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Abstract

:

Background: Olfaction impairment in aging is associated with increased anxiety. We explored this association in cognitively healthy controls (HCs), Mild Cognitive Impairment (MCI) and Parkinson’s disease (PD) patients. Both olfaction and anxiety have sex differences, therefore we also investigated these variances. Objectives: Investigate the association of olfaction with anxiety in three distinct clinical categories of aging, exploring the potential role of sex. Methods: 117 subjects (29 HCs, 43 MCI, and 45 PD patients) were assessed for olfaction and anxiety. We used regression models to determine whether B-SIT predicted anxiety and whether sex impacted that relationship. Results: Lower olfaction was related to greater anxiety traits in all groups (HCs: p = 0.015; MCI: p = 0.001 and PD: p = 0.038), significantly differed by sex. In fact, in HCs, for every unit increase in B-SIT, anxiety traits decreased by 7.63 in men (p = 0.009) and 1.5 in women (p = 0.225). In MCI patients for every unit increase in B-SIT, anxiety traits decreased by 1.19 in men (p = 0.048) and 3.03 in women (p = 0.0036). Finally, in PD patients for every unit increase in B-SIT, anxiety traits decreased by 1.73 in men (p = 0.004) and 0.41 in women (p = 0.3632). Discussion: Olfaction and anxiety are correlated in all three distinct diagnostic categories, but differently in men and women.
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1. Introduction


Olfaction has an important difference compared to the other sensory systems. Unlike the other senses, olfactory neurons project directly to the limbic system, bypassing the thalamus. This feature may explain strong associations between olfaction and emotion [1,2]. Since emotions and moods, such as anxiety, play a key role in cognitive aging, this uniqueness of olfaction can play a critical role in the screening and diagnosis of cognitively pathological aging, in a society where the rising age of the general population leads to suffering for patients and family members, with a relative economic and social cost.



Along with other sensory systems, olfaction is impaired in aging, a condition known as hyposmia, which occurs in over half of individuals between the ages of 65 and 80 and between 62–80% of those over the age of 80 [3] Since hyposmia is a typical symptom of Parkinson’s disease (PD), affecting 75% to 90% of patients, olfactory tests represent a sensitive screening for this disorder and have been incorporated into the established International Parkinson and Movement Disorder Society criteria for PD and prodromal PD [4]. However, olfactory screening is still little used, unlike screening for anxiety, which is extensively used in the exploration of cognitive and behavioral functions in the older individual, due to its important implications in the individual life.



The relationship between emotion/mood and olfaction is well-established [5], sharing similar evolutionary history and brain anatomical structures, particularly in the limbic regions [6]. Olfaction perception also has been demonstrated to influence mood [7] and stress response [8]. Studies on the association between olfaction and anxiety have been conducted on obsessive-compulsive, panic disorder and post-traumatic stress disorder (PTSD) patients (see [9] for a review) based on structural overlap in brain regions involved in olfaction and anxiety, like the orbitofrontal cortex, amygdala, hippocampus, and insula [10].



Coronavirus disease 2019 (COVID-19) has worldwide re-emphasized the association between olfaction and psychiatric symptoms, particularly anxiety. In fact, in the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), patients are affected by decreased sense of smell and taste [11] in conjunction with psychiatric symptoms, especially anxiety [12].



Aging, olfactory functions, and anxiety have different impacts based on sex. Sex differences in aging are well known, especially in Alzheimer’s disease (AD; [13,14,15,16,17], where women are 2/3 of the patients, and in PD, where both incidence and prevalence of PD are 1.5–2 times higher in men than in women [18]. In humans, there is an increasing sex ratio associated with aging such that there are ~50 men per 100 women among 90-year-olds [19] because men physiologically age faster than women. Olfactory functions seem to follow a similar pattern, declining more rapidly in men [20]. Women typically outperform men on olfactory tasks during normal aging, but it is not clear whether this is due to differences in peripheral sensory function or central cognitive processing of olfactory information [21]. These results suggest that age-related functional changes in men and women may follow a different path and time course, but this hypothesis has not been explicitly investigated in cognitively physiological and pathological aging. Moreover, although the association between olfaction and anxiety is well known, as well as sex differences in aging, these specific factors have not been studied in clinical and preclinical populations of older individuals.



