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Abstract

:

Mild cognitive impairment (MCI) is a significant concern as it is a risk factor for AD progression, and early detection is vital in order to delay dementia onset and enable potential therapeutic interventions. Olfactory impairment is recognized as a predictive biomarker in neurodegenerative processes. The aims of this study were to explore the degree of entorhinal cortical atrophy (ERICA) and the severity of MCI symptoms; to analyze magnetic resonance imaging (MRI) results for the entorhinal cortex, parahippocampal gyrus, peri entorhinal cortex, and the cerebellar tentorium; and to perform a comprehensive neuropsychological and psychophysical assessment. The main results highlighted that in our sample—multidomain amnesic MCI patients with hyposmic symptomatology—we found that ERICA scores were associated with the severity of anxiety symptomatology. One possible hypothesis to explain this observation is that anxiety may contribute to neurodegenerative processes by inducing chronic stress and inflammation. Future research should consider the longitudinal development of neuropsychological scores, anxiety disorders, and brain atrophy to determine their potential predictive value for MCI progression. These findings suggest the importance of psychological factors in MCI progression and the utility of neuropsychological assessment alongside neuroimaging techniques for early detection and follow-up in MCI patients.






Keywords:


olfactory perception; mild cognitive impairment; enthorinal cortex; anxiety; neurodegenerative processes; biomarkers; ERICA












1. Introduction


Mild cognitive impairment (MCI) can represent an intermediate stage between normal cognitive aging and dementia, notably Alzheimer’s Disease (AD) [1]. Individuals with MCI typically display cognitive deficits that exceed those expected for their age and education level, but these impairments do not significantly hinder their daily activities [2]. Despite this, MCI is of significant concern as it has been identified as a risk factor for progression towards AD [3]. Therefore, early detection of MCI is crucial in order to delay the onset of dementia and to allow the implementation of potential therapeutic interventions [4]. Some studies on MCI subjects have shown that not all subjects develop dementia, but only a percentage varying from 12 to 30% per year. Furthermore, patients can remain stable over time from a cognitive point of view, or even improve [5].



The scientific community’s efforts are currently aimed towards identifying those at the most significant risk of conversion. In particular, research is currently aimed, on the one hand, at identifying biological and neurophysiological markers (e.g., cerebrospinal fluid and morphological, electrophysiological, and functional imaging) that could be predictive of conversion, and, on the other, at identifying neuropsychological tools that are increasingly sensitive to the cognitive deficits that characterize subjects with MCI destined to evolve into dementia [6].



Moving away from the identification and international classification of MCI, we know that mild cognitive decline can be classified as a deficit in cognitive function at its onset, and it can be identified as one of four subtypes [7]:




	(1)

	
Single domain amnesic MCI: this is a rare form that only involves memory and correlates with the evolution of Alzheimer’s disease;




	(2)

	
Multiple domain amnesic MCI represents the prevalent form, in which memory is compromised together with one or more different cognitive domains;




	(3)

	
Non-amnesic single domain MCI exclusively involves the cognitive domain, except memory;




	(4)

	
Non-amnesic multiple domain MCI, in which two or more cognitive domains are involved, except memory.









From some of the research in the literature, it has emerged that the type of dementia that the person diagnosed with MCI will develop depends on the type of cognitive domain that deteriorates during the initial phase. For example, we can see that patients with deterioration only and exclusively in the memory domain will almost certainly develop Alzheimer’s disease; patients with deterioration of multiple cognitive domains will develop vascular dementia or Alzheimer’s; and finally, those who present deterioration of only one cognitive domain other than memory will more likely develop frontotemporal dementia, Lewy body dementia, vascular dementia, Alzheimer’s disease, or progressive aphasia [8,9].



Most authors have considered memory tests to be the best predictor of the development of AD in healthy elderly subjects and patients classified as having MCI—in subjects with MCI, the predictive memory disorder appears more selective and is represented by different recalls, independent of the test mode, stimulus (visual or verbal), and the structure of the memorization (word list or story).



In subjects in the preclinical phase of AD, episodic, semantic, and working memory tests appear to represent the predictors.



Furthermore, many studies report a semantic memory deficit (semantic fluency) in a high percentage of patients with MCI who develop AD. In contrast, others think it is due to damage to the perirhinal/entorhinal cortex.



Returning to the peculiarities of this disorder, we must mention the impairment of short- and long-term memory; at least one cognitive alteration (between aphasia, apraxia, and agnosia or alteration of executive function); and the impairment of adaptive behavior. Related to cognitive deterioration in dementia, we find ‘Pseudo’ Dementia with symptoms such as memory loss, difficulty concentrating, language disorder, loss of appetite, and other behavioral symptoms that may be present in the depressive form or in other psychiatric syndromes that are mistaken for forms of dementia. It is essential to recognize that depression and dementia can share common symptoms, and to accurately differentiate between patients with depression who are suspected of having dementia [10].



Regarding the diagnosis, however, accurate discrimination of the typical aspects of dementia, typical of depression and areas of comorbidity, is necessary.



In regard to the diagnosis, it is necessary, through genetic tests and techniques based on neuroimaging, to diversify from dementia and give high importance to the neuropsychological evaluation, as the latter allows us to discern the early signs of a syndrome and define the subtypes depending on the prevalence or otherwise of memory disorders and other concomitant pathologies.



The amnesic type appears to be the one that most predisposes the individual to developing dementia, and other factors, such as the comorbidity of depression, seem to indicate a significant impact on the evolution of dementia.



