021a. GERPs
from these four electrodes were analyzed and were proved
representative of the cerebral gustative signal [16]. GERPs
(n>50) were averaged by software, and then the components
were detected. Three components were defined by peaks
with P1, N1, and P2 being the first (positive), second (nega-
tive), and third (positive) peaks, respectively. The latency
was defined as the time interval between the stimulus and the
peak. The amplitude was defined as the distance between the
peak and the baseline [17]. Latencies (ms) and amplitudes
(uV) of each component were collected and analyzed. The
detail of gERPs was shown in Fig. 3.

Sample size calculation

This study was a case—control study. The olfactory dysfunc-
tion group was the experimental group; the normal olfactory
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group was the control group. The amplitudes and latency
of peaks (P1, N1, P2) were the main observation indicator
in the present study. According to a similar case—control
study about olfactory function in two groups [24], it was
estimated that the average amplitude of P1 of the control
group was 4.5 +0.6uV and that of the experimental group
was 3.6 +0.4uV. The difference between the two groups was
0.9uV. Set a=0.05 (two-sided), f=0.10, and r=0.42, and
the sample size of the experimental group and the control
group calculated by PASS 15.0.5 software was 8 (control
group) and 11 (experimental group), respectively.

Statistics analysis

Statistical analysis was performed with Statistical Product
and Service Solutions 22.0 (SPSS 22.0, IBM Corpora-
tion, New York, NY, USA). Shapiro—Wilk test was used to
verify the normal distribution. Continuous variables were
presented as mean + standard deviation (SD), and categori-
cal variables were expressed as numerals (percentages).
Two-tailed values of p <0.05 were considered statistically
significant. Demographic data and psychophysical gustatory
or olfactory tests from patients or controls are compared by
the Chi-square test. Psychophysical gustatory or olfactory
test scores between patients and controls were compared
by independent ¢ test. Each component of gERPs (latency
and amplitude from three peaks in three electrodes) between
patients and controls was compared using an independent ¢
test. Spearman analysis was used to explore the correlation
between gERPs and data of psychophysical of in 33 sub-
jects (r>0 represents positive correlation, r <0 represents
negative correlation, the closer r value to 1, the stronger
correlation is).

Results
Demographic data and psychophysical sensory tests

Demographic characteristics and data of psychophysical
sensory function tests of the above groups were recorded
in Table 1. There were no significant differences in demo-
graphic data between patients and controls. None had dental
or neurological problems or any remarkable medical his-
tory. Patients with olfactory impairment had a significantly
lower odor threshold score, odor discrimination score, odor
identification, and threshold discrimination—identification
(TDI) score. As to the gustatory performance assessed by
the three-drop test, there was only a significant difference
of sweet scores between the patients (5.40+2.12) and the
controls (7.37 £+ 1.38) which was observed.
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Fig.2 Location of electrodes
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Gustatory event-related potentials

After averaging the gERPs recorded at four electrodes, three
peaks (P1, N1, and P2) were observed for all participants.
The mean value and standard deviation (SD) of latencies and
amplitudes of P1, N1, and P2 of patients and controls were
detailed in Table 2 and Fig. 3. To confirm that the gERPs
were uniquely evoked by tastants, we examined a sequence
of the potentials evoked by distilled water and found no sig-
nificant peaks.

No significant difference was observed for P1 aver-
aged latency and amplitude between groups. A signifi-
cant difference can be observed at E16 (p=0.033) for
N1 averaged amplitude between groups. The patient
group (—2.55+1.92 uV) demonstrated a larger ampli-
tude of the N1 component compared to the control group

5 @O
®
. @@Q.‘

O

(—1.06 +1.58 uV). A significant difference can be observed
at F, for the P2 averaged amplitude between groups
(p=0.000). The patient group (5.63 +1.59 uV) demon-
strated a larger amplitude of P2 component compared to
the control group (2.32 +2.42 uV). The difference of P2
averaged latency between groups can be observed at the
E21 (p=0.040), and the control group (244.86 +25.40 ms)
showed a longer latency compared to the patient group
(226.17 £ 18.38 ms). All the details were recorded in
Table 2.

Correlation analysis
The subjective gustatory performance of sweet showed a

significant correlation with olfactory performance, which
was listed in Table 3. The details of correlation analysis for

@ Springer
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Fig.3 Grand averaged latencies and amplitudes of gustatory event-
related potentials for patients and controls

gERPs and psychophysical olfactory test scores (TDI) were
demonstrated in Table 4.