The aim of the present study was three-fold. First, we wanted to show that olfactory function and anxiety (state and traits) are negatively correlated. Secondly, we wanted to show that this anticorrelation is present in HCs, MCI and PD, as three different diagnostic categories of aging. Finally, we wanted to explore sex differences, assuming that the anticorrelation between olfaction and anxiety follows different courses in men and women of aging populations.




2. Materials and Methods


Participants: This study was authorized by the Cleveland Clinic Institutional Review Board, Study #15-888, The Relationship between Neuropsychological Testing and MRI, PET and Blood Biomarkers in Neurodegenerative Disease (NIH), following the principles outlined in the Declaration of Helsinki (https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/, accessed 10 January 2023). We included 117 subjects from the Center of Biomedical Research Excellence (COBRE), with 29 HCs (62.1% women = age mean 71 ± 7.0 SD; men = 70.6 ± 6.8 SD), 43 MCI patients (34.9% women = age mean 73.0 ±5.3 SD; men 74.3 ± 5.9 SD) and 45 PD-MCI patients (40% women = age mean 69.44 ± 7.04 SD; men age mean 71.56 ± 7.47 SD). Our inclusion criteria for HCs, MCI and PD are as follows:



HCs: (1) Age between 55–90; (2) visual and auditory acuity; (3) good general health; (4) score of 12 or greater on the Montreal Cognitive Assessment (to ensure adequate ability to complete neuropsychological testing); (5) no signs of MCI, PD, or other dementia.



MCI: (1) Subjective memory complaints reported by themselves, study partner, or clinician; (2) objective memory loss defined as scoring below an education-adjusted cut-off score on delayed recall of Story A of the WMS-R Logical Memory Test; (3) global CDR score of 0.5; (4) general cognitive and functional performance sufficiently preserved such that a diagnosis of dementia could not be made at the time of screening.



PD: Parkinsonism is defined as bradykinesia, in combination with either rest tremor, rigidity, or both, considering supportive and absolute exclusion criteria [4]. The MDS-Unified Parkinson’s Disease Rating Scale (UPDRS) was used, with no autopsies for the diagnosis confirmation.



All the subjects were screened for psychiatric and neurological conditions at the Cleveland Clinic Lou Ruvo Center for Brain Health, the assessment, including the neuropsychological and the olfaction tests, took place at the same visit. All participants provided written informed consent.



Olfaction: We used the Brief Smell Identification Test (B-SIT 3rd edition; [22]), the most widely used olfactory test, normed and accurate, which provides an indication of smell loss associated with disorders, such as those involving memory loss and other sensory issues. It is composed of twelve “scratch and sniff” odorants, with a score range of 0–12, where higher scores represent greater olfactory function.



Anxiety: We used the State Traits Anxiety Inventory (STAI), a commonly used test allowing measuring of traits and state anxiety [23]. It is used in clinical settings to assess anxiety and to distinguish it from depressive syndromes.



Statistical analysis: Statistical analyses were conducted with IBM SPSS version 23. In HCs, MCI, and PD groups, differences between men and women were assessed using one-way ANOVAs for continuous variables (ages and education). The categorical variable “sex” (men or women) has been compared using the Yates corrected Chi-square test. We used a regression model for B-SIT predicting STAI traits and state, and an interaction regression model to determine the interaction between sex and olfaction predicting anxiety traits in all three groups.



To assess the differences among the age, education, B-SIT and STAI trait and state scores for gender separately, two one-way MANOVA were calculated. Moreover, a Duncan’s post hoc test on the univariate offered significant results.




3. Results


We found no significant age difference between HCs and PD subjects, but we found a significant difference between these two groups and the older MCI group (F(2) = 3.463; p = 0.035). We found no education difference between groups (F(2) = 2.749; p = 0.068). No significant sex differences were observed (Table 1). Loss of olfaction has a significant negative correlation with anxiety state only in MCI: r (38) = −0.39, p = 0.006, neither in HCs= r (27) = −0.13, p = 0.238; nor PD= r (43) = −0.11, p = 0.226. On the other hand, olfactory function was significantly anticorrelated with anxiety traits in all the groups. Table 1 shows our regression model for B-SIT predicting STAI traits. This model shows a significant result in HCs, with β= −2.96 (−5.29, −0.63) p = 0.015; MCI, β= −1.93 (−3.05, −0.82) p = 0.001 and PD, β= −1.06 (−2.05, −0.06) p = 0.038 (adjusted for age, sex, and education). These findings differed by sex. In our three different groups, we found that in HCs (Figure 1), for every unit increase in B-SIT, anxiety traits decreased by 7.63 in men (p = 0.009) and 1.5 in women (p = 0.225). Conversely, in MCI (Figure 1), for every unit increase in B-SIT, anxiety traits decreased by 1.19 in men (p = 0.048) and 3.03 in women (p = 0.0036); in PD, for every unit increase in B-SIT, anxiety traits decreased by 1.73 in men (p = 0.004) and 0.41 in women (p = 0.3632).



