
BRIEF RESEARCH REPORT
published: 26 July 2021

doi: 10.3389/fnagi.2021.695115

Edited by:

Panagiotis D. Bamidis,
Aristotle University of Thessaloniki,

Greece

Reviewed by:
María Luisa Delgado,

Complutense University of Madrid,
Spain

Ben Nephew,
Worcester Polytechnic Institute,

United States

*Correspondence:
Giorgia Sollai

gsollai@unica.it

Received: 19 April 2021
Accepted: 08 July 2021
Published: 26 July 2021

Citation:
Sollai G and Crnjar R

(2021) Age-Related Olfactory Decline
Is Associated With Levels of Exercise
and Non-exercise Physical Activities.

Front. Aging Neurosci. 13:695115.
doi: 10.3389/fnagi.2021.695115

Age-Related Olfactory Decline Is
Associated With Levels of Exercise
and Non-exercise Physical Activities
Giorgia Sollai* and Roberto Crnjar

Department of Biomedical Sciences, Section of Physiology, University of Cagliari, Cagliari, Italy

Objective: This cross-sectional study evaluates the impact of active or non-active
lifestyle in terms of physical, cognitive and social activity on the olfactory function in
Elderly Subjects (ES) and aims at looking for a correlation between the time devoted to
life activities and the score obtained during the olfactory tests by each individual.

Methods: One hundred and twenty-two elderly volunteers were recruited in Sardinia
(Italy) and divided into active ES (n = 60; 17 men, 43 women; age 67.8 ± 1.12 years)
and inactive ES (n = 62; 21 men, 41 women, age 71.1 ± 1.14 years) based on their
daily physical activities. The olfactory function was evaluated using the “Sniffin’s Sticks”
battery test, while the assessment of daily activities was made by means of personal
interviews.

Results: A significant effect of active or inactive lifestyle was found on the olfactory
function of ES (F (1,120) > 10.16; p < 0.005). A positive correlation was found between
the olfactory scores and the number of hours per week dedicated to physical activities
(Pearson’s r > 0.32, p ≤ 0.014) in both active and inactive ES.

Conclusions: High levels of exercise and non-exercise physical activity are strongly
associated with the olfactory function and, consequently, with the quality of life of the
elderly. Given the limited physical exercise of elderly people, they can benefit from a
more active lifestyle by increasing non-exercise physical activities.

Keywords: elderly adults, physical activities, lifestyle, olfactory function, odor discrimination and identification

INTRODUCTION

The sense of smell plays an important role in the identification of environmental dangers (smoke,
noxious gas, chemicals, spoiled or burnt foods), in social relationships, in eating behavior, and
in food choices (Stevenson, 2010; Schubert et al., 2013; Attems et al., 2015). Humans show
a great inter-individual variability in their olfactory perception, both of complex odors and
single molecules, due to environmental and genetic factors (Keller et al., 2007; Menashe et al.,
2007; Calderón-Garcidueñas et al., 2010; Sorokowska et al., 2013; Sollai et al., 2019, 2020; Melis
et al., 2021). In addition to chronic diseases such as neurodegenerative, inflammatory/immune,
cardiovascular, metabolic, depressive, renal, nasal, and hepatic ones (Graves et al., 1999; Larsson
et al., 1999; Seiberling and Conley, 2004; Boesveldt et al., 2008; Ross et al., 2008; Doty, 2009; Wilson
et al., 2009; Steinbach et al., 2011; Palouzier-Paulignan et al., 2012; Perricone et al., 2013; Attems
et al., 2014; Croy et al., 2014b; Doty and Kamath, 2014; Makizako et al., 2014; Stuck and Hummel,
2015; Sollai et al., 2021), one of the factors that mainly affects the olfactory function is the natural
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aging process (Doty et al., 1984; Cain and Stevens, 1989; Min
et al., 2021) and the progressive sensory deterioration with age
(Schubert et al., 2017). Population-based studies of olfactory
loss indicate that the maximum olfactory performance occurs
between the 3rd and the 5th decade and that a reduced olfactory
function is very common in elderly populations, affecting more
than 50% of individuals aged between 65 and 80 years and
62–80% of the elderly over 80 years (Doty et al., 1984; Attems
et al., 2015). The causes are not well known, but previous studies
highlighted a relationship between the difficulties of Elderly
Subjects (ES) to identify odors and a decrease of their general
cognitive abilities, such as aging-linked deficits in memorizing
odors, a faster decline in perceptual speed, and episodic memory
(Larsson et al., 2000; Hedner et al., 2010; Dintica et al., 2019).

Olfactory dysfunction significantly affects nutritional status,
quality of life, physical well-being, daily safety as well as mortality
(Croy et al., 2014a; Pinto et al., 2014; Attems et al., 2015). People
suffering from olfactory disorders, at all ages from young to
elderly, report a negative impact on their mental and emotional
health, increased social isolation, inability to protect themselves
from environmental dangers, dissatisfaction with eating, and
problems in feeding behavior (Hummel and Nordin, 2005;
Boesveldt and Parma, 2021; Min et al., 2021).

Physical activity is known to directly and positively affect
many risk factors for cardiovascular and neurodegenerative
diseases, diabetes, adiposity and obesity, some types of cancer,
some aspects of mental health, poor quality of life, and mortality
(Blair et al., 1996; Shephard and Balady, 1999; Tuomilehto et al.,
2001; Franco et al., 2005; Friedenreich et al., 2010; Umpierre
et al., 2011; Wen et al., 2011; Buchman et al., 2012; Das and
Horton, 2012; Hallal et al., 2012; Strasser, 2013). Individuals
may also benefit from a modest activity: in fact, compared to
inactive individuals, those who were even weakly active (about
1.5 h per week) lived 3 years longer (Wen et al., 2011). The
benefits of exercise are particularly evident in older populations
where, in addition to reducing the risk of cardiovascular
disease and improving physical fitness (Franco et al., 2005;
Lang et al., 2007), regular exercise relieves depression, protects
against neurodegeneration and dementia, improves learning,
memory, and executive function, counteracting age-related
mental decline and protecting brain areas crucial for higher
cognitive processes from atrophy (Colcombe and Kramer, 2003;
Heyn et al., 2004; Weuve et al., 2004; Podewils et al., 2005;
Cotman et al., 2007). In general, exercise has been associated
with maintaining good physical and mental health in the old
age and increasing lifespan (Burke et al., 2001; Franco et al.,
2005; Middleton et al., 2008; Schubert et al., 2013). Previous
studies have also emphasized a relationship between the ability
to identify odors and the social life of individuals (Boesveldt
et al., 2017). In particular, it has been found that body odor
can convey the age, health, and emotional state of individuals
(de Groot et al., 2012; Mitro et al., 2012; Olsson et al.,
2014). Furthermore, most social interactions involve the act of
eating and drinking, the pleasure of which can be seriously
impaired and limited by a reduced olfactory function, leading
individuals to limit their social interactions (Murphy, 2008;
Boesveldt et al., 2017). Finally, several studies have sought

and highlighted an association between cognitive decline and
olfactory impairment, especially in odor identification which
requires certain cognitive functions such as memory and the use
of vocabulary (Wilson et al., 2007; Schubert et al., 2008; Dintica
et al., 2019; Suzuki et al., 2021).