Many recent studies indicate how the compromised olfactory response can be considered a biomarker of the development of neurodegenerative pathology [6,11,12,13]. Due to olfactory processing’s reliance on the mesial temporal areas, which are among the first to exhibit neuropathological changes in prodromal AD, olfactory perception reflects the underlying pathology in the earliest stages of this disease [14]. In particular, one of our previous studies indicates how the electrophysiological responses in MCI are compromised in the early components of chemosensory event-related potentials (CSERPs) and olfactory event-related potentials (OERPs), and are compensatory in the slower components [12]. This indicates that, even if anosmia cannot be diagnosed psychophysically, the electrophysiological and psychophysiological traits can show precisely how the impairment is visible with cortical imaging. The cortical site that should elicit the response of the OERPs is the entorhinal and perirhinal cortex [15,16,17].



The entorhinal cortex incorporates several parts of the olfactory cortex and sends and receives information to and from the hippocampus, the limbic system’s main structure [18]. Nonetheless, this connection is hypothesized to stimulate olfactory memory [19].



Any anomalies affecting the entorhinal cortex are associated with pathologies of different natures to AD [13,20]. Thus, the accumulation of the mutated Tau protein and the neurofibrillary clusters it produces tends to occur mainly in this area.



Recent functional magnetic resonance imaging (fMRI) studies identified the entorhinal area as the gateway to AD [21]. Entorhinal deterioration causes cognitive disorders that gradually reduce hippocampus volume, which is a typical condition of patients with AD.



On the other hand, psychiatric diseases—such as schizophrenia—and mood disorders are associated with impairment of the entorhinal cortex [22]. Anxiety and depression can alter olfactory perception. Depressed individuals, for example, may experience hyposmia, which could be linked to neurobiological changes in brain areas related to mood. A recent electrophysiological study shows us how the latencies of slow components elicited by trigeminal stimuli are directly proportional to anxious states in healthy subjects; this further demonstrates how the olfactory pathway is actually strongly implicated in other functional dimensions, both emotional and cognitive [23].



Moreover, the perientorhinal and hippocampal regions are critically involved in memory and spatial navigation [18], functions that are mildly impaired in MCI and strongly impaired in AD. In AD, these areas are among the first to undergo pathological changes such as atrophy, progressively affecting other brain regions [24].



Hippocampal and entorhinal atrophy (ERC) plays an important role in designing biomarkers for patients with “MCI due to AD”. Compared to healthy subjects, hippocampal volumes for AD patients are reduced by 26–27% and ERC volumes by 38–40%; MCI patients show intermediate medial temporal lobe (MTL) and ERC atrophy levels. MCI is known for frontal and temporal GM loss, atrophy in the primary olfactory cortex, and some basal forebrain cholinergic system structures.



As the disease progresses, atrophy advances to the rest of the MTL, where gray matter (GM) loss occurs in the medial temporal gyrus, parahippocampus, parahippocampal and fusiform gyrus, and temporal lobe. Nesteruk et al. found that MTL atrophy discriminates MCI to AD converters from non-converters [25].



Additional limbic structures, including the amygdala, olfactory bulb tract, cingulate gyrus, and thalamus, are affected in AD. As the disease progresses, atrophy spreads to cortical regions. The frontal, parietal, and temporal brain areas undergo volumetric reductions, as do the putamen and the basal forebrain cholinergic system. Atrophy is also found in the primary olfactory cortex and lower-level brain areas, including the cerebellum and brainstem. Structural MRI scans also display white matter hyperintensities (WMHs), indicating demyelination and axonal loss. Compared to healthy subjects, AD patients show greater WMHs, most of which are in the frontal lobe. For patients along the AD spectrum, WMHs are related to hippocampal atrophy, in addition to neuropsychological deterioration and psychiatric disorders. Moreover, neuropsychological assessment is an integral part of the diagnostic process for MCI. It comprehensively evaluates cognitive functions, including memory, attention, executive functions, language, and visuospatial abilities [26]. Starting from these theoretical premises linked to biomarkers in MCI—since we have already studied MCI and the electrophysiological olfactory response (not always finding anosmia or hyposmia, but more often a basic sensorial compensatory process that covers a perceptive olfactory impairment)—the aim of this study was to begin to investigate, in a preliminary way, through a neuroimaging tool with a high spatial resolution (but lower temporal resolution), the entorhinal, perirhinal, and parahippocampal impairment processes of our subjects and whether their levels of impairment/atrophy are connected to behavioral and psychophysical aspects that can be assessed through a complete neuropsychological, psychophysical, and psychological investigation. ERICA score [1] was chosen because the entorhinal cortex and the transentorhinal region are among the first brain structures to show pathological changes in AD, even before such changes appear in the hippocampus [27], and are representative of the olfactory, spatial, and emotional functions.




2. Materials and Methods


2.1. Subjects


This is a cross-sectional study conducted between January 2022 and September 2022. A total of 48 MCI subjects (mean <range> age, 71 <51–82> years; 24 <50.0%> females) were recruited for the study at the Unit of Neurology, Vito Fazzi Hospital, Lecce, Italy. Inclusion criteria were as follows: (1) age ≥ 60 years; (2) subjective cognitive complaints; (3) objective cognitive impairment in one or more domains, not severe enough to interfere with daily function; (4) preserved general cognitive function; (5) absence of dementia. Exclusion criteria included the following: (1) diagnosis of dementia according to DSM-V criteria; (2) active neurological or psychiatric disorders that could account for cognitive deficits; (3) history of traumatic brain injury, stroke, or other neurological conditions; (4) sensory impairments that could significantly impact cognitive testing; and (5) inadequate proficiency in the Italian language.



