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Abstract: Since its apomorphic appearance in 2019, severe acute respiratory syndrome Coronavirus
type 2 (SARS-CoV-2) nowadays circulates as a plesiomorphic human virus in several synapomorphic
variants. The respiratory tract is the most important site of infection, the viral effects in the lungs are
well described, and more than half of the patients could develop shortness of breath and dyspnea
and require ventilatory support. The physiological sign of this condition is the decrease in the
partial pressure of oxygen in the blood, leading to acute hypoxia, which could be a factor in the
disease. In severe patients, we recorded several physiological parameters: breath frequency (BF),
partial pressure of oxygen in the blood (pO2), partial pressure of carbon dioxide in the blood (pCO2),
hemoglobin (Hb), heart rate (HR), and blood pressure in correlation with the olfactory threshold. We
found significant correlations between reduced olfactory threshold with pO2 and hemoglobin levels,
changes in heart rate, and increased HR and pCO2. These results suggest that COVID-19 causes an
impaired sense of smell that decreases in threshold corresponding to the disease severity.
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1. Introduction

Coronaviridae family members recurrently circulate in the human population and are
largely responsible for acute viral nasopharyngitis, mild respiratory disease, and respiratory
syndromes, e.g., severe acute respiratory syndrome Coronavirus (SARS-CoV) and the
middle east respiratory syndrome Coronavirus (MERS-CoV). In late 2019, a new zoonotic
infectious respiratory disease, coronavirus disease 2019 (COVID-19), was reported in
China as a novel coronavirus, Coronavirus type 2 (SARS-CoV-2), that was an apomorphic
virus [1–5]. Nowadays, the virus circulates as plesiomorphic human infection in several
synapomorphic variants.

Viral attachment to the surface of target cells occurs through angiotensin-converting
enzyme 2 (ACE2) and transmembrane protease cellular serine (TMPRSS2) [6–8], widely
expressed in many cell types and organs [9]; it displays an extremely high expression in
the characteristic cells of the nasal epithelium, goblet cells, and hair cells [10]. Therefore,
these cells are pivotal sites for viral infection and possible reservoirs for its spread. The
virus is of the enveloped type that does not require cell lysis for its release. It can exploit
the secretory pathways of the nasal goblet cells for continuous, low-level release in the
early phase without any discernible illness [10]. Nasal swabs frequently showed higher
viral loads than in other areas [10]. Consequently, the nasal epithelium must be considered
the initial gateway for the infection and may also act as a reservoir for its spread [11].
The respiratory tract is, therefore, one of the sites of infection and related symptoms are
fever, shortness of breath, loss of smell and taste, coughing, and fatigue. COVID-19 ranges
from the healthy carrier without symptoms, or with minor symptoms, to the patient with
severe progressive pneumonia, up to acute respiratory distress syndrome, coagulation, and
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multiple organ failure resulting in death [1,3]. High lactate dehydrogenase levels have been
found in critical SARS patients and the deceased [11]. Inflammation-related C-reactive
protein indicates severe pulmonary infections [12] and decreased hemoglobin [13], but not
anemia, are indicators of the disease.

ACE2 is also involved in hypertension, regulating blood pressure through negative
modulation of the renin-angiotensin system (RAS), acting as a vasoconstrictor of the ACE–
Ang II axis [14]. Neurological consequences are another interesting phenomenon, replicating
previous effects observed in MERS-CoV and SARS-CoV [15–21]. The prominent neurological
symptom is the loss or diminishment of the sense of smell and taste [16,22–25]. According to
various studies, the olfactory system from the sensory epithelium, via the olfactory bulb
and olfactory nerve, could spread the virus across synapses and trans-synaptic transfer to
the central nervous system (CNS) [26]. In the CNS, there are two sets of neuronal networks
crucial for respiratory rhythm: the pre-Bötzinger complex (PBC), which is primary in
rhythmogenesis, and the retrotrapezoid nucleus/parafacial respiratory group (RTN/pFRG),
which is the secondary oscillator [27]. Failure of PBC results in death due to respiratory
deficiency [28].