Moreover, no significant differences have been found in the age and education of the two sexes. Interestingly, men (p = 0.0001) and women (p = 0.004) showed significant differences in the B-SIT scores (Table 1). A post hoc test revealed significantly lower scores for PD than MCI and HCs. Particularly, in the men group this difference between PD and MCI was stronger (p = 0.0001) than in the women group (p = 0.035—Figure 2). Moreover, the MCI group has significantly lower score for the memory delay recall (RAVLT Delay Recall p < 0.05).



In HCs for every unit increase in B-SIT, STAI Traits decrease by 7.63 in men and 1.5 in women. In MCI for every unit increase in B-SIT, STAI Traits decrease by 3.03 in women and 1.19 in men. In PD for every unit increase in B-SIT STAI Traits decrease by 0.41 in women and 1.73 in men.




4. Discussion


Among all the sensory systems, olfaction is considered the most phylogenetically ancient, with direct anatomical connections with the limbic system, particularly the hippocampus [5,6]. This olfactory-limbic structural connection is evident in the overlap between the limbic structures involved in olfaction and emotional processing [24,25] to the point that olfactory stimulation has been used as a method for mood induction [26].



Due to the partial neural overlap of olfaction and anxiety, and research evidence of both decline of olfaction in anxiety disorders and increased anxiety in hyposmic patients, we hypothesized a negative correlation between olfaction and anxiety, regardless of cognitive status (HCs, MCI, and PD). We further assumed that this association would show a specific sex difference. The present study largely confirmed these hypotheses.



Firstly, we have shown that olfactory impairment is negatively correlated with anxiety traits. The reason why olfaction has an anticorrelation with anxiety traits in all our three groups, and not with the anxiety state, may be due to the fact that while the trait is more stable—a feature shared with olfaction—the state is temporally restricted and may fluctuate significantly with environmental rather than intrinsic influence.



Secondly, we have observed that this negative correlation between olfaction and anxiety traits is present in all three distinct diagnostic groups, confirming our second hypothesis. In other words, more anxiety traits are correlated with less olfactory functions, in physiological (HCs) and non-physiological (MCI and PD) neurocognitive aging.



Moreover, since several studies have shown differences between men and women in olfactory functions [21,26,27], we explored sex differences in the association between olfaction and anxiety, finding that anxiety traits are anticorrelated with olfaction, in both sexes but to different extents in men and women. In the HCs, better olfaction was correlated with fewer anxiety traits significantly more in men compared with women. A similar pattern was observed in the PD group, with the strongest anticorrelation of olfaction-anxiety traits in men compared with women. Conversely, in MCI subjects, although both sexes have shown an anticorrelation between olfaction and anxiety traits, we noticed an opposite trend by sex compared to HCs and PD, with the highest anticorrelation in women compared with men. One of the reasons for this divergence might be due to the fact that MCI is a broad and general category, a more heterogeneous disease, composed of different entities. Accordingly, with this premise, among MCI individuals there might be subjects who convert to Alzheimer’s Disease (AD), as the most widespread form of dementia, affecting women in almost 70% of cases [28]. Therefore, women may have an initial pathophysiological manifestation of AD, with a relatively greater association between impaired sense of smell and anxiety, compared with men. Furthermore, women may be receiving a diagnosis at later stages of pathology due a better verbal memory, a form of cognitive reserve [14,16]. As we mentioned, even though several studies have demonstrated different behavioral results between men and women in olfactory functions [21,26,27], it is not clear whether this is due to differences in peripheral sensory function or central cognitive processing of olfactory information, and this aspect deserves more investigation.



Another important aspect of this difference between peripheral sensory and central cognitive processing is related to our three distinct groups (HCs, MCI, PD). In fact, we need to be cautious in our interpretations since the MCI group has a memory deficit and this factor can impact the olfactory identification in this group. On the other hand, our PD patients do not have memory impairments, showing typical PD olfaction impairment.