Most of the studies on the relationship between olfactory
function and physical activity and/or lifestyle present a
longitudinal design that evaluates olfactory function before,
during, and after a period of years in the same ES. Presently, it
is not clear whether the health benefits deriving from exercise
also extend to a lower incidence of olfactory impairment,
commonly associated with age (Schubert et al., 2013). Therefore,
given the high percentage of elderly people with a reduced
olfactory function (Murphy et al., 2002; Bramerson et al., 2004;
Vennemann et al., 2008; Schubert et al., 2012), the low awareness
of the impact that a decline in olfaction may have on safety,
nutrition, and quality of life in the elderly (Nordin et al.,
1995; Miwa et al., 2001; Santos et al., 2004; Hummel and
Nordin, 2005), it is important to identify the modifiable factors
associated with the relationship between olfactory function
and aging.

On this basis, in the current study, our objective was to
determine the impact of lifestyle on olfactory function in
elderly and disease-free subjects that could affect their olfactory
perception. Thus, by means of a cross-sectional study, we
compared the abilities to perceive, discriminate and identify
odors in a population of active ES in terms of physical, cognitive,
and social activity, with those of ES adapted to a little or no active
lifestyle. Furthermore, we looked for a correlation between the
time devoted to life activities and the score obtained during the
olfactory tests by each individual in both populations.

MATERIALS AND METHODS

Subjects
The elderly volunteers (n = 122) who took part in this
study were recruited in the metropolitan area of Cagliari
and in the province of South Sardinia (Italy) and were
divided into two groups. The first group consisted of active
ES (n = 60; 17 men, 43 women; age 67.8 ± 1.12 years)
who reported having an active and stimulating lifestyle, in
terms of physical, social, and cognitive activity; the second
group, on the other hand, was made up of elderly adults
who reported leading a less active life both from a physical,
social and cognitive point of view (n = 62; 21 men,
41 women, age 71.1 ± 1.14 years), and were therefore
classified as inactive ES. The two groups were matched by
age (χ2 = 0.17, p = 0.68) and gender (χ2 = 0.44, p = 0.51).
The inclusion criteria were: healthy subjects aged >55 years
and belonging to both sexes, with a self-esteemed normal
olfactory function, or in any case who did not report having
problems with their perception of odors. The exclusion criteria
were: past or current diagnosis of cancer, neurodegenerative
diseases, schizophrenia, depression, autoimmune/inflammatory
diseases, severe cardiovascular disease, diabetes, head trauma,
acute/chronic rhinosinusitis, nasal surgery, respiratory distress,
and difficulty to understand the aim of the study and
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the protocol used. Comprehensive information on lifestyle,
environmental and behavioral factors such as smoking history,
exposure to cigarette smoke at home or at work, use of
alcohol, physical, social and cognitive activity (intended as
hours dedicated to reading, writing, or solving puzzle games)
were self-reported and obtained from all subjects through
questionnaires. Significant differences between the two ES
groups in relation to this comprehensive information are shown
in Supplementary Table 1.

Assessment of Physical, Social, and
Cognitive Activity
Assessment of physical, social, and cognitive activities was made
by means of personal interviews. In particular, the subjects were
asked: (a) ‘‘how many hours a day do you spend walking for
exercise or running, strenuous housework or gardening, working
in the fields, swimming or dancing?’’ (b) ‘‘How many hours
a day do you dedicate to social activities such as meetings,
organizing and/or participating in events, attending seminars?’’;
(c) ‘‘how many hours a day do you spend reading a book
and/or solving puzzles?’’; and (d) ‘‘for each of these activities,
how many days a week?.’’ The hours spent in each of these
activities were summed and expressed as hours of activity per
week (hrs/week). Furthermore, according to Buchman et al.
(2012), physical activity (intended as motor activity) is defined
as exercise physical activity, while the hours dedicated to social
and cognitive activities are considered together and defined as
non-exercise physical activities.

Olfactory Sensitivity Assessment
The orthonasal olfactory function of each subject was evaluated
by means of the ‘‘Sniffin’s Sticks’’ battery test (Hummel et al.,
1997), consisting of three subtests for olfactory threshold (T-
test), odor discrimination (D-test), and odor identification (I-
test). For the T-test, the experimenter has at his/her disposal
a kit of 48 pens grouped in 16 triplets, each consisting of two
pens containing a solvent and a third pen (target pen) filled
with a solution of n-butanol at increasing concentrations. If the
subject identifies the target pen twice in succession, a reversal
of the scale begins. The test ends when the 7th scale reversal is
completed and the T-test score is given by the average of the
last four reversals. For D-test, the experimenter has 16 triplets
available, each consisting of two pens containing the same odor
and one filled with a different odor (target pen). The participant’s
goal is to identify the target pen. The D-test score corresponds
to the number of correct answers from 0 to 16. For I-test,
individuals have to smell 16 pens containing familiar odors. Each
time the participant smells the odor contained in a pen, he/she
has to choose one out of four different items in a forced-choice
procedure. The score corresponds to the number of correct
identifications from 0 to 16.

The total TDI olfactory score is obtained from the sum of the
scores from the T-test, D-test, and I-test. The normalized values
for age and gender reported in Hummel et al. (2007), were used
to classify each subject as normosmic or hyposmic both by taking
into account the total TDI score and that obtained with each of
the three sub-tests (T-test, D-test, I-test).

Statistical Analysis
Fisher’s exact test was used to determine the presence of a
significant difference in the distribution of subjects classified
as normosmic or hyposmic based on the olfactory TDI score
and those of the T-test, D-test, and I-test, between the two
populations of ES taken into consideration.

One-way ANOVA was used to check for a significant
difference between the two populations (active ES vs. inactive
ES) in the total TDI olfactory score and in the T, D, and I
scores. Post hoc tests were performed with the Fisher’s LSD
test; p-values <0.05 were considered significant. The statistical
analysis was carried out using STATISTICA for WINDOWS
(version 7.0; StatSoft Inc, Tulsa, OK, USA).

The Pearson’s correlation coefficient was used to evaluate the
association between two variables of interest: TDI, T, D, or I
olfactory score vs. hrs/week of exercise or non-exercise physical
activities, for each population, separately. Statistical analyses
were performed using GraphPad Prism 6 (GraphPad Software,
San Diego, CA, USA). P-values < 0.05 were considered to be
significant.