Consequently, chemoreceptive alteration has become a biomarker of infection, even
without other symptoms [29]. In the extensive work on SARS-CoV-2, the effects on the lungs
are well described; in more than half of the patients, shortness of breath and dyspnea may
develop, and more than 10% may require ventilatory support. However, in some papers, a
subtle correlation emerges between the neurological effects on the sense of smell and other
physiological parameters [2,11]. Among the physiological parameters of COVID-19, the
decrease in pO2 is crucial; if prolonged, it leads to acute hypoxia, the determining factor
in the progression and severity of the disease [11]. The carotid body (CB) plays a role
in the modulation of chemoreceptive function and is connected to the renin-angiotensin
system [30]. CB type 1 chemoreceptors release dopamine in response to rapid changes
in arterial pO2, pCO2, and pH, thereby increasing sinus nerve activity and provoking
centrally mediated cardiopulmonary responses [31]. CB involvement in COVID-19 has
been hypothesized because it expresses ACE2 [32,33], behaving similarly to acute mountain
sickness hypoxia (AMS) [34].

In infection, weakly related to gender, there is a dichotomy in the severity of the dis-
ease, only partially explained by comorbidities, such as hypertension, diabetes, asthma, and
renal dysfunction [35]. AMS shows a similar dichotomy in the severity of the disease [36],
the high-altitude pulmonary or cerebral oedema leading to sexual dimorphism, with a
more significant impact in males [37]. Thus, like COVID-19, some can manage the hypoxic
environment, while others fail to acclimatize, and this is not easily explained [38]. Further-
more, the olfactory threshold decreases in lowlanders at high altitudes. It restores slowly
when returned to sea level suggesting a link between internal and external chemoreceptors
and hypoxia [39].

In the present study, we have investigated olfactory impairment severity, compared
with other physiological outcomes of SARS-CoV-2 in severe patients. We looked at a
potential link between smell injury and physiological markers of hypoxia as potential
crossed biomarkers in the disease and its severity.

2. Materials and Methods

The study was conducted following the Declaration of Helsinki and ethical principles
of the Belmont Report and approved by the Institutional Review Board local ethic board ‘G.
D’Annunzio’s University and Local Sanitary Agency 2, with the number code colf01.2020.

The study evaluated the smell and taste of patients with severe COVID-19 infection
in assisted breathing at ‘Ss. Annunziata’ University Hospital COVID-19 special ward.
SARS-CoV-2 RNA confirmed the infection by RT-qPCR laboratory testing, days from
positive swab range 5–10. Subjects with acute or chronic sinonasal pathologies, who had
undergone nasal cavity surgery, recent dental treatments, or with a history of smell or taste
disorders, were excluded from the study. All patients were subjected to ENT evaluation,
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with anterior rhinoscopy and Olfactory test by using a disposable 4-item Olfactory Smart
Threshold (OST test Asteria Healthcare for complete method and test–retest reliability
refs. [25,40]). The OST test consists of a logarithmic scale of liquid n-butanol to assess by
positive answer at a green vial considered normosmia, orange for hyposmia, and red as the
severe hyposmia threshold; no answer means anosmia. The odorless white vial is the test’s
negative control. The whole procedure takes less than 2 min.

The congruent COVID-19 physiological parameters were recorded: breath frequency
(BF), blood oxygen partial pressure (pO2), blood carbon dioxide partial pressure (pCO2),
hemoglobin (Hb), heart rate (HR), and arterial blood pressure BPmax and BPmin, as
summarized in [3]. Age classes analysis, according to ref. [40], were collected as follows:
10–19 class n.1; 20–29 n. 2; 30–39 n. 3; 40–49 n. 4; 50–59 n. 5; 60–69 n. 6; 70–79 n. 7; 80–89 n. 8
and 90–99 n. 9. Statistical elaboration MANOVA, nested ANOVA, and one-way ANOVA
were used, with the α-level set to 0.05, p < 0.05, or noted differently as significant. The
commercial software statistical packages were used for all the data and statistical analyses
(Statistics 7, StatSoft Inc., Tulsa, Ok, USA; OriginLab Co., Northampton, MA, USA).

3. Results

The study evaluated the smell and taste of one hundred patients (mean age 63 ± 15 SD,
range 28–94 y.o.; 70 males and 30 females) with severe COVID-19 infection in assisted breathing.