The BSIT score in literature is associated with a higher level of AD pathology on autopsy (measured by a composite measure of cortical amyloid plaques and NFTs), after controlling for age, sex, education, time from olfactory testing to death, APOE e4 carrier status and episodic memory. This finding supports the notion that odor identification ability is linked with the pathologic manifestations of AD, even in asymptomatic individuals [29]. In our study, we wanted to investigate the association between the loss of olfaction and anxiety measures, exploring potential differences between men and women. In other words, we were interested in the demonstration that regardless of the presence of clinical manifestation of pathology (HCs, MCI, PD) olfaction was associated with anxiety and this association might be different between women and men, as we have shown.



It is established that olfaction can affect mood and stress response [8], and as we mentioned, it is also known that anxiety disorders, such as PTSD, are associated with olfaction impairment. Authors who have used functional Magnetic Resonance Imaging (fMRI) have shown an aging effect in which activation in olfactory-related structures, decreases in older adults compared to young healthy subjects [30]. In middle-aged subjects, a more recent fMRI study showed significant age- and sex-related decline in second-order olfactory structures, with men displaying significant aging effects [31], consistent with our results, at least in our more diagnostic-specific groups (HCs and PD). Significant aging and sex effects have been also found by another recent fMRI study [32] in which both sexes are affected by olfaction impairment associated with aging, but with women manifesting a different mechanism to compensate for age-related olfactory activation decline.



These sex-olfactory differences are consistent with our results, and with evidence from PD literature. In fact, male PD patients report more sadness, mood issues, loss of interest, taste/smelling difficulties, and anxiety, compared to healthy control men [33]. The prevalence of anxiety in this diagnosis is 31%, much higher than reported in the general population or other medically ill patients [34]. Additionally, individual variations in the olfactory performance of PD patients have been associated with sex [35]. Specifically, men with PD have greater and more frequent taste/smelling problems compared to women affected by the same pathology [33].



Smell impairment has a not negligible impact on quality of life. In the general population, hyposmic older adults are more likely to experience depressive symptoms, due to impairment of food and drink enjoyment and socializing [36], but the effect of anxiety is less clear and explored. Our results provide support for an association between sensorial decline and a general neuropsychological state [37] which deserves further investigation.



Olfactory assessment is a promising tool to study the central nervous system. Our approach can be translated into clinical applications and assessments, with the aim to find novel treatments and therapies. The negative correlation between olfaction and anxiety may have an important role in the investigation of neurological and neuropsychiatric disorders, anticipating the diagnosis of possible neurodegenerative disorders. The role of sex in this association can help elucidate pathophysiological mechanisms and guide the development of new therapeutic modalities.



Our study has limitations. The sample size is small. Also, we do not have amyloid data for all our subjects, which limits our investigation and explanation power. Moreover, diagnostic certainty in PD is impossible during life; between 75% and 95% of patients diagnosed with PD by experts have their diagnosis confirmed on autopsy [4]. Finally, this hypothesis needs longitudinal data to investigate the actual decline of the olfactory functions.



Nevertheless, our work has also strengths. There is a paucity of studies that explore sensory and emotional/feelings/mood factors associated with olfaction and similar scarcity of explicit sex difference investigation in aging. To the authors’ best knowledge this is the first study that explored the association between olfaction and anxiety in cognitively physiological and pathological aging, pointing out the role of sex in this correlation.



Future studies aimed at elucidating the interplay between neurodegenerative changes and pathologic accumulation of amyloid may account for the fact that neurodegeneration is more closely associated with worse cognition than amyloidosis [29,38,39,40]. In this perspective, the role of olfaction is important to understand whether its impairment is closer to a worse cognition or amyloid accumulation. Olfactory assessment can be a promising, valuable, and economical research, as well as a clinical tool in the study of the central nervous system, exploring correlations between sensory impairment and general neuropsychological health, helping elucidate pathophysiological mechanisms of neurological and psychiatric disorders, guiding the development of new potential therapy.







Author Contributions


The authors confirm contribution to the paper as follows. Conceptualization, F.C.; methodology: F.C.; formal analysis: F.C.; data curation: F.C.; writing original draft preparation: F.C.; investigation: A.R. and J.Z.K.C.; writing, review and editing: N.C., D.C., J.Z.K.C.; funding acquisition: D.C. and J.Z.K.C. All authors have read and agreed to the published version of the manuscript.