RESULTS

The mean ± SE value of the total TDI olfactory score and of
that obtained with each of the specific sub-tests for olfactory
threshold (T), odor discrimination (D), and odor identification
(I), both from active ES and inactive ES, are shown in Figure 1.
In detail, one-way ANOVA revealed a significant effect of
active vs. inactive lifestyle on all the olfactory scores considered
(TDI score: F(1,120) = 47.09, p < 0.0001, effect size 1.000;
T score: F(1,120) = 20.43, p < 0.0001, effect size 0.994; D
score: F(1,120) = 41.86, p < 0.0001, effect size 1.000; I score:
F(1,120) = 10.16, p = 0.0018, effect size 0.885) and post hoc
comparisons indicated that the scores obtained by active ES is
significantly higher than that obtained by inactive ES (p< 0.005).

Table 1 shows the distribution of both active and inactive
ES classified as normosmic or hyposmic according to their TDI,
T, D, and I olfactory status. Fisher’s method showed that the
percentage of active ES classified as normosmic or hyposmic is
significantly different compared to inactive ES (χ2 > 6.53; p ≤

0.011). In particular, we found that about 72% of active ES and
only 25% of inactive ES were normosmic. Moreover, just 10%
of active ES were hyposmic for T, D, and I olfactory status as
compared to 25–44% of inactive ES.

Pearson’s correlation test was used to ascertain whether
the number of hours per week dedicated to life activities
(exercise and non-exercise) was correlated with the olfactory
scores obtained by individuals. As shown in Figure 2, for
the active ES the results indicate that a positive correlation
exists both between the TDI and I olfactory scores obtained by
each individual with his/her exercise physical activity (Pearson’s
r = 0.32, p = 0.014 and Pearson’s r = 0.40, p = 0.002 for
TDI and I score, respectively) and with his/her non-exercise
physical activity (Pearson’s r = 0.64, p < 0.0001 and Pearson’s
r = 0.63, p < 0.0001 for TDI and I score, respectively). A
positive correlation was also found betweenD olfactory score and
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FIGURE 1 | Mean value ± SEM of the TDI olfactory score (A) and of the
olfactory threshold (T), odor discrimination (D), and odor identification (I)
scores (B) obtained by active HS (n = 60) and inactive HS (n = 62). Different
letters indicate significant differences between lifestyles (p < 0.05; Fisher’s
LSD test subsequent to one-way ANOVA).

TABLE 1 | Distribution of the active and inactive Elderly Subjects (ES) classified
as normosmic or hyposmic based on their overall olfactory status (TDI), Threshold
(T), Discrimination (D), or Identification (I) status.

Group ES active ES inactive p-Value

Variable Olfactory status n (%) n (%)

TDI Normosmic 43 (71.67) 16 (25.81) <0.000
Hyposmic 17 (28.33) 46 (74.19)

T Normosmic 53 (88.33) 39 (62.90) 0.001
Hyposmic 7 (11.67) 23 (37.10)

D Normosmic 55 (91.67) 35 (56.45) <0.000
Hyposmic 5 (8.33) 27 (43.55)

I Normosmic 55 (91.67) 46 (74.19) 0.011
Hyposmic 5 (8.33) 16 (25.81)

p-Value derived from Fisher’s Exact Test. Active ES subjects (n = 60) and inactive ES
subjects (n = 62).

non-exercise physical activity (Pearson’s r = 0.46, p = 0.0002),
while the statistical analysis did not show any correlation between
T olfactory score and life physical activities, both for exercise
(Pearson’s r = 0.22, p= 0.10) and non-exercise (Pearson’s r = 0.24,
p = 0.07). Figure 3 shows the results obtained with the Pearson’s
correlation test for the inactive ES. In particular, we found
a positive correlation between both exercise and non-exercise
physical activities and TDI olfactory score (Pearson’s r = 0.69,
p < 0.0001 and Pearson’s r = 0.78, p < 0.0001, for exercise and
non-exercise activities, respectively), D score (Exercise activities:
Pearson’s r = 0.57, p < 0.0001; Non-exercise activities: Pearson’s
r = 0.53, p < 0.0001) and I score (Exercise activities: Pearson’s
r = 0.52, p < 0.0001; Non-exercise activities: Pearson’s r = 0.66,
p < 0.0001). On the other hand, no correlation was found
between both life activities and the olfactory threshold score

(Exercise activities: Pearson’s r = 0.16, p = 0.21; Non-exercise
activities: Pearson’s r = 0.24, p = 0.06).

DISCUSSION

Physical and cognitive activities are known to improve health
conditions by slowing down the physiological aging of all body
systems. In particular, a minor decline has been observed in the
functionality of systems such as the cardiovascular, muscular,
skeletal, respiratory, and nervous ones (Morris et al., 1953; Blair
et al., 1996; Shephard and Balady, 1999; Umpierre et al., 2011;
Wen et al., 2011; Das and Horton, 2012). As regards the nervous
system, several studies have documented that the olfactory acuity
decreases with age and that the elderly, for this reason, often
manifest bad eating habits that can lead to malnutrition, weight
gain, depression, social isolation, and total or partial inability to
detect environmental hazards (Duffy et al., 1995; Temmel et al.,
2002; Croy et al., 2014a; Boesveldt and Parma, 2021).

Based on these considerations, the main objective of this
study with a cross-sectional design was to verify whether an
active lifestyle, both from a physical and a cognitive point of
view, is related to the olfactory performance of elderly adults.
The results indicate that older individuals who were classified
as physically and mentally little active or totally inactive reach
lower TDI, T, D, and I olfactory scores than older adults who
were classified as active, and a higher number of subjects was
classified as hyposmic for all olfactory performances. In fact, the
percentage of inactive ES classified as hyposmic was between
26% (for I olfactory status) and 74% (for TDI olfactory status),
while that of active ES was between 8% (for D and I olfactory
status) and 28% (for TDI olfactory status). These results suggest a
double interpretation. On the one hand, inactive subjects seem to
show an olfactory dysfunction precisely because they are resigned
to a lifestyle that is poor in terms of exercise and non-exercise
activities; on the other hand, they show little interest in the
environment around them because they are not stimulated by
the odors that characterize it. It is reasonable to assume that
olfactory impairment may lead elderly individuals to reduce their
social relationships due to their inability to enjoy the pleasures
of food (e.g., in a situation of conviviality with other people
such as a dinner with friends, a party with relatives, et cetera)
and/or due to insecurity linked to their own body odor (Temmel
et al., 2002; Boesveldt et al., 2017; Boesveldt and Parma, 2021).
In fact, previous studies have shown that people with reduced
olfactory abilities experience less pleasure in food and eating and
that a variable percentage (19–41%) of patients with olfactory
dysfunction report not being able to perceive the odor of their
own body, to have problems with their personal hygiene and
with the use of perfumes (Miwa et al., 2001; Temmel et al.,
2002; Blomqvist et al., 2004; Nordin et al., 2011). This reduced
participation in social life can make people more prone to
depression (Croy et al., 2014b). Given the fact that several studies
have documented a relationship between lifestyle and depression,
individuals who are not very active or totally inactive may tend
to develop depressive attitudes that can affect the areas of the
brain responsible for cognitive abilities that are also involved in
the higher olfactory function.
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FIGURE 2 | Correlation analysis between the TDI, T, D, and I olfactory score and the number of hours per week (h/week) dedicated by each active elderly subjects
(ES) to the exercise (A) and non-exercise (B) physical activities.