Olfactory threshold impairment has been investigated using an objective quick test,
validated, and already tested on COVID-19 patients in [25], with the test–retest reliability
at 0.89 by Pearson correlation.

A preliminary MANOVA on physiological parameters returned significant differences
p < 0.05 for olfactory threshold, sex, and their interaction (F(7,99) = 4.11; F(7,99) = 5.47;
F(7,188) = 4.61), the significance of the post-hoc nested ANOVA is p < 0.001 (threshold,
F(14,198) = 4.52 and threshold × sex, F(28,396) = 8.00).

Olfactory threshold testing results vs. physiological parameters BF, pO2, pCO2, Hb,
HR, BPmax, and BPmin values, in turn, will be presented.

3.1. Olfactory Threshold vs. Breath Frequency

Olfactory threshold detriment correlates with breath frequency variation in female;
MANOVA p < 0.05, F(3,25) = 7.52 and post-hoc one-way ANOVAs in females show significant
differences p < 0.05 between normosmia and severe hyposmia, F(1,14) = 11.77; hyposmia
and severe hyposmia, F(1,16) = 6.65; severe hyposmia and anosmia, F(1,15) = 11.83, (Figure 1).
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3.2. Olfactory Threshold vs. pO2

Olfactory threshold reduction correlates with pO2; MANOVA returns significant
differences p < 0.05, F(3,99) = 3.41. Post-hoc one-way ANOVAs show significant differences
p < 0.05 between normosmia vs. hyposmia, severe hyposmia and anosmia (F(1,32) = 20.29;
F(1,58) = 8.03 and F(1,18) = 6.26); no significant differences occur between hyposmia, severe
hyposmia, and anosmia, (Figure 2). No differences occur in gender.
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Figure 2. pO2 in male and female vs. olfactory threshold value. Threshold impairment correlates
with pO2 reduction, post hoc one-way ANOVAs * p < 0.05.

3.3. Olfactory Threshold vs. pCO2

Olfactory threshold impairment correlates with pCO2; MANOVA returns significant
differences in both males and females p < 0.05, F(3,72) = 3.66 and F(3,25) = 3.34, respectively.
Post hoc one-way ANOVAs show significant differences p < 0.05 between normosmia vs.
hyposmia, severe hyposmia, and anosmia in males (F(1,22) = 5.75; F(1,43) = 4.92; F(1,9) = 7.89),
between hyposmia and anosmia, F(1,28) = 4.70, and severe hyposmia and anosmia fe-
male, F(1,49) = 4.51. In females, p < 0.05 between normosmia vs. hyposmia and anosmia
(F(1,9) = 11.86; F(1,8) = 661.6), between hyposmia and anosmia, F(1,10) = 25.62, and severe
hyposmia and anosmia, F(1,15) = 4.75 (Figure 3).
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Figure 3. pCO2 vs. olfactory threshold value in males and females. Threshold impairment correlates
with pCO2, post hoc one-way ANOVAs * p < 0.05.

3.4. Olfactory Threshold vs. Hemoglobin Levels

Olfactory threshold wakening correlates with hemoglobin level alteration. MANOVA
return significant differences in both males and females p < 0.05, F(3,72) = 3.18 and F(3,25) = 5.89,
respectively. Post hoc one-way ANOVAs show significant differences p < 0.05 between
normosmia vs. anosmia (F(1,9) = 2.94), hyposmia vs. anosmia (F(1,28) = 6.55), severe hy-
posmia vs. anosmia (F(1,49) = 7.36) in males; and in females, normosmia vs. hyposmia
(F(1,9) = 31.51), severe hyposmia (F(1,14) = 9.19) and anosmia (F(1,8) = 19.43) and between hy-
posmia vs. anosmia (F(1,10) = 13.07), severe hyposmia vs. anosmia (F(1,15) = 4.98), (Figure 4).

Life 2022, 12, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 4. Hb concentration vs. olfactory threshold in males and females. In both sexes, threshold 
impairment correlates with hemoglobin reduction tendency except for female anosmia, post hoc 
one-way ANOVAs * p < 0.05. 