Patients with confirmed MCI completed the neuropsychological and psychophysical assessment with the following tests: MMSE (Mini-Mental State Examination) [28], Digit Span [29], Rey Auditory Verbal Learning Test (RAVL) [30], CORSI Block Tapping Test [31], TMT (Trail Making Test) [32], Sniffin’ Sticks Test for olfactory perception [33], Prose Memory: Babcock Story [34], FAB (Frontal Assessment Battery) [35], Visual Attention Test (Attentive Matrices), BAI (Beck Anxiety Inventory), BDI-II (Beck Depression Inventory II), Activities of Daily Living (ADL), Instrumental Activities of Daily Living (IADL), G8 Geriatric Assessment, Mediterranean diet adherence. No assessment was performed in the neurology unit for SARS-CoV-2, despite the fact that this infection can lead to inflammatory and neurodegenerative processes, which partly overlap with MCI symptoms [36].



The patients were evaluated for the neuropsychological and psychophysics assessment in the INSPIRE Laboratory, a laboratory focused on psychophysiological and cognitive processes related to olfaction in the Department of Biological and Environmental Sciences and Technologies, University of Salento. The same patients were evaluated for the neuroradiological assessment in the Neuroradiology Operative Unit of Vito Fazzi Hospital in Lecce. The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of Vito Fazzi Hospital, protocol Verb. N36 (date of approval: 13 May 2016) and addendum n. 74 (date of approval: 22 April 2022). The patients signed an informed consent form before starting the neuropsychological evaluation battery.




2.2. Perientorhinal/Hippocampal MRI


All patients with MCI underwent MRI, performed on a 1.5 T scanner according to general brain MR protocol. MRI Images were acquired with a 1.5 T MR scanner imaging unit (Achieva, Philips Healthcare, Best, The Netherlands). Coronal sections aligned to the brainstem with a section thickness of 1 mm were evaluated after software-based multiplanar reconstruction of high-spatial resolution three-dimensional T1-weighted sequences (isotropic three-dimensional gradient echo; voxel size, 1.0 × 1.0 × 1.0 mm; echo time, 3.8 ms; repetition time, 8.3 ms). MRI images were visually inspected by the neuroradiologist to ensure sufficient technical quality and to exclude individuals with neuroradiologic conditions that could potentially interfere with cognitive functioning (e.g., cortical infarction, tumor, subdural hematoma, hydrocephalus). No subject belonged to these clinical categories. Visual evaluation of entorhinal cortex atrophy was performed using a four-point entorhinal cortical atrophy (ERICA) scoring system. Measurements were made by an expert neuroradiologist on coronal images according to a plane parallel to the third ventricle weighted T1. ERICA scores [20] were defined as score 0 for normal volume of the entorhinal cortex and parahippocampal gyrus; ERICA score 1 for mild atrophy with widening of the collateral sulcus; ERICA score 2 for moderate atrophy of the entorhinal cortex with “tentorial cleft sign”; and ERICA score 3 for emphatic atrophy of the parahippocampal gyrus with a wide cleft between the entorhinal cortex and the cerebellar tentorium (see Figure 1).




2.3. Statistical Analysis


Descriptive analysis evaluated the neuropsychological and olfactory scores’ mean (m) and standard deviation (sd).



Shapiro–Wilk normality tests were performed on each neuropsychological test to assess the normality of the sample used.



To evaluate gender differences in the group’s psychophysical olfactory characteristics (i.e., the Sniffin’ Sticks Test), a parametric one-way analysis of variance (ANOVA) was performed.



Effect sizes were calculated as eta-squared (η2) for analysis of variance (ANOVA) and Cohen’s d for Tukey’s post hoc test. To examine the effect of the degree of cerebral atrophy on neuropsychological test performance, we performed a single one-way nonparametric ANOVA for each test with a nonparametric distribution and a one-way ANOVA for each test with a normal distribution, as well as multiple linear regression (STEPWISE method) considering all the comprehensive neuropsychological assessments.



Moreover, a power analysis was performed to evaluate the specified design.





3. Results


Descriptive analysis showed mild impairment in MMSE scores (MMSE m = 24; sd = 4.8) and mild or strong impairment in other cognitive domains (15 Ray W Imm m = 31.33, sd = 8.9; 15 Ray W diff m = 5.97, sd = 3.3; ADL m = 5.4, sd = 0.96; BAI m = 12.3, sd = 10.9; BDI m = 12, sd = 9.4; Corsi m = 3.5, sd = 1.5; Digit SPAN m = 5, sd = 0.9; FAB m = 11.4, sd = 3.8; Fonemic Fluency m = 22.04, sd = 11; G8 m = 11.7, sd = 2.5; IADL m = 6.6, sd = 1.6; Prose Memory m = 8.29, sd = 4.8; Raven’s Matrices m = 21.2, sd = 13.2; Rey Pic Imm m = 27.16, sd = 10.9; Rey Pic Diff m = 9.18, sd = 7.3; Semantic Fluency m = 13.6, sd = 6.1; TMT-A m = 65.5, sd = 42.7; TMT-B m = 198.5, sd = 167). Olfactory psychophysical assessment, scored with the Sniffin’ Sticks Test, highlighted hyposmia (Sniffing m = 5.7, sd = 2.3; minimum score 2-, maximum score 8).



The one-way ANOVA did not show significant differences in psychophysical olfactory characteristics between genders, which were assessed through the Sniffin’ Sticks Test (F = 0.586; p = 0.448; η2 = 0.012).



Shapiro–Wilk normality tests were performed on each neuropsychological test to assess the sample’s normality. The following tests presented a nonparametric distribution: MMSE, TMT-A, TMT-B, BAI, ADL, IADL 15 Ray W Diff and 15 Ray W IMM, and Prose Memory. A single Kruskal–Wallis test was performed for each nonparametric distribution of the cognitive scales to analyze nonparametric scores.