Funding


F.C. is supported by the Women’s Alzheimer’s Movement at Cleveland Clinic. N.C. is supported by a grant from FCT (FCT-PTDC/PSI-GER/30520/2017; NORTE-01-0145-FEDER-030520). D.C. is supported by a grant from the National Institute on Aging (RF1AG071566); an Institutional Development Award (IDeA) from the National Institute of General Medical Sciences of the National Institutes of Health under grant number 5P20GM109025, and the Nevada Exploratory Alzheimer’s Disease Research Center (NVeADRC; P20-AG068053). In addition, research reported in this publication was supported in part by private grants from the Peter and Angela Dal Pezzo funds, from Lynn and William Weidner, and from Stacie and Chuck Matthewson. J.Z.K.C. is supported by the Women’s Alzheimer’s Movement at Cleveland Clinic, and National Institute on Aging grants R01-AG074392 and P20-AG068053, and the COBRE funding: P20 GM109025.




Institutional Review Board Statement


This study was authorized by the Cleveland Clinic Institutional Review Board, Study #15-888, The Relationship between Neuropsychological Testing and MRI, PET and Blood Biomarkers in Neurodegenerative Disease (NIH).




Informed Consent Statement


All participants provided written informed consent.




Data Availability Statement


Raw data were generated at the Cleveland Clinic, Lou Ruvo Center for Brain Health. Derived data supporting the findings of this study are available from the corresponding author [F.C.] on request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Anderson, A.K.; Christoff, K.; Stappen, I.; Panitz, D.; Ghahremani, D.G.; Glover, G.; Gabrieli, J.D.; Sobel, N. Dissociated neural representations of intensity and valence in human olfaction. Nat. Neurosci. 2003, 6, 196–202. [Google Scholar] [CrossRef] [PubMed]

	



Rolls, E.T.; Grabenhorst, F.; Parris, B.A. Neural systems underlying decisions about affective odors. J. Cogn. Neurosci. 2010, 22, 1069–1082. [Google Scholar] [CrossRef] [PubMed]

	



Doty, R.L.; Shaman, P.; Applebaum, S.L.; Giberson, R.; Siksorski, L.; Rosenberg, L. Smell Identification Ability: Changes with Age. Science 1984, 226, 1441–1443. [Google Scholar] [CrossRef] [PubMed]

	



Postuma, R.B.; Berg, D.; Stern, M.; Poewe, W.; Olanow, C.W.; Oertel, W.; Obeso, J.; Marek, K.; Litvan, I.; Lang, A.E.; et al. MDS clinical diagnostic criteria for Parkinson’s disease. Mov. Disord. 2015, 30, 1591–1601. [Google Scholar] [CrossRef] [PubMed]

	



Soudry, Y.; Lemogne, C.; Malinvaud, D.; Consoli, S.-M.; Bonfils, P. Olfactory system and emotion: Common substrates. Eur. Ann. Otorhinolaryngol. Head Neck Dis. 2011, 128, 18–23. [Google Scholar] [CrossRef]

	



Aqrabawi, A.J.; Kim, J.C. Hippocampal projections to the anterior olfactory nucleus differentially convey spatiotemporal information during episodic odour memory. Nat. Commun. 2018, 9, 2735. [Google Scholar] [CrossRef]

	



De Wijk, R.A.; Zijlstra, S.M. Differential effects of exposure to ambient vanilla and citrus aromas on mood, arousal and food choice. Flavour 2012, 1, 24. [Google Scholar] [CrossRef]

	



Ludvigson, H.W.; Rottman, T.R. Effects of ambient odors of lavender and cloves on cognition, memory, affect and mood. Chem. Senses 1989, 14, 525–536. [Google Scholar] [CrossRef]

	



Burón, E.; Bulbena, A. Olfaction in Affective and Anxiety Disorders: A Review of the Literature. Psychopathology 2013, 46, 63–74. [Google Scholar] [CrossRef]

	



Etkin, A.; Wager, T.D. Functional neuroimaging of anxiety: A meta-analysis of emotional processing in PTSD, social anxiety disorder, and specific phobia. Am. J. Psychiatry 2007, 164, 1476–1488. [Google Scholar] [CrossRef]

	



Sedaghat, A.R.; Gengler, I.; Speth, M.M. Olfactory Dysfunction: A Highly Prevalent Symptom of COVID-19 With Public Health Significance. Otolaryngol. Neck Surg. 2020, 163, 12–15. [Google Scholar] [CrossRef] [PubMed]

	