The second objective of this study was to verify the
presence of a positive relationship between the olfactory scores
reached by each elderly subject of both groups and the weekly
hours dedicated to exercise and non-exercise physical activities.
The positive relationship that we found between olfactory
performance and exercise/non-exercise physical activities may
have two interpretations. First, staying active slows down the
normal aging process including that of the central nervous
system. In fact, exercise has been reported to increase synaptic
plasticity, by acting on the synaptic structure and enhancing
synaptic efficiency, as well as strengthening neurogenesis,
metabolism, and vascular function (Cotman et al., 2007). These
aspects have been well documented in the hippocampus, the
area of the limbic system where the olfactory memory is located.
So, in active individuals, synaptic plasticity improves and this
keeps their brains younger, by counteracting cognitive decay
and depressive aspects that affect the same areas where the
olfactory memory is located (Cotman et al., 2007; Schubert

et al., 2013; Attems et al., 2015). We found that the differences
between active and inactive ES are related to the ability to
discriminate and identify odors that require the involvement
of higher brain functions (Hedner et al., 2010), according to
the fact that the ability to identify odors requires a successful
recalling of information from memory and suggesting that
inactive ES seem to be unable to do it. Although memory
may show a general weakening in the elderly, it is strongly
affected by episodic olfactory presentation (Cain and Stevens,
1989). This aspect is particularly evident from the correlation
results we have obtained. In both groups, we found a positive
correlation between TDI, D, and I olfactory scores with both
exercise and non-exercise physical activities, but not with the
olfactory threshold score, thus suggesting that life activities
may be associated with the loss of cognitive functions of the
brain areas. In agreement, not only exercise activities but also
higher levels of non-exercise activity were found to be associated
with cognitive abilities in aged adults (Buchman et al., 2012).
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FIGURE 3 | Correlation analysis between the TDI, T, D, and I olfactory score and the number of hours per week (h/week) dedicated by each inactive ES to the
exercise (A) and non-exercise (B) physical activities.

Second, exercise reduces the risk factors for certain diseases
such as diabetes, hypertension, metabolic disorders, depression,
obesity, and inflammatory diseases, which converge to cause
brain dysfunction and neurodegeneration (Franco et al., 2005;
Cotman et al., 2007; Buchman et al., 2012; Hamer et al., 2012)
and are pathologies associated with a reduction in the olfactory
function (Graves et al., 1999; Ross et al., 2008; Wilson et al., 2009;
Perricone et al., 2013; Croy et al., 2014a; Pinto et al., 2014; Kim
et al., 2019; Sollai et al., 2021); this may explain why among active
older adults we observed both a higher number of normosmic
subjects and higher olfactory scores.

This study has several strengths. First, our results show
a clear association between physical activities (both exercise
and non-exercise) and normosmic or hyposmic olfactory status
in the elderly. In particular, physical, cognitive, and social
activities are associated with a better performance in odor
discrimination and odor identification, which are reflected in
a better overall olfactory function in the elderly who practice

these activities. Second, our results show a strong correlation
between the number of hours dedicated to daily activities and
the olfactory scores obtained by the participants, especially
those categorized as weakly active or inactive. However, this
study has some limitations. First, the investigations relating
to the physical and cognitive status of the elderly, which lack
evaluations obtained with standardized tests, were performed
exclusively through questionnaires. Second, this is a cross-
sectional study that evaluates the instantaneous olfactory
function; this means that an evaluation of the olfactory
function in relation to the lifestyle of the elderly over time is
precluded. Future studies will be necessary to investigate these
relationships prospectively in order to confirm the associations
we have observed.

In conclusion, the results of this study show a strong
relationship between exercise and non-exercise physical activity
and olfactory function, with a better olfactory performance by
those elderly who have an active lifestyle. Given the association
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between olfactory function and social relationships, eating habits,
attention to dangers, and cognitive decline, these results suggest
that a good sense of smell can improve the quality of life of
elderly people. These findings have important implications not
only for observational studies but also for the design of those
aimed at intervening on physical activity and cognitive abilities in
the old age. Older individuals, for whom physical exercise proper
may be limited due to other health problems, can still benefit
from a more active lifestyle by increasing non-exercise physical
activities.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethical Committee of the University Hospital
of Cagliari. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

GS conducted the experiment, wrote the manuscript, and
analyzed the data. GS and RC conceived the experiment. RC
revised the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by a grant from the University of
Cagliari (Universitá degli Studi di Cagliari; Fondo Integrativo per
la Ricerca, FIR 2018-2019).

ACKNOWLEDGMENTS

We thank the volunteers, without whose contribution this study
would not have been possible.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2021.6951
15/full#supplementary-material.

REFERENCES

Attems, J., Walker, L., and Jellinger, K. A. (2014). Olfactory bulb involvement
in neurodegenerative diseases. Acta Neuropathol. 127, 459–475.
doi: 10.1007/s00401-014-1261-7

Attems, J., Walker, L., and Jellinger, K. A. (2015). Olfaction and aging: a mini-
review. Gerontology 61, 485–490. doi: 10.1159/000381619

Blair, S. N., Kampert, J. B., Kohl, H. W. III., Barlow, C. E., Macera, C. A.,
Paffenbarger, R. S., et al. (1996). Influences of cardiorespiratory fitness
and other precursors on cardiovascular disease and all-cause mortality in
men and women. JAMA 276, 205–210. doi: 10.1001/jama.1996.03540030
039029

Blomqvist, E. H., Brämerson, A., Stjärne, P., and Nordin, S. (2004). Consequences
of olfactory loss and adopted coping strategies. Rhinology 42, 189–194.