One-way nonparametric ANOVA highlighted significant differences only for the BAI test (Kruskal–Wallis test statistic 9.62, p = 0.008). Post hoc comparison showed significant differences between ERICA scores of 0 and 2 (t = −3.8, ptukey = 0.004) and a result at the limit of significance between ERICA scores of 1 and 2 (t = −2.5, ptukey = 0.057), in the direction of an increase in BAI linked to the increase in ERICA scores (0 = mean 5, sd = 4.30; 1 = mean 11, sd = 5.86; 2 = mean 22.33, sd = 12.95) (Figure 2). BAI values for ERICA score 3 were missing (6 patients). Other neuropsychological tests showed no significant differences (see Table 1 for nonparametric ANOVA and Table 2 for one-way ANOVA).



As the BAI increases, indicating a higher degree of anxiety symptomatology, the degree of atrophy in the perientorhinal/hippocampal cortex correspondingly increases, as reflected by a higher ERICA score (Figure 2).



Multiple regression analysis (STEPWISE method), considering ERICA as the dependent variable and neuropsychological tests as the covariate (R2 = 0.554, RMSE = 0.515, F = 16.125, p = 0.001), confirmed the ANOVA results. BAI scores are significant to the multiple regression model (t = 4.016, p = 0.001) (see Figure 3).



Power analysis (independent sample t-test), carried out after the study had already been completed, shows us the limits of our model’s power. The power contour plot (Figure 4) shows how the sensitivity of the test changes with the hypothetical effect size and the sample sizes in the design. As we increase the sample sizes, smaller effect sizes become reliably detectable. Conversely, smaller sample sizes are needed if one is satisfied by reliably detecting only larger effect sizes. The point shows the power of the specified design and effect size.




4. Discussion and Limits of the Study


This study examines the correlation between the degree of perientorhinal and hippocampal atrophy assessed by MRI and cognitive performance in a sample of hyposmic multidomain MCI patients, as evaluated through a comprehensive neuropsychological and psychophysical evaluation. Our results indicate a positive correlation between the degree of anxious symptomatology and the degree of atrophy of the perirhinal/hippocampal cortex, measured through the ERICA score. ERICA score [1] was used because several neuropathological, volumetric, and functional MRI studies have already shown that the entorhinal cortex and the transentorhinal region are among the first brain structures to show pathological changes in AD, even before such changes appear in the hippocampus [27]. One possible hypothesis to explain this observation is that anxiety may contribute to neurodegenerative processes by inducing chronic stress and inflammation [37]. Stress has been implicated in the pathogenesis of several neurodegenerative disorders, including Alzheimer’s disease, through its effects on the hypothalamic–pituitary–adrenal (HPA) axis [38] and the release of stress hormones such as cortisol [39]. Chronic stress can also lead to increased inflammation in the brain, which has been linked to the development and progression of neurodegenerative diseases [40]. Recent studies have indicated that anxiety can be an independent risk factor for Alzheimer’s disease, separate from the presence of depression. Anxiety is particularly prevalent among MCI patients compared to those with more advanced stages of dementia, especially if they retain insight into their condition. Much of the literature suggests that anxiety is a result of Alzheimer’s disease neuropathology rather than hippocampal damage from anxiety-induced mechanisms, such as elevated cortisol levels. Higher anxiety levels correlate with lower metabolism in the bilateral entorhinal cortex, bilateral anterior parahippocampal gyrus, left anterior superior temporal gyrus, and left insula [41]. Another possible explanation is that anxiety and depression may be early symptoms of neurodegeneration rather than risk factors for its progression [42]. This hypothesis is supported by previous studies that have shown a high prevalence of depression and anxiety in individuals with MCI, and by the fact that these symptoms often precede the onset of cognitive impairment in neurodegenerative diseases [43,44]. However, it is also important to note that the observed correlation between anxiety symptoms and cortical atrophy does not establish a causal relationship between the two—it is possible that other factors, such as genetic predisposition or environmental exposures, may be responsible for both anxiety symptoms and cortical atrophy [45,46]. Furthermore, the observed correlation may be confounded by factors, such as age or gender, not fully accounted for in this study. Thus, further research is needed in order to clarify the relationship between anxiety symptoms and cortical atrophy in MCI patients, and to explore the underlying mechanisms that may be involved. Longitudinal studies may be useful in determining whether anxiety symptoms predict the progression of cortical atrophy over time, or whether they are simply a marker of ongoing neurodegenerative processes. The findings of our study also have implications for the development of interventions to prevent or slow down the progression of MCI and dementia. These interventions may encompass a spectrum of approaches, including cognitive behavioral therapy for anxiety, stress management techniques, or other interventions aimed at reducing anxiety symptoms. In addition, incorporating the use of neuroimaging techniques into routine clinical practice to monitor brain atrophy in MCI patients with anxiety symptoms could help to identify those at higher risk of cognitive decline and inform targeted interventions. By identifying individuals at heightened risk of cognitive decline through such imaging assessments, clinicians can devise targeted intervention strategies to mitigate progression. This proactive approach not only facilitates early intervention, but also enables the customization of treatment plans to address the unique needs of each patient. In essence, leveraging both psychological interventions and neuroimaging technologies presents a promising avenue for optimizing clinical care and enhancing outcomes for individuals with MCI. By integrating these approaches into comprehensive care plans, healthcare providers can take proactive steps toward managing MCI more effectively and ultimately improve affected individuals’ quality of life.