After the adjustment for age and gender, we observed a
significant correlation between P1 averaged amplitude and
odor threshold scores (T, r=0.423, p=0.035) at E16. The
P1 averaged amplitude increased with the higher olfactory

@ Springer

Table 1 Characteristics of participants

Patients Controls P
N (female%) 14 (64.29) 19 (84.21) ns
Age (year) 50.92+9.69 48.37+4.84 0.331
BMI (kg/m?) 23.57+1.31 24.74+2.13 0.166
Smoking 0 0 -
Drinking 0 0 -
Hypertension 0 0 -
Diabetes 0 0 -
PTOD 5 0 -
PVOD 8 0 -
Idiopathic OD 1 0 -
Salty 6.40+2.11 6.16+1.54 0.726
Sweet 5.40+2.12 7.37+1.38 0.003™
Sour 6.70+1.57 6.95+1.22 0.642
Bitter 7.00+1.63 8.00+1.20 0.071
T 1.61+1.21 13.77+2.51 0.000""
D 4.93+2.79 10.32+1.77 0.000""
I 6.29+3.89 12.42+1.57 0.000™
TDI 12.68 +7.33 36.39+3.65 0.000""

PTOD, post-viral olfactory dysfunction; PVOD, post-traumatic olfac-
tory dysfunction; OD, olfactory dysfunction. *, difference is signifi-
cant at 0.05 level; ns, non-statistically significant

performance. For the N1 peak, we also observed a signifi-
cant correlation between the averaged amplitude and odor
threshold scores (T, r=0.476, p=0.016) at E16. For the P2
peak, at frontal electrode F,, we observed a significant cor-
relation between the averaged amplitude and olfactory test
scores (T, r=—-0.417, p=0.038; D, r=—-0.497, p=0.011; 1,
r=—0.463, p=0.020; and TDI, r= —0.478, p=0.016). At
E16, the averaged latency of P2 peak showed significant cor-
relations with olfactory test scores (T, r=0.421, p=0.036;
I, r=0.564, p=0.003; TDI, r=0.474, p=0.017). At E21,
the P2 averaged latency also reported significant correla-
tions with olfactory test scores (T, r=0.444, p=0.026; D,
r=0.436, p=0.029; I, r=0.602, p=0.001; TDI, r=0.523,
p=0.007). The P2 averaged amplitude increased with the
impaired olfactory performance, while the averaged latency
increased with the rising olfactory performance.

Discussion

The most obvious difference of gERPs’ components between
the patients and the controls was observed at E16, E21, and
the frontal electrode F,. The averaged amplitude of the P1
component of gERPs reported a positive correlation to olfac-
tory performance, while for P2 component, it demonstrated
an opposite tendency to olfactory performance. And even
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Table? Grand ave.raged Gustatory Latency(ms) Amplitude(pv)
latencies and amplitudes ERPs
of gustatory event-related Patients (n=14) Controls (n=19) P Patients (n=14) Controls (n=19) P
potentials for patients and
controls F, Pl 87.17+2692 96.88 +33.91 ns 1.85+1.41 1.87+1.65 ns
N1 131.00+18.98 142.63 +32.11 ns —-2.12+2.21 -137+1.74 ns
P2 244.5+27.98  227.00+22.74  ns 5.63+1.59 2324242 0.000™
El16 Pl 85.67+24.85 100.00+38.82 ns 1.12+0.94 1.75+1.73 ns
N1 123.17+16.94 136.5+31.09 ns —2.55+1.92 —1.06+1.58 0.033"
P2 22633+17.54  241.25+24.59 ns 4.07+1.77 2.78+3.00 ns
E21 P1 80.50+22.40 91.50+34.86 ns 0.95+0.83 1.30+1.66 ns
N1 130.33+20.00 131.62+26.90 ns —2.62+1.87 —-1.75+1.40 ns
P2 226.17+18.38  244.86+25.40 0.040" 3.44+1.54 2.26+3.10 ns
P, Pl 99.33+33.19 109.38 +34.52 ns 0.75+0.77 0.55+1.28 ns
N1 131.17+20.86  139.88+37.94 ns 8.12+32.40 —1.47+1.06 ns
P2 230.83+32.36  240.75+34.50 ns 1.17+1.26 0.51+1.54 ns

“the difference is significant at 0.05 level; **the difference is significant at 0.01level. F, the frontal elec-
trode; C,, the central electrode; P, the centro-parietal electrode

Table 3 Correlation analysis for sweet score and olfactory perfor-
mance (TDI)

dysfunction after upper respiratory tract infection reported
that the degree of damage to the taste function was increased

Correlation T D I TDI with the more severe the damage of olfactory function [31].

— — - —  Behavioral studies confirmed that congruent odors could

Sweet r 0.501 0.497 0.407 0.499 amplify taste intensity [32-34]. In daily life, people tend to
p 0.006 0.006 0.028 0.006

*correlation is significant at the 0.01 level (2-tailed)

*correlation is significant at the 0.05 level (2-tailed)

the averaged latency of the P2 peak became longer with the
increased odor scores.