Boesveldt, S., and Parma, V. (2021). The importance of the olfactory system in
human well-being, through nutrition and social behavior. Cell Tissue Res. 383,
559–567. doi: 10.1007/s00441-020-03367-7

Boesveldt, S., Verbaan, D., Knol, D. L., Visser, M., van Rooden, S. M., van
Hilten, J. J., et al. (2008). A comparative study of odor identification and odor
discrimination deficits in Parkinson’s disease. Mov. Disord. 23, 1984–1990.
doi: 10.1002/mds.22155

Boesveldt, S., Yee, J. R., McClintock, M. K., and Lundström, J. N. (2017). Olfactory
function and the social lives of older adults: a matter of sex. Sci. Rep. 7:45118.
doi: 10.1038/srep45118

Bramerson, A., Johansson, L., Ek, L., Nordin, S., and Bende, M. (2004). Prevalence
of olfactory dysfunction: the Skovde population-based study. Laryngoscope 114,
733–737. doi: 10.1097/00005537-200404000-00026

Buchman, A. S., Boyle, P. A., Yu, L., Shah, R. C., Wilson, R. S., and Bennett, D. A.
(2012). Total daily physical activity and the risk of AD and cognitive decline
in older adults. Neurology 78, 1323–1329doi: 10.1212/WNL.0b013e31825
35d35

Burke, G. L., Arnold, A. M., Bild, D. E., Cushman, M., Fried, L. P., Newman, A.,
et al. (2001). Factors associated with healthy aging: the cardiovascular health
study. J. Am. Geriatr. Soc. 49, 254–262. doi: 10.1046/j.1532-5415.2001.49
30254.x

Cain, W. S., and Stevens, J. C. (1989). Uniformity of olfactory loss in aging. Ann.
N Y Acad. Sci. 561, 29–38. doi: 10.1111/j.1749-6632.1989.tb20967.x

Calderón-Garcidueñas, L., Franco-Lira, M., Henríquez-Roldán, C., Osnaya, N.,
González-Maciel, A., Reynoso-Robles, R., et al. (2010). Urban air pollution:
influences on olfactory function and pathology in exposed children and
young adults. Exp. Toxicol. Pathol. 62, 91–102. doi: 10.1016/j.etp.2009.
02.117

Colcombe, S., and Kramer, A. F. (2003). Fitness effects on the cognitive function of
older adults: a meta-analytic study. Psychol. Sci. 14, 125–130doi: 10.1111/1467-
9280.t01-1-01430

Cotman, C. W., Berchtold, N. C., and Christie, L.-A. (2007). Exercise builds brain
health: key roles of growth factor cascades and inflammation. Trends Neurosci.
30, 464–472. doi: 10.1016/j.tins.2007.06.011

Croy, I., Nordin, S., and Hummel, T. (2014a). Olfactory disorders and quality of
life—an updated review.Chem. Senses 39, 185–194. doi: 10.1093/chemse/bjt072

Croy, I., Symmank, A., Schellong, J., Hummel, C., Gerber, J., Joraschky, P., et al.
(2014b). Olfaction as a marker for depression in humans. J. Affect. Disord. 160,
80–86. doi: 10.1016/j.jad.2013.12.026

Das, P., and Horton, R. (2012). Rethinking our approach to physical activity.
Lancet 380, 189–190. doi: 10.1016/S0140-6736(12)61024-1

de Groot, J. H. B., Smeets, M. A. M., Kaldewaij, A., Duijndam, M. J. A., and
Semin, G. R. (2012). Chemosignals communicate human emotions. Psychol.
Sci. 23, 1417–1424. doi: 10.1177/0956797612445317

Dintica, C. S., Marseglia, A., Rizzuto, D., Wang, R., Seubert, J., Arfanakis, K.,
et al. (2019). Impaired olfaction is associated with cognitive decline and
neurodegeneration in the brain. Neurology 92, e700–e709. doi: 10.1212/WNL.
0000000000006919

Doty, R. L. (2009). The olfactory system and its disorders. Semin. Neurol. 29,
74–81. doi: 10.1055/s-0028-1124025

Doty, R. L., and Kamath, V. (2014). The influences of age on olfaction: a review.
Front. Phychol. 5:20. doi: 10.3389/fpsyg.2014.00020

Doty, R. L., Shamans, P., Applebaumr, S. L., Giberson, R., Sikorski, L., and
Rosenberg, L. (1984). Smell identification ability: changes with age. Science 226,
1441–1443. doi: 10.1126/science.6505700

Duffy, V. B., Backstrand, J. R., and Ferris, A. M. (1995). Olfactory dusfunction
and related nutritional risk in free-living, elderly women. J. Am. Diet. Assoc. 95,
879–884. doi: 10.1016/S0002-8223(95)00244-8

Franco, O. H., de Laet, C., Peeters, A., Jonker, J., Mackenbach, J., andNusselder,W.
(2005). Effects of physical activity on life expectancy with cardiovascular

Frontiers in Aging Neuroscience | www.frontiersin.org 7 July 2021 | Volume 13 | Article 695115

https://www.frontiersin.org/articles/10.3389/fnagi.2021.695115/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2021.695115/full#supplementary-material
https://doi.org/10.1007/s00401-014-1261-7
https://doi.org/10.1159/000381619
https://doi.org/10.1001/jama.1996.03540030039029
https://doi.org/10.1001/jama.1996.03540030039029
https://doi.org/10.1007/s00441-020-03367-7
https://doi.org/10.1002/mds.22155
https://doi.org/10.1038/srep45118
https://doi.org/10.1097/00005537-200404000-00026
https://doi.org/10.1212/WNL.0b013e3182535d35
https://doi.org/10.1212/WNL.0b013e3182535d35
https://doi.org/10.1046/j.1532-5415.2001.4930254.x
https://doi.org/10.1046/j.1532-5415.2001.4930254.x
https://doi.org/10.1111/j.1749-6632.1989.tb20967.x
https://doi.org/10.1016/j.etp.2009.02.117
https://doi.org/10.1016/j.etp.2009.02.117
https://doi.org/10.1111/1467-9280.t01-1-01430
https://doi.org/10.1111/1467-9280.t01-1-01430
https://doi.org/10.1016/j.tins.2007.06.011
https://doi.org/10.1093/chemse/bjt072
https://doi.org/10.1016/j.jad.2013.12.026
https://doi.org/10.1016/S0140-6736(12)61024-1
https://doi.org/10.1177/0956797612445317
https://doi.org/10.1212/WNL.0000000000006919
https://doi.org/10.1212/WNL.0000000000006919
https://doi.org/10.1055/s-0028-1124025
https://doi.org/10.3389/fpsyg.2014.00020
https://doi.org/10.1126/science.6505700
https://doi.org/10.1016/S0002-8223(95)00244-8
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Sollai and Crnjar Olfactory Dysfunction and Life Activities

disease. Arch. Intern. Med. 165, 2355–2360. doi: 10.1001/archinte.165.
20.2355

Friedenreich, C. M., Neilson, H. K., and Lynch, B. M. (2010). State of the
epidemiological evidence on physical activity and cancer prevention. Eur.
J. Cancer 46, 2593–2604. doi: 10.1016/j.ejca.2010.07.028