Although our study provides critical preliminary findings, it is essential to acknowledge some of its limitations and provide a more comprehensive context for our findings. Firstly, the small sample size, the low power of the design, and the absence of a control group without MCI may limit the generalizability of our results. Moreover, with it being an exploratory study of many of the components involved, we were not able to take into consideration finer analyses that could discriminate the various types of anxiety, such as, for example, mixed anxiety and depressive disorder, the incipit of late-life depression, or generalized anxiety disorder. Furthermore, subjects with psychiatric disorders were excluded from the sample; therefore, MCI patients with full-blown depressive comorbidity who were undergoing pharmacological treatment for depression were not recruited. This did not allow us to evaluate an effective continuum on the overlap and evolution of anxiety and depression, as Beck’s model indicates [47]. Another critical limitation, precisely concerning the focus on anxiety, was the lack of analysis of the types of anxiolytics and antidepressants, if used, by the patients who had been recruited into the study. A further factor predisposing the establishment of a process of cognitive impairment could also be pharmacological, because some anxiolytics and antidepressants, taken chronically, could lead to AD [48]. Additionally, our study focused specifically on the entorhinal cortex and parahippocampal gyrus, but anxiety symptoms may also be related to atrophy in other brain regions. For example, different levels of atrophy could be present in the insula and right putamen, or the parahippocampal and hippocampal areas [48].



A further important limitation of the study is that it did not consider the aspect of SARS-CoV-2 viral infection—which, in other studies, we have considered and compared to MCI—given the possibility of etiopathogenetic overlap, especially for the part connected to the impairment of olfactory functionality (also evidenced by atrophy of the bulb) [49].



Last but not least, we did not perform a follow-up to check the evolution of the disease.



Therefore, future studies with larger sample sizes and comparison groups are warranted to confirm our findings. Additionally, our cross-sectional design precludes us from establishing causality between anxiety symptoms, cortical atrophy, and MCI. Longitudinal studies that follow patients over time are necessary to establish the temporal relationships between these variables and to determine the potential predictive value of neuropsychological scores and brain atrophy measures for MCI progression. Such longitudinal approaches will produce invaluable insights into the underlying mechanisms driving cognitive decline, and facilitate the development of more efficacious interventions and treatment modalities for individuals at risk of MCI.



Additionally, it is important to highlight, as we said before, that our study predominantly focuses on the entorhinal cortex and hippocampal gyrus—this selective emphasis may impact the interpretation of our findings, as other brain regions could also significantly influence the observed correlations. Consequently, future research endeavors should strive to include a more comprehensive assessment of these factors to better elucidate their contributions to the relationship between anxiety symptoms, cortical atrophy, and MCI. Despite these limitations, our study contributes to the growing body of literature investigating the possible relationship between anxiety symptoms and brain atrophy in MCI patients, highlighting the need for further investigation in this area.




5. Conclusions


In conclusion, the results of our study suggest that anxiety may play a critical role in the progression of MCI. This discovery sheds light on the intricate nature of MCI and highlights the need for a comprehensive assessment that considers neuroimaging techniques and neuropsychological evaluations. Integrating these two assessment tools may offer clinicians and researchers a deeper understanding of MCI, leading to more accurate diagnoses and targeted treatment options. By acknowledging the pivotal role of psychological factors, such as anxiety, in MCI progression, we stand to enhance the early detection and ongoing management of MCI patients. This proactive approach not only holds the potential for improving patient outcomes, but also contributes to enhancing their overall quality of life. As we unravel the multifaceted nature of MCI, integrating psychological considerations into clinical practice becomes increasingly imperative for delivering personalized and effective care to individuals affected by this condition.







Author Contributions


Conceptualization, S.I.; methodology, S.I., G.T., A.P. and M.C.; formal analysis, S.I.; investigation, G.A., G.T., G.B. and A.P.; writing—original draft preparation, S.I., G.T. and A.P.; MRI section—writing and editing, A.P. and L.S.; writing—review and editing, M.d.T., V.C., P.B.-R., G.S. and S.I. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of Vito Fazzi Hospital, protocol Verb. N36- (date of approval: 13 May 2016) and addendum n. 74 (date of approval: 22 April 2022).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data are available upon request from the corresponding author. The data are not publicly available as they contain information that could compromise the privacy of research participants.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Hallett, M.; Aybek, S.; Dworetzky, B.A.; McWhirter, L.; Staab, J.P.; Stone, J. Functional Neurological Disorder: New Subtypes and Shared Mechanisms. Lancet Neurol. 2022, 21, 537–550. [Google Scholar] [CrossRef]

	



Gauthier, S.; Reisberg, B.; Zaudig, M.; Petersen, R.C.; Ritchie, K.; Broich, K.; Belleville, S.; Brodaty, H.; Bennett, D.; Chertkow, H.; et al. Mild Cognitive Impairment. Lancet 2006, 367, 1262–1270. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, N.L.; Unverzagt, F.; LaMantia, M.A.; Khan, B.A.; Boustani, M.A. Risk Factors for the Progression of Mild Cognitive Impairment to Dementia. Clin. Geriatr. Med. 2013, 29, 873–893. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.-X.; Liang, N.; Li, X.-L.; Yang, S.-H.; Wang, Y.-P.; Shi, N.-N. Diagnosis and Treatment for Mild Cognitive Impairment: A Systematic Review of Clinical Practice Guidelines and Consensus Statements. Front. Neurol. 2021, 12, 719849. [Google Scholar] [CrossRef] [PubMed]

	



Stephan, B.C.M.; Hunter, S.; Harris, D.; Llewellyn, D.J.; Siervo, M.; Matthews, F.E.; Brayne, C. The Neuropathological Profile of Mild Cognitive Impairment (MCI): A Systematic Review. Mol. Psychiatry 2012, 17, 1056–1076. [Google Scholar] [CrossRef] [PubMed]

	