Deng, J.; Zhou, F.; Hou, W.; Silver, Z.; Wong, C.Y.; Chang, O.; Drakos, A.; Zuo, Q.K.; Huang, E. The prevalence of depressive symptoms, anxiety symptoms and sleep disturbance in higher education students during the COVID-19 pandemic: A systematic review and meta-analysis. Psychiatry Res. 2021, 301, 113863. [Google Scholar] [CrossRef] [PubMed]

	



Caldwell, J.Z.; Berg, J.-L.; Shan, G.; Cummings, J.L.; Banks, S.J.; Alzheimer’s Disease Neuroimaging Initiative. Sex Moderates the Impact of Diagnosis and Amyloid PET Positivity on Hippocampal Subfield Volume. J. Alzheimer’s Dis. 2018, 64, 79–89. [Google Scholar] [CrossRef] [PubMed]

	



Caldwell, J.Z.K.; Zhuang, X.; Leavitt, M.J.; Banks, J.B.; Cummings, J.; Cordes, D.; Alzheimer’s Disease Neuroimaging Initiative. Sex moderates amyloid and apolipoprotein ε4 effects on default mode network connectivity at rest. Front. Neurol. 2019, 10, 900. [Google Scholar] [CrossRef]

	



Cieri, F.; Yang, Z.; Cordes, D.; Caldwell, J.Z.; Initiative, F.T.A.D.N. Sex Differences of Brain Functional Topography Revealed in Normal Aging and Alzheimer’s Disease Cohort. J. Alzheimer’s Dis. 2021, 80, 979–984. [Google Scholar] [CrossRef]

	



Cieri, F.; Zhuang, X.; Cordes, D.; Kaplan, N.; Cummings, J.; Caldwell, J.; Alzheimer’s Disease Neuroimaging Initiative (ADNI). Relationship of sex differences in cortical thickness and memory among cognitively healthy subjects and individuals with mild cognitive impairment and Alzheimer disease. Alzheimer’s Res. Ther. 2022, 14, 36. [Google Scholar] [CrossRef]

	



Sundermann, E.E.; Biegon, A.; Rubin, L.H.; Lipton, R.B.; Landau, S.; Maki, P.M.; Alzheimer’s Disease Neuroimaging Initiative. Does the Female Advantage in Verbal Memory Contribute to Underestimating Alzheimer’s Disease Pathology in Women versus Men? J. Alzheimers Dis. 2017, 56, 947–957. [Google Scholar] [CrossRef]

	



Benito-León, J.; Bermejo-Pareja, F.; Rodríguez, J.; Molina, J.A.; Gabriel, R.; Morales, J.M. Prevalence of PD and other types of parkinsonism in three elderly populations of central Spain. Mov. Disord. 2003, 18, 267–274. [Google Scholar] [CrossRef]

	



Ritchie, H.; Roser, M. Gender Ratio. 2019. Available online: https://ourworldindata.org/gender-ratio (accessed on 7 January 2023).

	



Blagosklonny, M.V. Why men age faster but reproduce longer than women: mTOR and evolutionary perspectives. Aging 2010, 2, 265–273. [Google Scholar] [CrossRef]

	



Kern, D.W.; Wroblewski, K.E.; Schumm, L.P.; Pinto, J.M.; Chen, R.C.; McClintock, M.K. Olfactory Function in Wave 2 of the National Social Life, Health, and Aging Project. J. Gerontol. Ser. B Psychol. Sci. Soc. Sci. 2014, 69, S134–S143. [Google Scholar] [CrossRef]

	



Doty, R.L.; Shaman, P.; Dann, M. Development of the university of Pennsylvania smell identification test: A standardized microencapsulated test of olfactory function. Physiol. Behav. 1984, 32, 489–502. [Google Scholar] [CrossRef]

	



Spielberger, C.D.; Gorsuch, R.L.; Lushene, R.; Vagg, P.R.; Jacobs, G.A. Manual for the State-Traits Anxiety Inventory; Consulting Psychologists Press: Palo Alto, CA, USA, 1983. [Google Scholar]

	



Royet, J.P.; Plailly, J.; Delon-Martin, C.; Kareken, D.A.; Segebarth, C. fMRI of emotional responses to odors: Influence of hedonic valence and judgment, handedness, and gender. Neuroimage 2003, 20, 713–728. [Google Scholar] [CrossRef]

	



Zald, D.H.; Pardo, J.V. Emotion, olfaction, and the human amygdala: Amygdala activation during aversive olfactory stimulation. Proc. Natl. Acad. Sci. USA 1997, 94, 4119–4124. [Google Scholar] [CrossRef]