Graves, A. B., Bowen, J. D., Rajaram, L., McCormick, W. C., McCurry, S. M.,
Schellenberg, G. D., et al. (1999). Impaired olfaction as a marker for cognitive
decline interaction with apolipoprotein E 4 status. Neurology 53, 1480–1480.
doi: 10.1212/wnl.53.7.1480

Hallal, P. C., Bauman, A. E., Heath, G.W., Kohl, H.W. III., Lee, I.-M., and Pratt,M.
(2012). Physical activity: more of the same is not enough. Lancet 380, 190–191.
doi: 10.1016/S0140-6736(12)61027-7

Hamer, M., Sabia, S., Batty, G. D., Shipley, M. J., Tabak, A. G., Singh-Manoux, A.,
et al. (2012). Physical activity and inflammatory markers over 10 years:
follow-up in men and women from the Whitehall II cohort study. Circulation
126, 928–933. doi: 10.1161/CIRCULATIONAHA.112.103879

Hedner, M., Larsson, M., Arnold, N., Zucco, G. M., and Hummel, T.
(2010). Cognitive factors in odor detection, odor discrimination, and
odor identification tesks. J. Clin. Exp. Neuropsychol. 32, 1062–1067.
doi: 10.1080/13803391003683070

Heyn, P., Abreu, B. C., and Ottenbacher, K. J. (2004). The effects of exercise
training on elderly persons with cognitive impairment and dementia: a meta-
analysis. Arch. Phys. Med. Rehabil. 85, 1694–1704. doi: 10.1016/j.apmr.2004.03.
019

Hummel, T., Kobal, G., Gudziol, H., and Mackay-Sim, A. (2007). Normative
data for the ‘‘Sniffin’ Sticks’’ including tests of odor identification, odor
discrimination and olfactory thresholds: an upgrade based on a group
of more than 3,000 subjects. Eur. Arch. Otorhinolaryngol. 264, 237–243.
doi: 10.1007/s00405-006-0173-0

Hummel, T., and Nordin, S. (2005). Olfactory disorders and their
consequences for quality of life. Acta Otolaryngol. 125, 116–121.
doi: 10.1080/00016480410022787

Hummel, T., Sekinger, B., Wolf, S. R., Pauli, E., and 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. doi: 10.1093/chemse/22.1.39

Keller, A., Zhuang, H., Chi, Q., Vosshall, L. B., and Matsunami, H. (2007). Genetic
variation in a human odorant receptor alters odour perception. Nature 449,
468–472. doi: 10.1038/nature06162

Kim, S. J., Windon, M. J., and Lin, S. Y. (2019). The association between diabetes
and olfactory impairment in adults: a systematic review and meta-analysis.
Laryngoscope Investig. Otolaryngol. 4, 465–475. doi: 10.1002/lio2.291

Lang, I. A., Guralnik, J. M., andMelzer, D. (2007). Physical activity in middle-aged
adults reduces the risks of functional impairment independent of its effect
on weight. J. Am. Geriatr. Soc. 55, 1836–1841. doi: 10.1111/j.1532-5415.2007.
01426.x

Larsson, M., Finkel, D., and Pedersen, N. L. (2000). Odor identification: influences
of age, gender, cognition, and personality. J. Gerontol. Psychol. Sci. Soc. Sci. 55,
304–310. doi: 10.1093/geronb/55.5.p304

Larsson,M., Semb, H.,Winblad, B., Amberla, K.,Wahlund, L. O., and Backman, L.
(1999). Odor identification in normal aging and ealry Alzheimer’s disease:
effects of retrieval support. Neuropsychology 13, 47–53. doi: 10.1037//0894-
4105.13.1.47

Makizako, M., Makizako, H., Doi, T., Uemura, K., Tsutsumimoto, K.,
Miyaguchi, H., et al. (2014). Olfactory identification and cognitive performance
in community-dwelling older adults with mild cognitive impairment. Chem.
Senses 39, 39–46. doi: 10.1093/chemse/bjt052

Melis, M., Tomassini Barbarossa, I., Hummel, T., Crnjar, R., and Sollai, G. (2021).
Effect of the rs2890498 polymorphism of the OBPIIa gene on the human ability
to smell single molecules. Behav. Brain Res. 402:113127. doi: 10.1016/j.bbr.
2021.113127

Menashe, I., Abaffy, T., Hasin, Y., Goshen, S., Yahalom, V., Luetje, C. W., et al.
(2007). Genetic elucidation of human hyperosmia to isovaleric acid. PLoS Biol.
11:e284. doi: 10.1371/journal.pbio.0050284

Middleton, L. E., Mitnitski, A., Fallah, N., Kirkland, S. A., and Rockwood, K.
(2008). Changes in cognition and mortality in relation to exercise in late life:
a population based study. PLoS One 3:e3124. doi: 10.1371/journal.pone.00
03124

Min, J. H., Kim, S. M., Han, D. H., and Kim, K. S. (2021). The sniffing bead system,
an olfactory dysfunction screening tool for geriatric subjects: a cross-sectional
study. Geriatrics 21:54. doi: 10.1186/s12877-020-01871-7

Mitro, S., Gordon, A. R., Olsson, M. J., and Lundström, J. N. (2012). The smell of
age: perception and discrimination of body odors of different ages. PLoS One
7:e38110. doi: 10.1371/journal.pone.0038110

Miwa, T., Furukawa, M., Tsukatani, T., Costanzo, R. M., DiNardo, L. J.,
and Reiter, E. R. (2001). Impact of olfactory impairment on quality
of life and disability. Arch. Otolaryngol. Head Neck Surg. 127, 497–503.
doi: 10.1001/archotol.127.5.497

Morris, J. N., Heady, J. A., Raffle, P. A., Roberts, C. G., and Parks, J. W. (1953).
Coronary heart-disease and physical activity of work. Lancet 262, 1111–1120.
doi: 10.1016/s0140-6736(53)91495-0

Murphy, C. (2008). The chemical senses and nutrition in older adults. J. Nutr. Elder
27, 247–265. doi: 10.1080/01639360802261862

Murphy, C., Schubert, C. R., Cruickshanks, K. J., Klein, B. E. K., Klein, R., and
Nondahl, D. M. (2002). Prevalence of olfactory impairment in older adults.
JAMA 288, 2307–2312. doi: 10.1001/jama.288.18.2307

Nordin, S., Blomqvist, E. H., Olsson, P., Stjärne, P., and Ehnhage, A. (2011). Effects
of smell loss on daily life and adopted coping strategies in patients with nasal
polyposis with asthma. Acta Otolaryngol. 131, 826–832. doi: 10.3109/00016489.
2010.539625

