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A B S T R A C T   

The association of the coronavirus disease 2019 (COVID-19) with significant neurological and neuropsychiatric 
complications has been increasingly reported, both during the acute illness and in its aftermath. However, due to 
the short duration of patient follow up until now, it is not clear whether this infection will be associated with 
longer-term neurological and/or neuropsychiatric sequelae. In particular, the question of whether COVID-19 will 
be associated with an increased risk and rate of future dementia remains open and subject to speculation. During 
the course of the COVID-19 pandemic, an increasing number of patients have reported sudden anosmia or other 
olfactory dysfunction as concurrent symptoms. The possibility that severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) may reach the brain via the olfactory nerve or an upper nasal trancribrial route is an 
interesting working hypothesis. Among the identified genetic risk factors for Late-onset Alzheimer’s disease 
(LOAD), Apo E4 is one of the strongest and most frequent. People carrying one or two copies of the e4 allele of 
Apo E4 have significant odor recognition deficits in comparison to those not carrying this haplotype. 

The hypothesis invoked in this paper is that anosmia/olfactory dysfunctions induced by SARS-CoV-2 may 
cause an increased a risk of future neurodegenerative dementia in ApoE4 carriers, and that this risk would be 
higher than in Apo E4 carriers affected by anosmia not induced by SARS-CoV-2. This would be associated with 
virus-induced chronic modifications in the central nervous system. It is proposed that COVID-19 patients with 
anosmia and no other serious symptoms should be followed up as part of specifically designed and approved 
studies in order to identify the early stages of dementia (especially LOAD and Dementia with Lewy Bodies), 
thereby improving our knowledge of the mechanisms involved in pre-cognitive stages of neurodegenerative 
dementia and making best use of any available therapies. This latter opportunity is unique and should not be lost.   

Background to hypothesis 

A number of studies so far have highlighted the association of the 
coronavirus disease 2019 (COVID-19) with significant neurological and 
neuropsychiatric complications, both during the acute illness and in its 
aftermaths (referred to as long COVID-19) [1–5]. However, due to the 
short duration of patient follow up until now, it is not clear whether this 

viral infection will be associated with longer-term neurological and/or 
neuropsychiatric sequelae. In particular, the question of whether 
COVID-19 will be associated with an increased risk and rate of future 
major cognitive disorders such as dementia remains open and subject to 
speculation. 

During the course of the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) pandemic, an increasing number of patients 
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reported sudden anosmia or other olfactory dysfunction as concurrent 
symptoms [6,7]. As a multicenter European study reported, infected 
patients may just present with olfactory dysfunctions without other 
significant complaints [8]. The Angiotensin-converting enzyme-2 
(ACE2) has been proven to be the functional host receptor for SARS- 
CoV-2. This receptor is also expressed on the surface of the basal layer 
epithelial cells of nasal mucosa and nasopharynx. Hence, the possibility 
that SARS-CoV-2 may reach the brain via the olfactory nerve or an upper 
nasal trancribrial route is an interesting working hypothesis, already 
suggested for other coronaviruses [9]. It is worth noticing, in this 
respect, that the olfactory bulb is the only part of the central nervous 
system not protected by duramater. 

Statement of hypothesis 

The role of olfactory dysfunction 

Olfaction is affected by normal aging. However, olfactive functions 
are affected differently by Alzheimer’s disease (AD). In studies in 
healthy elderly population, discrimination (olfactory thresholds) is the 
most affected olfactory function. A possible explanation of these dif-
ferences could be found in the association of executive and memory 
cognitive domains associated with olfaction, related in part to perfor-
mance on olfactory tests that involve identification and recognition, 
both closely linked to semantic memory. The association between ol-
factory dysfunction and clinical AD is largely due to the accumulation of 
neurofibrillary tangles in central olfactory regions, especially the ento-
rhinal cortex and hippocampus. The involvement of these sites is very 
important because they are considered to be among the first areas 
affected by the pathologic changes of classical AD [10]. In addition, a 
possible change in components of γ-secretase enzymes has been reported 
to be related to olfactory alterations in patients with recent-onset AD, as 
well as an influence of tau protein deposits in the olfactory bulb affecting 
the limbic system directly – a finding very frequently found in AD and 
infrequently in healthy individuals [11,12]. Moreover, as seen, in pa-
tients enrolled in the Rush Memory and Aging Project, the difficulty in 
identifying familiar odors predicted the subsequent development of mild 
cognitive impairment (MCI, a precursor of dementia), robustly corre-
lating with the presence and the level of AD pathology on postmortem 
examination [13,14]. A study highlighted that the sensitivity of pre-
dicting the conversion of MCI to AD was enhanced combining olfactory 
function assays to neuropsychological tests and magnetic resonance 
imaging (MRI) of hippocampus and entorhinal cortex volume [15]. 