	



Seubert, J.; Rea, A.F.; Loughead, J.; Habel, U. Mood Induction with Olfactory Stimuli Reveals Differential Affective Responses in Males and Females. Chem. Senses 2008, 34, 77–84. [Google Scholar] [CrossRef]

	



Doty, R.L.; Cameron, E.L. Sex differences and reproductive hormone influences on human odor perception. Physiol. Behav. 2009, 97, 213–228, Erratum in Physiol. Behav. 2009, 98, 517. [Google Scholar] [CrossRef]

	



Association, A. Alzheimer’s Disease Facts and Figures. SPECIAL REPORT. 2022. Available online: https://www.alz.org/media/documents/alzheimers-facts-and-figures.pdf (accessed on 7 January 2023).

	



Growdon, M.E.; Schultz, A.P.; Dagley, A.S.; Amariglio, R.E.; Hedden, T.; Rentz, D.M.; Johnson, K.A.; Sperling, R.A.; Albers, M.W.; Marshall, G.A. Odor identification and Alzheimer disease biomarkers in clinically normal elderly. Neurology 2015, 84, 2153–2160. [Google Scholar] [CrossRef] [PubMed]

	



Cerf-Ducastel, B.; Murphy, C. FMRI brain activation in response to odors is reduced in primary olfactory areas of elderly subjects. Brain Res. 2003, 986, 39–53. [Google Scholar] [CrossRef]

	



Wang, J.; Sun, X.; Yang, Q.X. Early Aging Effect on the Function of the Human Central Olfactory System. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2017, 72, 1007–1014. [Google Scholar] [CrossRef]

	



Martinez, B.; Karunanayaka, P.; Wang, J.; Tobia, M.J.; Vasavada, M.; Eslinger, P.J.; Yang, Q.X. Different patterns of age-related central olfactory decline in men and women as quantified by olfactory fMRI. Oncotarget 2017, 8, 79212–79222. [Google Scholar] [CrossRef] [PubMed]

	



Picillo, M.; Amboni, M.; Erro, R.; Longo, K.; Vitale, C.; Moccia, M.; Pierro, A.; Santangelo, G.; De Rosa, A.; De Michele, G.; et al. Gender differences in non-motor symptoms in early, drug naïve Parkinson’s disease. J. Neurol. 2013, 260, 2849–2855. [Google Scholar] [CrossRef] [PubMed]

	



Broen, M.P.G.; Narayen, N.E.; Kuijf, M.L.; Dissanayaka, N.N.W.; Leentjens, A.F.G. Prevalence of anxiety in Parkinson’s disease: A systematic review and meta-analysis. Mov. Disord. 2016, 31, 1125–1133. [Google Scholar] [CrossRef] [PubMed]

	



Oppo, V.; Melis, M.; Melis, M.; Barbarossa, I.T.; Cossu, G. “Smelling and Tasting” Parkinson’s Disease: Using Senses to Improve the Knowledge of the Disease. Front. Aging Neurosci. 2020, 12, 43. [Google Scholar] [CrossRef] [PubMed]

	



Gopinath, B.; Schneider, J.; Hartley, D.; Teber, E.; McMahon, C.; Leeder, S.R.; Mitchell, P. Incidence and Predictors of Hearing Aid Use and Ownership Among Older Adults With Hearing Loss. Ann. Epidemiol. 2011, 21, 497–506. [Google Scholar] [CrossRef] [PubMed]

	



Cieri, F.; Zhuang, X.; Caldwell, J.Z.K.; Cordes, D. Brain Entropy During Aging Through a Free Energy Principle Approach. Front. Hum. Neurosci. 2021, 15, 647513. [Google Scholar] [CrossRef]

	



Mormino, E.C.; Betensky, R.A.; Hedden, T.; Schultz, A.P.; Ward, A.; Huijbers, W.; Rentz, D.M.; Johnson, K.A.; Reisa, A. Amyloid and APOE e4 interact to influence short-term decline in pre-clinical Alzheimer disease. Neurology 2014, 82, 1760–1767. [Google Scholar] [CrossRef]

	



Knopman, D.S. b-Amyloidosis and neurodegeneration in Alzheimer disease: Who’s on first? Neurology 2014, 82, 1756–1757. [Google Scholar] [CrossRef]

	