Nordin, S., Monsch, A. U., and Murphy, C. (1995). Unawareness of smell loss in
normal aging and alzheimers-disease—discrepancy between self-reported and
diagnosed smell sensitivity. J. Gerontol. B Psychol. Sci. Soc. Sci. 50, 187–192.
doi: 10.1093/geronb/50b.4.p187

Olsson, M. J., Lundström, J. N., Kimball, B. A., Gordon, A. R., Karshikoff, B.,
Hosseini, N., et al. (2014). The scent of disease human body odor
contains an early chemosensory cue of sickness. Psychol. Sci. 25, 817–823.
doi: 10.1177/0956797613515681

Palouzier-Paulignan, B., Lacroix, M. C., Aimé, P., Baly, C., Caillol, M., Congar, P.,
et al. (2012). Olfaction under metabolic influences. Chem. Senses 37, 769–797.
doi: 10.1093/chemse/bjs059

Perricone, C., Shoenfeld, N., Agmon-Levin, N., de Carolis, C., Perricone, R., and
Shoenfeld, Y. (2013). Smell and autoimmunity: a comprehensive review. Clin.
Rev. Allergy Immunol. 45, 87–96. doi: 10.1007/s12016-012-8343-x

Pinto, J.M.,Wroblewski, K. E., Kern, D.W., Schumm, L. P., andMcClintock,M. K.
(2014). Olfactory dysfunction predicts 5-year mortality in older adults. PLoS
One 9:e107541. doi: 10.1371/journal.pone.0107541

Podewils, L. J., Guallar, E., Kuller, L. H., Fried, L. P., Lopez, O. L., Carlson, M.,
et al. (2005). Physical activity, APOE genotype, and dementia risk: findings
from the cardiovascular health cognition study.Am. J. Epidemiol. 161, 639–651.
doi: 10.1093/aje/kwi092

Ross, G. W., Petrovitch, H., Abbott, R. D., Tanner, C. M., Popper, J., Masaki, K.,
et al. (2008). Association of olfactory dysfunction with risk for future
Parkinson’s disease. Ann. Neurol. 63, 167–173. doi: 10.1002/ana.21291

Santos, D. V., Reiter, E. R., DiNardo, L. J., and Costanzo, R. M. (2004). Hazardous
events associated with impaired olfactory function. Arch. Otolaryngol. Head
Neck Surg. 130, 317–319. doi: 10.1001/archotol.130.3.317

Schubert, C. R., Cruickshanks, K. J., Fischer, M. E., Huang, G. H., Klein, B. E.,
Klein, R., et al. (2012). Olfactory impairment in an adult population: the
Beaver Dam Offspring Study. Chem. Senses 37, 325–334. doi: 10.1093/chemse/
bjr102

Schubert, C. R., Carmichael, L. L., Murphy, C., Klein, B. E., Klein, R., and
Cruickshanks, K. J. (2008). Olfaction and the 5-year incidence of cognitive
impairment in an epidemiological study of older adults. J. Am. Geriatr. Soc.
56, 1517–1521. doi: 10.1111/j.1532-5415.2008.01826.x

Schubert, C. R., Cruickshanks, K. J., Nondahl, D. M., Klein, B. E. K., Klein, R.,
and Fischer, M. E. (2013). Exercise is associated with lower long-term risk
of olfactory impairment in older adults. JAMA Otolaryngol. Head Neck Surg.
1:139. doi: 10.1001/jamaoto.2013.4759

Schubert, C. R., Fischer, M. E., Pinto, A. A., Klein, B. E. K., Klein, R.,
Tweed, T. S., et al. (2017). Sensory impairments and risk of mortality in older
adults. J. Gerontol. A Biol. Sci. Med. Sci. 72, 710–715. doi: 10.1093/gerona/
glw036

Seiberling, K. A., and Conley, D. B. (2004). Aging and olfactory and taste
function. Otolaryngol. Clin. North Am. 37, 1209–1228. doi: 10.1016/j.otc.2004.
06.006

Frontiers in Aging Neuroscience | www.frontiersin.org 8 July 2021 | Volume 13 | Article 695115

https://doi.org/10.1001/archinte.165.20.2355
https://doi.org/10.1001/archinte.165.20.2355
https://doi.org/10.1016/j.ejca.2010.07.028
https://doi.org/10.1212/wnl.53.7.1480
https://doi.org/10.1016/S0140-6736(12)61027-7
https://doi.org/10.1161/CIRCULATIONAHA.112.103879
https://doi.org/10.1080/13803391003683070
https://doi.org/10.1016/j.apmr.2004.03.019
https://doi.org/10.1016/j.apmr.2004.03.019
https://doi.org/10.1007/s00405-006-0173-0
https://doi.org/10.1080/00016480410022787
https://doi.org/10.1093/chemse/22.1.39
https://doi.org/10.1038/nature06162
https://doi.org/10.1002/lio2.291
https://doi.org/10.1111/j.1532-5415.2007.01426.x
https://doi.org/10.1111/j.1532-5415.2007.01426.x
https://doi.org/10.1093/geronb/55.5.p304
https://doi.org/10.1037//0894-4105.13.1.47
https://doi.org/10.1037//0894-4105.13.1.47
https://doi.org/10.1093/chemse/bjt052
https://doi.org/10.1016/j.bbr.2021.113127
https://doi.org/10.1016/j.bbr.2021.113127
https://doi.org/10.1371/journal.pbio.0050284
https://doi.org/10.1371/journal.pone.0003124
https://doi.org/10.1371/journal.pone.0003124
https://doi.org/10.1186/s12877-020-01871-7
https://doi.org/10.1371/journal.pone.0038110
https://doi.org/10.1001/archotol.127.5.497
https://doi.org/10.1016/s0140-6736(53)91495-0
https://doi.org/10.1080/01639360802261862
https://doi.org/10.1001/jama.288.18.2307
https://doi.org/10.3109/00016489.2010.539625
https://doi.org/10.3109/00016489.2010.539625
https://doi.org/10.1093/geronb/50b.4.p187
https://doi.org/10.1177/0956797613515681
https://doi.org/10.1093/chemse/bjs059
https://doi.org/10.1007/s12016-012-8343-x
https://doi.org/10.1371/journal.pone.0107541
https://doi.org/10.1093/aje/kwi092
https://doi.org/10.1002/ana.21291
https://doi.org/10.1001/archotol.130.3.317
https://doi.org/10.1093/chemse/bjr102
https://doi.org/10.1093/chemse/bjr102
https://doi.org/10.1111/j.1532-5415.2008.01826.x
https://doi.org/10.1001/jamaoto.2013.4759
https://doi.org/10.1093/gerona/glw036
https://doi.org/10.1093/gerona/glw036
https://doi.org/10.1016/j.otc.2004.06.006
https://doi.org/10.1016/j.otc.2004.06.006
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Sollai and Crnjar Olfactory Dysfunction and Life Activities