On the other hand, another study first reported that anosmia was 
significantly frequent in patients with dementia with Lewy bodies (DLB) 
confirmed at post mortem, but not among patients affected with pure 
Alzheimer’s disease pathology [16]. It has been observed that anosmia is 
one of the most common clinical signs of DLB with superimposed Alz-
heimer pathology (LB-variant AD), and that is should be seen as an in-
dependent predictor in the patient group with minimal extra pyramidal 
signs early in the course of the disease [17]. 

The role of apo E alleles 

A 2004 study demonstrated that people carrying one or two copies of 
the e4 allele of apolipoprotein E (Apo E4) have significant odor recog-
nition deficits in comparison to those not carrying this haplotype. 
Notably, the authors reported that this effect was specific to olfactory, 
but not visual stimuli [18]. Apo E carries triglycerides and cholesterol in 
multiple tissues by interacting with lipoprotein receptors on target cells. 
The three common human isoforms (ApoE2, ApoE3 and ApoE4) differ 
from each other at amino acid positions 112 and 158. In particular, 
ApoE4 has arginine in both positions. The level of Apo E expression 
varies by genotype, with E2 typically having the greatest and E4 the 
lowest expression. ApoE3 is the most frequent isoform being present in 
60–80% of general population whilst Apo E4 is present in 14%. [19–21]. 

The Apo E4 allele is a key associated genetic risk factor for late onset AD 
(LOAD), whilst the Apo E2 allele is considered protective [22]. In 
particular, Apo E protein levels in human cerebrospinal fluid proved to 
be reduced up to 30% in E4 compared to E2 carriers [23]. Astrocytes are 
the predominant producers of Apo E in the brain, but also other 
microglial cells and neurons can synthesize it. Once synthesized, the 
apolipoprotein is secreted to the extracellular space where it serves as 
the primary cholesterol carrier. Other cholesterol transporters such as 
ApoA1 and Apo B are virtually absent in the brain [24]. A recent study 
reported that Apo E4 could lead to blood–brain barrier breakdown, 
especially because of degeneration of brain capillary pericytes that 
maintain the integrity of this barrier [25]. To date, however, the 
working-hypothesis on whether Apo E4 cerebrovascular effects 
contribute to cognitive impairment remains little more than speculative. 

The time factor 

Among the identified genetic risk factors for LOAD, Apo E4 is one of 
the strongest and most frequent. Indeed, the odds ratio is above 10 for 
Apo E4 homozygotes, and apo E4 homozygosis is found in about 40% of 
LOAD patients [26,27]. 

How long after the onset of olfactory dysfunctions does cognitive 
impairment appear? To the best of our knowledge, there are scant 
studies on the relationship between anosmia and clinical symptoms of 
LOAD, DLB and LB-variant AD, including cognitive impairment, and 
they are all retrospective studies [28,29]. It is widely accepted that 
pathophysiological changes in these patients start many years prior to 
onset of cognitive impairment, in a so-called pre-clinical or pre- 
symptomatic stage. On the other hand, even if anosmia is not a recog-
nized diagnostic or classification criterion for LOAD, DLB and LB-variant 
AD, much of the available published data seems to suggest that when 
anosmia occurs, the pathological process of dementia has already star-
ted, at least in some patients [30]. 

The pre-cognitive stage of AD, DLB and LB-variant AD 

As already highlighted, AD, DLB and LB-variant AD tends to develop 
slowly and gradually worsens over several years. In the pre-clinical stage 
of AD, no cognitive impairment is present by definition. In the natural 
course of AD, MCI is a watershed period, even if not all patients with MCI 
progress towards AD. 

Neurological involvement in COVID-19, different from olfactory 
dysfunction 

A recent systematic review and meta-analysis of more than 41 studies 
involving approximately 4700 patients suggested that neurological 
manifestations are usually underestimated in patients affected with 
SARS-CoV-2. In this study, no case of dementia were reported, while 
several specific neurological manifestations and diseases were diag-
nosed, encephalitis and ischemic stroke among these. However, the 
authors admitted that, since their literature search was conducted dur-
ing an ongoing outbreak, it was possible that many related studies had 
not yet been published, which could influence their results [31]. 

Acute neurological involvement is strongly linked to the severity of 
the disease, as first highlighted by the Wuhan series in which neuro-
logical and neuropsychiatric manifestations were more common in pa-
tients with severe disease [32]. 

It is a common knowledge that neurodegenerative disorders can be 
accompanied by inflammation, which could be triggered by systemic 
infections or injuries [33]. In this case, the innate immune system re-
cruits different cells in order to respond to inflammation. Such cells 
include many circulating lymphocytes and monocytes that can develop 
into both dendritic cells and macrophages. Microglia cells are usually 
found in microglia homeostasis balanced system M1-M2 expressed as 
M1 (pro-inflammatory) and M2 (anti-inflammatory). Disturbances in 
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M1-M2 homeostasis involves many pro-inflammatory and anti- 
inflammatory cascading pathways depending on brain mediating envi-
ronment [34]. The sharp increase of cytokine levels induced by SARS- 
CoV-2 can damage the blood–brain barrier and activate microglia M1 
phenotype (pro-inflammatory). This may lead to the rapid accumulation 
of insoluble toxic aggregates in different brain regions where these 
neuropathological changes can be related to olfaction brain modifica-
tions following COVID-19 olfactory bulb penetration [35–37] (Fig. 1). 