Boyle, P.A.; Wilson, R.S.; Yu, L.; Barr, A.M.; Honer, W.G.; Schneider, J.A.; Bennett, D.A. Much of late life cognitive decline is not due to common neurodegenerative pathologies. Ann. Neurol. 2013, 74, 478–489. [Google Scholar] [CrossRef]








[image: Jcm 12 02338 g001 550] 





Figure 1. HC, MCI, PD partial regression plot of B-SIT*Sex interaction predicting STAI Traits (controlled for age and education). 
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Figure 2. Error bars denote the standard errors and the * = p > 0.05 and ** = p < 0.001. 
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Table 1. Descriptive and regression analysis for the variables STAI Traits and B-SIT, adjusted for age, gender, and education. p-values for the adjusted models, adjusted for age, gender, and education.
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HC

	
MCI

	
PD




	

	
M

	
W

	
M

	
W

	
M

	
W






	
N (%)

	
11

	
(37.93)

	
18

	
(62.06)

	
28

	
(65.11)

	
15

	
(34.88)

	
27

	
(60)

	
18

	
(40)




	
Age in years,

Mean ± S.D

	
71.00

	
±7.03

	
70.17

	
±5.97

	
74.32

	
±5.98

	
73.07

	
±5.01

	
71.56

	
±7.47

	
69.44

	
±7.04




	
Education in years,

Mean ± S.D

	
16.91

	
±2.02

	
15.89

	
±2.83

	
16.21

	
±2.50

	
14.73

	
±2.74

	
15.30

	
±2.98

	
14.11

	
±2.42




	
B-SIT Score

Mean ± S.D

	
10.00

	
±1.55

	
9.72

	
±1.81

	
8.75

	
±2.08

	
8.73

	
±2.40

	
5.33

	
±2.80

	
6.61

	
±3.45




	
STAI Trait Score

Mean ± S.D

	
34.09

	
±10.89

	
31.28

	
±9.28

	
30.04

	
±6.82

	
32.92

	
±10.63

	
32.59

	
±8.50

	
34.83

	
±12.00




	
STAI State Score

Mean ± S.D

	
25.82

	
±7.08

	
32.33

	
±11.89

	
33.44

	
±12.73

	
37.85

	
±11.85

	
33.93

	
±9.39

	
34.33

	
±12.17




	
Regression analysis for the variables “STAI and B-SIT”




	
Group

	
Unadjusted

	
Adjusted

	
p Value




	
HC

	
−2.26 (−4.37, −0.15)

	
−2.96 (−5.29, −0.63)

	
0.015




	
MCI

	
−1.64 (−2.74, −0.54)

	
−1.93 (−3.05, −0.82)

	
0.001




	
PD

	
−0.57 (−1.59, 0.44)

	
−1.06 (−2.05, −0.06)

	
0.038




	
Yates corrected χ2 to assess sex differences




	

	
χ2

	
df

	
p Values




	
HC

	
0.28

	
(1)

	
0.274




	
MCI

	
1.19

	
(1)

	
0.595




	
PD

	
0.41

	
(1)

	
0.524




	
One-way Multivariate Analysis of Variance for age and education for the sex




	

	
Wilks Lambda (λ)

	
F

	
df

	
p Values




	
Males

	
0.906

	
1.55

	
(4.124)

	
0.191




	
Females

	
0.864

	
1.77

	
(4.94)

	
0.140




	
One-way Multivariate Analysis of Variance for age and education for B-SIT and STAI




	

	
Wilks Lambda (λ)

	
F

	
df

	
p Values




	
Men

	
0.485

	
8.71

	
(6.120)

	
0.0001




	
B-SIT

follow up ANOVA

	

	
20.62

	
(2.62)

	
0.0001




	
STAI trait

follow up ANOVA

	

	
1.14

	
(2.62)

	
0.32




	
STAI state

follow up ANOVA

	

	
2.51

	
(2.62)

	
0.08




	
Women

	
0.725

	
2.55

	
(6.88)

	
0.024




	
B-SIT

follow up ANOVA

	

	
6.09

	
(2.46)

	
0.004




	
STAI trait

follow up ANOVA

	

	
0.80

	
(2.46)

	
0.454




	
STAI state

follow up ANOVA

	

	
0.49

	
(2.46)

	
0.611








Significant p values are marked in bold. Abbreviations: MCI = Mild Cognitive Impairment; HCs = Healthy Controls; PD = Parkinson’s disease; SD = Standard Deviation.
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