3.5. Olfactory Threshold vs. HR 
Olfactory threshold damage correlates with heart rate variation. MANOVA returns 

significant differences in both males and females p < 0.05, F(3,72) = 7.13 and F(3,25) = 5.59, 
respectively. Post hoc one-way ANOVAs show significant differences p < 0.05 between 
normosmia vs. severe hyposmia (F(1,43) = 12.95), normosmia vs. anosmia (F(1,9) = 10.56), 
severe hyposmia vs. anosmia (F(1,49) = 28.41) in males; and in females, normosmia vs. severe 
hyposmia (F(1,14) = 11.50), hyposmia vs. anosmia (F(1,10) = 5.31), severe hyposmia vs. anosmia 
(F(1,15) = 41.93), (Figure 5). 

 

Figure 4. Hb concentration vs. olfactory threshold in males and females. In both sexes, threshold
impairment correlates with hemoglobin reduction tendency except for female anosmia, post hoc
one-way ANOVAs * p < 0.05.
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3.5. Olfactory Threshold vs. HR

Olfactory threshold damage correlates with heart rate variation. MANOVA returns
significant differences in both males and females p < 0.05, F(3,72) = 7.13 and F(3,25) = 5.59,
respectively. Post hoc one-way ANOVAs show significant differences p < 0.05 between
normosmia vs. severe hyposmia (F(1,43) = 12.95), normosmia vs. anosmia (F(1,9) = 10.56),
severe hyposmia vs. anosmia (F(1,49) = 28.41) in males; and in females, normosmia vs.
severe hyposmia (F(1,14) = 11.50), hyposmia vs. anosmia (F(1,10) = 5.31), severe hyposmia vs.
anosmia (F(1,15) = 41.93), (Figure 5).

Life 2022, 12, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 4. Hb concentration vs. olfactory threshold in males and females. In both sexes, threshold 
impairment correlates with hemoglobin reduction tendency except for female anosmia, post hoc 
one-way ANOVAs * p < 0.05. 

3.5. Olfactory Threshold vs. HR 
Olfactory threshold damage correlates with heart rate variation. MANOVA returns 

significant differences in both males and females p < 0.05, F(3,72) = 7.13 and F(3,25) = 5.59, 
respectively. Post hoc one-way ANOVAs show significant differences p < 0.05 between 
normosmia vs. severe hyposmia (F(1,43) = 12.95), normosmia vs. anosmia (F(1,9) = 10.56), 
severe hyposmia vs. anosmia (F(1,49) = 28.41) in males; and in females, normosmia vs. severe 
hyposmia (F(1,14) = 11.50), hyposmia vs. anosmia (F(1,10) = 5.31), severe hyposmia vs. anosmia 
(F(1,15) = 41.93), (Figure 5). 

 Figure 5. HR vs. olfactory threshold score in males and females. In both sexes, threshold impairment
inversely correlates with sexes HR, post hoc one-way ANOVAs * p < 0.05.

3.6. Olfactory Threshold vs. BP

Olfactory threshold damage partially correlates with blood pressure alteration. MANOVA
does not find any significant differences in BPmin in both sexes. On the contrary, BPmax
MANOVA returns significant differences in females p < 0.05, F(3,25) = 3.98. Post hoc one-
way ANOVAs show significant differences p < 0.05 between normosmia vs. anosmia
(F(1,8) = 31.18) and severe hyposmia vs. anosmia (F(1,15) = 7.18) in females. Nevertheless, in
males, BPmax one-way ANOVA return significant differences in normosmia vs. hyposmia
(F(1,22) = 4.97) and anosmia (F(1,9) = 9.02), (Figure 6).
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4. Discussion