Davatzikos, C.; Bhatt, P.; Shaw, L.M.; Batmanghelich, K.N.; Trojanowski, J.Q. Prediction of MCI to AD Conversion, via MRI, CSF Biomarkers, and Pattern Classification. Neurobiol. Aging 2011, 32, 2322.e19–2322.e27. [Google Scholar] [CrossRef] [PubMed]

	



Kasper, S.; Bancher, C.; Eckert, A.; Förstl, H.; Frölich, L.; Hort, J.; Korczyn, A.D.; Kressig, R.W.; Levin, O.; Palomo, M.S.M. Management of Mild Cognitive Impairment (MCI): The Need for National and International Guidelines. World J. Biol. Psychiatry 2020, 21, 579–594. [Google Scholar] [CrossRef] [PubMed]

	



Verghese, J.; De Sanctis, P.; Ayers, E. Everyday Function Profiles in Prodromal Stages of MCI: Prospective Cohort Study. Alzheimers Dement. 2023, 19, 498–506. [Google Scholar] [CrossRef] [PubMed]

	



Festari, C.; Massa, F.; Cotta Ramusino, M.; Gandolfo, F.; Nicolosi, V.; Orini, S.; Aarsland, D.; Agosta, F.; Babiloni, C.; Boada, M.; et al. European Consensus for the Diagnosis of MCI and Mild Dementia: Preparatory Phase. Alzheim. Dement. 2023, 19, 1729–1741. [Google Scholar] [CrossRef]

	



Tetsuka, S. Depression and Dementia in Older Adults: A Neuropsychological Review. Aging Dis. 2021, 12, 1920–1934. [Google Scholar] [CrossRef]

	



Walla, P.; Duregger, C.; Deecke, L.; Dal-Bianco, P. Dysfunctional Incidental Olfaction in Mild Cognitive Impairment (MCI): An Electroencephalography (EEG) Study. Brain Sci. 2011, 1, 3–15. [Google Scholar] [CrossRef] [PubMed]

	



Invitto, S.; Piraino, G.; Ciccarese, V.; Carmillo, L.; Caggiula, M.; Trianni, G.; Nicolardi, G.; Di Nuovo, S.; Balconi, M. Potential Role of OERP as Early Marker of Mild Cognitive Impairment. Front. Aging Neurosci. 2018, 10, 272. [Google Scholar] [CrossRef]

	



Devanand, D.P.; Michaels-Marston, K.S.; Liu, X.; Pelton, G.H.; Padilla, M.; Marder, K.; Bell, K.; Stern, Y.; Mayeux, R. Olfactory Deficits in Patients With Mild Cognitive Impairment Predict Alzheimer’s Disease at Follow-Up. Am. J. Psychiatry 2000, 157, 1399–1405. [Google Scholar] [CrossRef]

	



Wheeler, P.L.; Murphy, C. Olfactory Measures as Predictors of Conversion to Mild Cognitive Impairment and Alzheimer’s Disease. Brain Sci. 2021, 11, 1391. [Google Scholar] [CrossRef]

	



Chapuis, J.; Cohen, Y.; He, X.; Zhang, Z.; Jin, S.; Xu, F.; Wilson, D.A. Lateral Entorhinal Modulation of Piriform Cortical Activity and Fine Odor Discrimination. J. Neurosci. 2013, 33, 13449–13459. [Google Scholar] [CrossRef]

	



Arzi, A.; Sobel, N. Olfactory Perception as a Compass for Olfactory Neural Maps. Trends Cogn. Sci. 2011, 15, 537–545. [Google Scholar] [CrossRef]

	



Kettenmann, B.; Hummel, C.; Stefan, H.; Kobal, G. Multiple Olfactory Activity in the Human Neocortex Identified by Magnetic Source Imaging. Chem. Senses 1997, 22, 493–502. [Google Scholar] [CrossRef] [PubMed]

	



Pilly, P.K.; Grossberg, S. How Do Spatial Learning and Memory Occur in the Brain? Coordinated Learning of Entorhinal Grid Cells and Hippocampal Place Cells. J. Cogn. Neurosci. 2012, 24, 1031–1054. [Google Scholar] [CrossRef]

	



Franjic, D.; Skarica, M.; Ma, S.; Arellano, J.I.; Tebbenkamp, A.T.N.; Choi, J.; Xu, C.; Li, Q.; Morozov, Y.M.; Andrijevic, D.; et al. Transcriptomic Taxonomy and Neurogenic Trajectories of Adult Human, Macaque, and Pig Hippocampal and Entorhinal Cells. Neuron 2022, 110, 452–469.e14. [Google Scholar] [CrossRef]

	



Enkirch, S.J.; Traschütz, A.; Müller, A.; Widmann, C.N.; Gielen, G.H.; Heneka, M.T.; Jurcoane, A.; Schild, H.H.; Hattingen, E. The ERICA Score: An MR Imaging-Based Visual Scoring System for the Assessment of Entorhinal Cortex Atrophy in Alzheimer Disease. Radiology 2018, 288, 226–333. [Google Scholar] [CrossRef]

	



Fischl, B.; Stevens, A.A.; Rajendran, N.; Yeo, B.T.T.; Greve, D.N.; Van Leemput, K.; Polimeni, J.R.; Kakunoori, S.; Buckner, R.L.; Pacheco, J.; et al. Predicting the Location of Entorhinal Cortex from MRI. NeuroImage 2009, 47, 8–17. [Google Scholar] [CrossRef] [PubMed]

	



Convertino, L.; Bush, D.; Zheng, F.; Adams, R.A.; Burgess, N. Reduced Grid-like Theta Modulation in Schizophrenia. Brain 2023, 146, 2191–2198. [Google Scholar] [CrossRef] [PubMed]

	