A significant correlation between TDI scores and sweet
scores was observed in this study, which was in line with
gustatory complaints of patients with olfactory impairment
in daily life. In previous studies, it was widely accepted that
olfactory impairment patients would report a light gustatory
decline, especially in the old, the patients with neurodegen-
erative diseases such as PD or AD, the patients with psycho-
logical diseases such as autism, and upper airway infection
diseases such as COVID-19 [25-30]. Patients with olfactory

confuse the “flavor” with the taste or the gustatory, but the
flavor is the combination of taste and smell sense especially
the retro-nasal olfactory sense when smells arise from inside
the mouth during consumption, stimulating the epithelium
upon exhalation [10, 35]. We believe that retro-nasal olfac-
tory function should be responsible for some part of the
complaint about gustatory function. Retro-nasal odors were
reported to share processing circuitry commonly associated
with taste, and the input was processed by a brain region
responsible for taste processing, which was known as the
insular gustatory cortex [35]. From previous studies, the
insular cortex contributed to odor quality coding by repre-
senting the taste-like aspects of food odors. And odorized
air activated the piriform cortex, OFC, and insula, among
which, only the insular cortex responded to sweet taste [36].
The decreased sweet scores for olfactory-impaired patients

Table 4 Correlation analysis for

4 Correlation T D 1 TDI

gERPs (latency and amplitude)

and olfactory performance r P r P r P r P
F,P2-A —0417"  0.038 —0.497"  0.011 —0463" 0020 -0478"  0.016
E16P1-A 0.423" 0.035  0.084 0.691  0.134 0.524  0.265 0.201
E16N1-A 0.476" 0.016  0.023 0907  0.161 0414  0.264 0.175
E16P2-L 0.421" 0.036  0.351 0.086  0.564™ 0.003  0.474" 0.017
E21P2-L 0.444" 0.026  0.436" 0.029  0.602" 0.001  0.523" 0.007

“the difference is significant at 0.05 level; **the difference is significant at 0.01level. F, the frontal elec-
trode; C,, The central electrode; P,, the centro-parietal electrode. OT, odor threshold; OD, odor discrimi-

nation; OI, odor identification; TDI, composite score of threshold, discrimination, and identification
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may be attributed to the damage in overlapping regions of
the insular cortex. A study explored the eating behavior of
olfactory-impaired patients which also reported patients
tended to use more sugar [37]. Impaired olfactory function
weakened gustatory function gradually through the insular
cortex, which was reflected on the sweet score.

A significant correlation between TDI scores and gERPs
(including amplitudes and latencies) can be reported in
this study. For the P1 and N1 components, their averaged
amplitudes increased with odor threshold scores. Previous
studies hold that the P1 component was the first gustatory
response, namely, at around 100 ms, which was located
in the transition between temporal operculum and insula,
while the N1 peak was located in the middle insula, and they
seem to reflect the activity of the primary gustatory area [38,
39]. And the fronto-central maximum for early amplitudes
P1 (and also N1) was considered to relate specifically to
gustatory function [16]. A Faurion et al. held that N1 was
determined by exogenous stimulus properties (concentra-
tion or quality) [39]. In this study, averaged amplitudes of
P1 and N1 decreased with the impaired olfaction, which
may reflect a slight adverse effect on the primary gustatory
area related to impaired olfaction. But the P2 component
turned out a different tendency compared to the P1 com-
ponent and the sweet score. For the P2 averaged amplitude
recorded at F, the patient group reported a huger one than
the control group. For the averaged latency, P2 was in a
line with the increased olfactory performance, especially at
E16. Olfactory-impaired patients reported a relatively huge
averaged amplitude of P2, which is seemly opposed to nor-
mal speculates and the complaint of patients. Chie Mizogu-
chi et al. proposed P2 was commonly associated with the
inferior insula, whose region was likely to be involved in
gustatory cognitive processing, and it reflected higher gus-
tatory functions [22]. In early studies, the posterior part of
the insula has a role of more secondary gustatory response
related to the subjective interception of the stimulus, and the
P2 component may be dependent on endogenous processes
reflecting the subjective significance of the stimuli, which
could be in line with the late positive component (LPC) in
olfactory event-related potential [39]. A study exploring the
olfactory event-related potential of mild cognitive impair-
ment patients found N1 amplitude was reduced, while the
LPC amplitude was increased, and it proposed that a degree
of perceptive compensation can occur when a sensorial
function was impaired [40]. We reasonably speculated that
a compensation mechanism works in the gustatory sensory
system; a degree of compensation of the secondary gusta-
tory response can occur in gustatory processing of olfactory-
impaired patients, which was reflected on the P2 component.

Furthermore, A Faurion et al. reported a significant
lateralized integration between gustatory and olfactory
information, in the inferior part of the insula, which may
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be interpreted as a second-order gustatory area related to
secondary processing [41]. Another PET study also reported
a left insular activation in response to gustatory stimula-
tion for right-handers [42]. In this study, we also noticed
the phenomenon that the gEPRs recorded at the left showed
the more obvious components of gEPRs compared to the
records at the right, which supported the previous concept
of lateralized integration between gustatory and olfactory
information.

Conclusion

In this study, we explored not only the difference of three
components of gERPs between the olfactory dysfunction
population and normal olfactory function adults but also the
association between gustatory and olfactory function. The
P1 amplitudes reflected primary gustatory area which was
decreased with the declined olfactory performance, while the
P2 amplitudes related to the secondary gustatory processing
or higher gustatory processing increased with better olfactory
performance. These findings are conducive to explore the
impairment of gustatory dysfunction in the olfactory dys-
function population, which may give more information about
the interaction of gustatory and olfactory function.
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