Among the most frequent causes of permanent loss of the sense of smell are acute up-
per respiratory tract infections induced by viruses, such as influenza viruses, rhinoviruses,
coronaviruses, and respiratory syncytial viruses. Viruses produce partial lesions to the
olfactory neuroepithelium; repeated damage from various infections can be cumulative
and may lead to increased pathogenic vulnerability during ageing. Consequently, viruses,
but also pollutants, may play a more important role than genetic predispositions in age-
related olfactory impairment, as demonstrated by the non-linear decline in human olfactory
phenotypes [40]. Olfactory sensory neurons regenerate throughout life after severe and
repeated viral infections. This process leads to the degradation of the olfactory epithelium;
it becomes thin and fragmented, with islands of metaplastic squamous epithelium contain-
ing few supporting cells and neurons with a reduced number of cilia [41]. SARS-CoV-2
can attack the peripheral olfactory system at the non-neuronal and neuronal cells. In the
latter, for instance, it can interfere with the regeneration process [42]. Furthermore, in
COVID-19 patients, radiological analysis of the morphology of the olfactory cleft points to
the prevalence of opacification, suggesting impairment of the conductive mechanism [43].
The virus, therefore, appears to exert its damaging effect on multiple structures of the
olfactory system [44].

In a previous report, we demonstrate the objective effects of SARS-CoV-2 on the
olfactory threshold of COVID-19 patients by using a quick objective test [25], including
asymptomatic patients [45]. As confirmed by other questionnaire-based studies [46], the
rate of impairment of smell and ‘taste’ is broadly defined and difficult for people to re-
port [47,48]. These works correctly explain that the results may be related to the sum of
the lack of actual taste with the cross-modal perception of taste based on the combination
of gustatory and olfactory stimuli [46–48]. Consequently, when the chemical senses are
tested objectively, the result is a different picture, compared to self-assessment or question-
naires [25,49]. Consequently, testing the chemical senses objectively, the result shows a
different picture, compared to self-assessment or questionnaires [25,49]. Due to the novelty
of the effects of SARS-CoV-2 on olfaction, to understand both the mechanisms of viral ag-
gression and its long-term consequences, it is crucial to investigate the potential cross-links
between olfactory impairment and other physiological parameters. Several studies have
attempted to associate olfactory impairment with various parameters from hospitalization,
demographics, symptoms, degree of severity, comorbidities, and blood biomarkers while
rarely being examined in correlation with physiological parameters [45]. Thus, in this paper,
we correlate the results of the olfactory threshold test with general physiological parameters
and the more specific hypoxia parameters to assess the possible cross-correlation between
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the neurological impairment of the sense of smell and the physiological imbalance due to
the consequences of hypoxia.

The correlation between the deterioration of the olfactory threshold and alterations in
physiological parameters and gender will be discussed in the following sections.

4.1. Olfactory Threshold, Breath Frequency, pO2, pCO2, and Hemoglobin Levels

The study of the olfactory threshold is particularly suitable for investigating viral
aggression. Recent work showed viral presence in the non-neural cells of the olfactory
system and passage to the neural cells [42], probably by the mechanism of cellular link-
age [50] is not excluded. Consequently, from the periphery, the olfactory pathway could
allow the virus to enter the CNS through the cribriform plate, linking respiratory distress
to viral aggression [51]. SARS-CoV-2 infection could attack and shut down the respiratory
center of the CNS, which is potentially fatal because it blocks the work of the lungs [52].
SARS-CoV-2, as described for other viral diseases [51], could affect deeper parts of the brain,
including the thalamus and brainstem, through trans-synaptic transfer, leading to the more
complex pathogenesis of respiratory distress. COVID-19 can result in profound hypoxemia
with near-normal arterial carbon dioxide (PaCO2) levels due to the improper distribution
and shunt of the ventilation/perfusion ratio (VA/Q) and increased VE to increase CO2
removal from the lungs [52]. Hypoxemia from COVID-19 can cause dyspnea, defined as
respiratory distress, or silent hypoxemia, or ‘happy’, which occurs when ventilation sensed
through stretch receptors fails to meet demand conveyed by the corollary discharge from
the brainstem to the cerebral cortex and paradoxically lung compliance (elasticity) still
appears normal [52,53]. Dyspnea generally does not occur with hypoxemia alone, mainly if
PCO2 is normal or near normal, but a secondary stimulus is needed, such as the activation
of lung afferent neurons and/or CO2 chemoreceptors [52,53]. Heterogeneous consolidation
in the lungs of COVID-19 patients leads to hypoxemia with normal or low PaCO2 [52,53].
A series of related events disrupt VA/Q relationships, resulting in increased respiratory
mechanics and impaired gas exchange. Compromised VA/Q ratios cause blood gas values
to become abnormal by activating central and peripheral chemoreceptors. Hypercapnic
and hypoxic ventilatory responses and arterial chemoreflex function are complex tasks
based on continuous CO2 assessment [52,53].