Fortier-Lebel, O.; Hudon, É.; Boller, B.; Frasnelli, J. Chemosensation in Anxiety: The Trigeminal System Matters. Chem. Senses 2023, 48, bjad010. [Google Scholar] [CrossRef]

	



Serrano-Pozo, A.; Frosch, M.P.; Masliah, E.; Hyman, B.T. Neuropathological Alterations in Alzheimer Disease. Cold Spring Harb. Perspect. Med. 2011, 1, a006189. [Google Scholar] [CrossRef]

	



Nesteruk, T.; Nesteruk, M.; Styczyńska, M.; Barcikowska-Kotowicz, M.; Walecki, J. Radiological Evaluation of Strategic Structures in Patients with Mild Cognitive Impairment and Early Alzheimer’s Disease. Pol. J. Radiol. 2016, 81, 288–294. [Google Scholar] [CrossRef]

	



Battista, P.; Salvatore, C.; Castiglioni, I. Optimizing Neuropsychological Assessments for Cognitive, Behavioral, and Functional Impairment Classification: A Machine Learning Study. Behav. Neurol. 2017, 2017, 1850909. [Google Scholar] [CrossRef]

	



Traschütz, A.; Enkirch, S.J.; Polomac, N.; Widmann, C.N.; Schild, H.H.; Heneka, M.T.; Hattingen, E. The Entorhinal Cortex Atrophy Score Is Diagnostic and Prognostic in Mild Cognitive Impairment. J. Alzheimer’s Dis. JAD 2020, 75, 99–108. [Google Scholar] [CrossRef]

	



Carpinelli Mazzi, M.; Iavarone, A.; Russo, G.; Musella, C.; Milan, G.; D’Anna, F.; Garofalo, E.; Chieffi, S.; Sannino, M.; Illario, M.; et al. Mini-Mental State Examination: New Normative Values on Subjects in Southern Italy. Aging Clin. Exp. Res. 2020, 32, 699–702. [Google Scholar] [CrossRef] [PubMed]

	



Kiewel, N.A.; Wisdom, N.M.; Bradshaw, M.R.; Pastorek, N.J.; Strutt, A.M. A Retrospective Review of Digit Span-Related Effort Indicators in Probable Alzheimer’s Disease Patients. Clin. Neuropsychol. 2012, 26, 965–974. [Google Scholar] [CrossRef]

	



Ricci, M.; Gerace, C.; Ruggeri, M.; Blundo, C. Various Faces of the Rey Auditory Verbal Learning Test (RAVLT): Comments to the Manuscript “Normative Data beyond the Total Scores: A Process Score Analysis of the Rey’s 15 Words Test in Healthy Aging and Alzheimer’s Disease” by Gasparini and Colleagues. Neurol. Sci. 2024. [Google Scholar] [CrossRef]

	



Arce, T.; McMullen, K. The Corsi Block-Tapping Test: Evaluating Methodological Practices with an Eye towards Modern Digital Frameworks. Comput. Hum. Behav. Rep. 2021, 4, 100099. [Google Scholar] [CrossRef]

	



Barncord, S.W.; Wanlass, R.L. The Symbol Trail Making Test: Test Development and Utility as a Measure of Cognitive Impairment. Appl. Neuropsychol. 2001, 8, 99–103. [Google Scholar] [CrossRef]

	



Hummel, T.; Sekinger, B.; Wolf, S.R.; Pauli, E.; Kobal, G. “Sniffin” Sticks’. Olfactory Performance Assessed by the Combined Testing of Odor Identification, Odor Discrimination and Olfactory Threshold. Chem. Senses 1997, 22, 39–52. [Google Scholar] [CrossRef]

	



Horner, M.D.; Teichner, G.; Kortte, K.B.; Harvey, R.T. Construct Validity of the Babcock Story Recall Test. Appl. Neuropsychol. 2002, 9, 114–116. [Google Scholar] [CrossRef] [PubMed]

	



Appollonio, I.; Leone, M.; Isella, V.; Piamarta, F.; Consoli, T.; Villa, M.; Forapani, E.; Russo, A.; Nichelli, P. The Frontal Assessment Battery (FAB): Normative Values in an Italian Population Sample. Neurol. Sci. 2005, 26, 108–116. [Google Scholar] [CrossRef] [PubMed]

	



Invitto, S.; Boscolo-Rizzo, P.; Fantin, F.; Bonifati, D.M.; de Filippis, C.; Emanuelli, E.; Frezza, D.; Giopato, F.; Caggiula, M.; Schito, A.; et al. Exploratory Study on Chemosensory Event-Related Potentials in Long COVID-19 and Mild Cognitive Impairment: A Common Pathway? Bioengineering 2023, 10, 376. [Google Scholar] [CrossRef]

	



Won, E.; Kim, Y.-K. Neuroinflammation-Associated Alterations of the Brain as Potential Neural Biomarkers in Anxiety Disorders. Int. J. Mol. Sci. 2020, 21, 6546. [Google Scholar] [CrossRef]

	



Sierra-Fonseca, J.A.; Gosselink, K.L. Tauopathy and Neurodegeneration: A Role for Stress. Neurobiol. Stress. 2018, 9, 105–112. [Google Scholar] [CrossRef]

	



Milligan Armstrong, A.; Porter, T.; Quek, H.; White, A.; Haynes, J.; Jackaman, C.; Villemagne, V.; Munyard, K.; Laws, S.M.; Verdile, G.; et al. Chronic Stress and Alzheimer’s Disease: The Interplay between the Hypothalamic-Pituitary-Adrenal Axis, Genetics and Microglia. Biol. Rev. Camb. Philos. Soc. 2021, 96, 2209–2228. [Google Scholar] [CrossRef]