Furthermore, the upregulation of these cytokines can cause a sig-
nificant activation of the hypothalamic pituitary adrenal (HPA) axis, in 
turn causing raised glucocorticoid (GC) levels in hippocampus. In the 
human brain, hippocampal CA1 neurons have the highest level of 
expression of GC receptors. Feedback regulation of the hypothal-
amus–pituitaryadrenal axis by glucocorticoids is mediated through two 
distinct intracellular receptor subtypes referred to as the mineralocor-
ticoid receptor and the glucocorticoid receptor. The glucocorticoid re-
ceptor is therefore believed to be more important in the regulation of the 
response to stress when endogenous levels of glucocorticoids are high. 
These receptors are well expressed even in the elderly [38,39]. This 
raised levels would make the limbic areas of the medial temporal lobe 
even more vulnerable to the insult caused by SARS-CoV-2 [40]. 

Effect of SARS-CoV-2 on the risk associated with Apo E4 phenotype 

It is widely recognized that Apoe4 affects the severity of clinical 
manifestations and prognosis of COVID-19. However, how this happens 
is still debated. For instance, the UK Biobank Community cohort study 
found that ApoE4 homozygotes had 2.2-fold higher risk for COVID-19 
positivity and 4.3-fold more case-fatality after COVID-19 than ApoE3 
homozygotes. These strong associations were not diminished by 
excluding dementia, hypertension, coronary heart disease, or type II 
diabetes. Based on these reports, the investigators hypothesized that the 
negative effects of ApoE4 could be independent of these common age- 
related diseases. Interestingly, Apo E ε3ε4 COVID-19 positive subjects 
had a slight increase in mortality, with no statistically significant dif-
ference, compared to ApoE ε3ε3 positive subjects [41]. On the other 
hands, other investigators suggested that pleiotropies of ApoE4 may 
mediate multiple morbidities that increase vulnerability, involving 

genes in the so-called “ApoE cluster” on chromosome 19, that may 
contribute to SARS-CoV-2 susceptibility [42]. The role of Apo E in 
modulating immune responses, especially through pro-inflammatory 
cytokines, could be the common denominator [43]. 

A working-hypothesis 

Our hypothesis is that anosmia/olfactory dysfunctions induced by 
SARS-CoV-2 may confer in ApoE4 carriers a risk of future dementia 
(especially LOAD, DLB and LB-variant AD) higher than in Apo E4 car-
riers affected by anosmia not induced by SARS-CoV-2. Indeed, this virus 
can damage the central nervous system (CNS) through several hypoth-
esized mechanisms [40]. This involvement is the basis of our hypothesis. 

Given that olfactory deficits develop at high frequency in cognitively 
intact Apo E4 carriers, olfaction may be a particularly useful early, 
noninvasive outcome measure. Data reported in the aforementioned 
European study showed a high prevalence (86%) of olfactory dysfunc-
tion in patients affected with mild-to-moderate forms of the COVID-19 
[8]. We acknowledge that this high prevalence should be confirmed in 
non-European cohorts. 

Specific acute neurological manifestations such as encephalitis or 
ischemic stroke have been reported during COVID-19 pandemic. How-
ever, whether these acute conditions increase the risk of future dementia 
is not the object of our hypothesis. Indeed, this subset of COVID-19 
patients should be excluded from the proposed follow-up in order to 
avoid additional predisposing factors. 

To date, only retrospective data are available from published liter-
ature about the relationship between anosmia, Apo E4 and risk of 
dementia. 

In order to test our hypothesis, we propose to prospectively follow all 
the Apo E4 patients with the COVID-19 induced anosmia. Apo E4 is not 
normally tested in anosmic COVID-19 patients, and we suggest that it 
should be in specifically designed and approved research. 

Conclusions 

A high prevalence of anosmia and other olfactory dysfunctions has 
been reported in patients affected with mild-to-moderate forms of the 

Fig. 1. Unbalanced system of microglial homeostasis induced by SARS-.CoV-2.  
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COVID-19. The association of Apo E4 with anosmia is a recognized risk 
factor for future dementia. 

Our hypothesis is that SARS-CoV-2 may be an increased risk factor a 
risk of future dementia in patients with Apo E4 affected with anosmia 
higher than in Apo E4 patients with anosmia not induced by this virus. 
This would be associated with virus-induced chronic modifications in 
the central nervous system. 

Furthermore, the follow-ups of these patients would allow for the 
identification of the early stages of dementia (specifically LOAD, DLB 
and LB-variant AD), thereby improving our knowledge about the 
mechanism involved in pre-cognitive stages and making best use of any 
available therapies. This latter opportunity is unique and should not be 
lost. 
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