Shephard, R. J., and Balady, G. J. (1999). Exercise as cardiovascular therapy.
Circulation 99, 963–972. doi: 10.1161/01.cir.99.7.963

Sollai, G., Melis, M.,Magri, S., Usai, P., Hummel, T., Tomassini Barbarossa, I., et al.
(2019). Association between the rs2590498 polymorphism of Odorant Binding
Protein (OBPIIa) gene and olfactory performance in healthy subjects. Behav.
Brain Res. 372:112030. doi: 10.1016/j.bbr.2019.112030

Sollai, G., Melis, M., Mastinu, M., Paduano, D., Chicco, F., Magri, S., et al.
(2021). Olfactory function in patients with inflammatory bowel disease (IBD) is
associated with their body mass index and polymorphism in the odor binding-
protein (OBPIIa) gene. Nutrients 13:703. doi: 10.3390/nu13020703

Sollai, G., Tomassini Barbarossa, I., Usai, P., Hummel, T., and Crnjar, R.
(2020). Association between human olfactory performance and ability to detect
single compounds in complex chemical mixtures. Physiol. Behav. 217:112820.
doi: 10.1016/j.physbeh.2020.112820

Sorokowska, A., Sorokowski, P., Huanca, T., and Hummel, T. (2013). Olfaction
and environment: tsimane’ of Bolivian rainforest have lower threshold of
odor detection than industrialized German people. PLoS One 8:e69203.
doi: 10.1371/journal.pone.0069203

Steinbach, S., Proft, F., Schulze-Koops, H., Hundt, W., Heinrich, P., Schulz, S.,
et al. (2011). Gustatory and olfactory function in rheumatoid arthritis. Scand.
J. Rheumatol. 40, 169–177. doi: 10.3109/03009742.2010.517547

Stevenson, R. J. (2010). An initial evaluation of the functions of human olfaction.
Chem. Senses 35, 3–20. doi: 10.1093/chemse/bjp083

Strasser, B. (2013). Physical activity in obesity and metabolic syndrome. Ann. N Y
Acad. Sci. 1281, 141–159. doi: 10.1111/j.1749-6632.2012.06785.x

Stuck, B. A., and Hummel, T. (2015). Olfaction in allergic rhinitis: a systematic
review. J. Allergy Clin. Immunol. 136, 1460–1470. doi: 10.1016/j.jaci.2015.
08.003

Suzuki, H., Teranishi, M., Katayama, N., Nakashima, T., Sugima, S., and Sone, M.
(2021). Relationship between cognitive impairment and olfactory function
among older adults with olfactory impairment. Auris Nasus Larynk 48,
420–427. doi: 10.1016/j.anl.2020.11.020

Temmel, A. F., Quint, C., Schickinger-Fischer, B., Klimek, L., Stoller, E.,
Hummel, T., et al. (2002). Characteristics of olfactory disorders in relation to
major causes of olfactory loss.Arch. Otolaryngol. HeadNeck Surg. 128, 635–641.
doi: 10.1001/archotol.128.6.635

Tuomilehto, J., Lindstrom, J., Eriksson, J. G., Hamalainen, H., Ilanne-Parikka, P.,
Seinanen-Kinkaanniemi, S., et al. (2001). Prevention of type 2 diabetes mellitus
by changes in lifestyles among subjects with impaired glucose tolerance. N.
Engl. J. Med. 344, 1343–1350. doi: 10.1056/NEJM200105033441801

Umpierre, D., Ribeiro, P. A. B., Kramer, C. K., Leitao, C. B., Zucatti, A. T. N.,
Azevedo, M. J., et al. (2011). Physical activity advice only or structured exercise
training and association with HbA1c levels in type 2 diabetes. JAMA 305,
1790–1799. doi: 10.2337/dc18-2634

Vennemann, M. M., Hummel, T., and Berger, K. (2008). The association between
smoking and smell and taste impairment in the general population. J. Neurol.
255, 1121–1126. doi: 10.1007/s00415-008-0807-9

Wen, C. P., Wai, J. P. M., Tsai, M. K., Yang, Y. C., Cheng, T. Y. D., Lee, M.-C.,
et al. (2011). Minimum amount of physical activity for reduced mortality and
extended life expectancy: a prospective cohort study. Lancet 378, 1244–1253.
doi: 10.1016/S0140-6736(11)60749-6

Weuve, J., Kang, J. H., Manson, J. E., Breteler, M. M. B., Ware, J. H.,
and Grodstein, F. (2004). Physical activity, including walking, and
cognitive function in older women. J. Am. Med. Assoc. 292, 1454–1461.
doi: 10.1001/jama.292.12.1454

Wilson, R. S., Arnold, S. E., Schneider, J. A., Boyle, P. A., Buchman, A. S., and
Bennett, D. A. (2009). Olfactory impairment in presymptomatic Alzheimer’s
disease. Ann. N Y Acad. Sci. 1170, 730–735. doi: 10.1111/j.1749-6632.2009.
04013.x

Wilson, R. S., Schneider, J. A., Arnold, S. E., Tang, Y., Boyle, P. A., and
Bennett, D. A. (2007). Olfactory identification and incidence of mild
cognitive impairment in older age. Arch. Gen. Psychiatry 64, 802–808.
doi: 10.1001/archpsyc.64.7.802

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Sollai and Crnjar. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 9 July 2021 | Volume 13 | Article 695115

https://doi.org/10.1161/01.cir.99.7.963
https://doi.org/10.1016/j.bbr.2019.112030
https://doi.org/10.3390/nu13020703
https://doi.org/10.1016/j.physbeh.2020.112820
https://doi.org/10.1371/journal.pone.0069203
https://doi.org/10.3109/03009742.2010.517547
https://doi.org/10.1093/chemse/bjp083
https://doi.org/10.1111/j.1749-6632.2012.06785.x
https://doi.org/10.1016/j.jaci.2015.08.003
https://doi.org/10.1016/j.jaci.2015.08.003
https://doi.org/10.1016/j.anl.2020.11.020
https://doi.org/10.1001/archotol.128.6.635
https://doi.org/10.1056/NEJM200105033441801
https://doi.org/10.2337/dc18-2634
https://doi.org/10.1007/s00415-008-0807-9
https://doi.org/10.1016/S0140-6736(11)60749-6
https://doi.org/10.1001/jama.292.12.1454
https://doi.org/10.1111/j.1749-6632.2009.04013.x
https://doi.org/10.1111/j.1749-6632.2009.04013.x
https://doi.org/10.1001/archpsyc.64.7.802
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Age-Related Olfactory Decline Is Associated With Levels of Exercise and Non-exercise Physical Activities
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	Assessment of Physical, Social, and Cognitive Activity
	Olfactory Sensitivity Assessment
	Statistical Analysis

	RESULTS
	DISCUSSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