	



Amor, S.; Puentes, F.; Baker, D.; van der Valk, P. Inflammation in Neurodegenerative Diseases. Immunology 2010, 129, 154–169. [Google Scholar] [CrossRef]

	



Mendez, M.F. The Relationship Between Anxiety and Alzheimer’s Disease. J. Alzheimers Dis. Rep. 2021, 5, 171–177. [Google Scholar] [CrossRef] [PubMed]

	



Botto, R.; Callai, N.; Cermelli, A.; Causarano, L.; Rainero, I. Anxiety and Depression in Alzheimer’s Disease: A Systematic Review of Pathogenetic Mechanisms and Relation to Cognitive Decline. Neurol. Sci. Off. J. Ital. Neurol. Soc. Ital. Soc. Clin. Neurophysiol. 2022, 43, 4107–4124. [Google Scholar] [CrossRef]

	



Han, F.-F.; Wang, H.-X.; Wu, J.-J.; Yao, W.; Hao, C.-F.; Pei, J.-J. Depressive Symptoms and Cognitive Impairment: A 10-Year Follow-up Study from the Survey of Health, Ageing and Retirement in Europe. Eur. Psychiatry J. Assoc. Eur. Psychiatr. 2021, 64, e55. [Google Scholar] [CrossRef] [PubMed]

	



Mirza, S.S.; Ikram, M.A.; Bos, D.; Mihaescu, R.; Hofman, A.; Tiemeier, H. Mild Cognitive Impairment and Risk of Depression and Anxiety: A Population-Based Study. Alzheimer’s Dementia J. Alzheimer’s Assoc. 2017, 13, 130–139. [Google Scholar] [CrossRef]

	



Hettema, J.M.; Prescott, C.A.; Myers, J.M.; Neale, M.C.; Kendler, K.S. The Structure of Genetic and Environmental Risk Factors for Anxiety Disorders in Men and Women. Arch. Gen. Psychiatry 2005, 62, 182–189. [Google Scholar] [CrossRef] [PubMed]

	



Frank, E.; Salchner, P.; Aldag, J.M.; Salomé, N.; Singewald, N.; Landgraf, R.; Wigger, A. Genetic Predisposition to Anxiety-Related Behavior Determines Coping Style, Neuroendocrine Responses, and Neuronal Activation during Social Defeat. Behav. Neurosci. 2006, 120, 60–71. [Google Scholar] [CrossRef] [PubMed]

	



Toloraia, K.; Meyer, A.; Beltrani, S.; Fuhr, P.; Lieb, R.; Gschwandtner, U. Anxiety, Depression, and Apathy as Predictors of Cognitive Decline in Patients With Parkinson’s Disease-A Three-Year Follow-Up Study. Front. Neurol. 2022, 13, 792830. [Google Scholar] [CrossRef] [PubMed]

	



Salzman, C. Do Benzodiazepines Cause Alzheimer’s Disease? Am. J. Psychiatry 2020, 177, 476–478. [Google Scholar] [CrossRef]

	



Frosolini, A.; Parrino, D.; Fabbris, C.; Fantin, F.; Inches, I.; Invitto, S.; Spinato, G.; Filippis, C. Magnetic Resonance Imaging Confirmed Olfactory Bulb Reduction in Long COVID-19: Literature Review and Case Series. Brain Sci. 2022, 12, 430. [Google Scholar] [CrossRef]








[image: Brainsci 14 00697 g001] 





Figure 1. ERICA scores in coronal MRI slice: ERICA score 0, normal volume of entorhinal cortex and parahippocampal gyrus; ERICA score 1, mild atrophy with widening of collateral sulcus; ERICA score 2, moderate atrophy of entorhinal cortex with “tentorial cleft sign”; and ERICA score 3, emphatic atrophy of parahippocampal gyrus with wide cleft between entorhinal cortex and cerebellar tentorium. 






Figure 1. ERICA scores in coronal MRI slice: ERICA score 0, normal volume of entorhinal cortex and parahippocampal gyrus; ERICA score 1, mild atrophy with widening of collateral sulcus; ERICA score 2, moderate atrophy of entorhinal cortex with “tentorial cleft sign”; and ERICA score 3, emphatic atrophy of parahippocampal gyrus with wide cleft between entorhinal cortex and cerebellar tentorium.



[image: Brainsci 14 00697 g001]







[image: Brainsci 14 00697 g002] 





Figure 2. Graphical representation of BAI on the y-axis and ERICA RM on the x-axis. It can be observed that as BAI—which means the level of anxious symptoms—increases, there is a corresponding increase in the degree of atrophy in the perientorhinal/hippocampal cortex and the related ERICA RM score. 
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Figure 3. Plot of the marginal effect of ERICA RM on BAI scores. 
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Figure 4. The power contour plot shows how the test’s sensitivity changes with the hypothetical effect size and the sample sizes in the design. As the sample sizes increase, smaller effect sizes become reliably detectable. The point shows the power of the specified design and effect size. 
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Table 1. The results of the nonparametric ANOVA (Kruskal–Wallis test) performed on nonparametric distribution of the cognitive scales: MMSE, TMT-A, TMT-B, BAI, ADL, IADL 15 Ray W Diff and 15 Ray W IMM, Prose Memory.
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	Test
	Statistic
	p





	MMSE
	2.6
	0.46



	TMT-A
	2.05
	0.56



	TMT-B
	0.81
	0.84



	BAI
	9.62
	0.008



	ADL
	7.24
	0.06



	IADL
	2.77
	0.43



	15 Ray W IMM
	1.29
	0.73



	15 Ray W Diff
	3.09
	0.38



	Prose Memory
	1.14
	0.77
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