In agreement with this interpretation, we found that a change in breathing frequency
in women correlates strongly with a reduction in the olfactory threshold, particularly in
the case of severe hyposmia. This physiological reaction has not been observed in men,
perhaps due to the hypothesized greater sensitivity to the virus in males. However, the
olfactory threshold correlates with breathing frequency. Hyperventilation is the immediate
acute response that compensates for the emerging hypoxia at high altitude, as occurs with
the effect of the virus [34]. The silent hypoxemia observed in COVID-19 could be related to
decreased erythrocyte counts [54,55] and low hematocrit [13]. These observations suggest
that SARS-CoV-2 may act on multiple components of the respiratory system, leading to the
alteration of oxygen uptake and transport and potentially also on the central regulation
of respiration. In agreement, we observed a drastic decrease in pO2 related to olfactory
threshold impairment; in fact, patients in normoxia show normal pO2 levels, whereas those
with hyposmia, severe hyposmia, and anosmia have lower pO2 levels [52,53]. The pCO2
increases in both sexes in hyposmia and severe hyposmia. In anosmia, it increases in men
and decreases in women [52]. The question remains, however, under which physiological
conditions the virus spreads and contributes to pathogenesis.

Carotid body stimulation, which assesses CO2 and O2, is responsible for cardiovas-
cular responses, due to increased sympathetic activity. Thus, in COVID-19 patients, the
limited changes in heart rate during arterial desaturation may also indicate chemoreceptor
impairment. Our results suggest CB involvement is due to the relationship between the
hemoglobin O2 dissociation curve, arterial O2 content, and breath control [55]. Blood
O2 capacity is determined mainly by hemoglobin concentration and saturation, with a
limited contribution from dissolved O2. Within a few seconds, the CB responds to changes
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in arterial pO2. In pathological systemic hypoxia, physiological residents, and altitude
visitors, pO2 may be altered. The CB chemo-transduction process in the various forms of
hypoxia results, in hypoxic hypoxia, and in a low arterial pO2 associated with a decrease
in arterial O2 content. This condition is probably due to low inspiratory pO2 at altitude
or experimentally through alterations in inspired gas mixtures or inadequate alveolar
ventilation in respiratory diseases and infections, such as COPD, sleep apnea, impaired
lung diffusion, increased pulmonary shunt fraction [55], and putatively in COVID-19. In
ischemic, histotoxic, and systemic hypoxia, CB induces hyperventilation; it is commonly
accepted that the appropriate stimulus to CB is a fall in pO2 rather than O2 content or even
HbO2 saturation. For this reason, a substantial change in the blood O2 capacity would
be required to observe any effect on pO2 in the CB. In most but not all cases, the afferent
discharge frequency of the CB remains unchanged with decreasing O2 content, induced,
for example, by hemodilution [52,55].

This phenomenon has no effect on ventilation and may even reduce it, although the
lack of ventilatory response could reflect a CNS-induced depression [52,55], which could be
SARS-CoV-2. Alterations in pCO2 and pH in vivo can influence O2 administration through
shifts in the position of the O2-haemoglobin dissociation curve; the interaction of these
three stimuli must also be considered when interpreting data generated in vivo [52,55].

Similarly, the olfactory alteration induced by COVID-19 may indicate the virus’s effects
on the peripheral and/or central nervous system. Indeed, olfactory-derived signals related
to breathing that project to the hippocampus, prefrontal cortex, etc., are likely to be affected
and, consequently, modify the sensation of dyspnea [52,53,55]. Possibly understanding the
olfactory alteration, a hallmark of COVID-19, and the association with other phenotypes
could disclose the underlying physiological mechanisms. Therefore, in COVID-19 patients,
olfactory alteration analysis in hypoxemia and hypoxia may be very useful. Hemoglobin
was below the normal range in most COVID-19 patients, especially in severe patients [54].
This finding agrees with our results. The explanation could be related to the inflammatory
changes caused by the infection, which could interfere with erythropoiesis, resulting in
reduced hemoglobin. The low incidence of anemia in COVID-19 may well be related to
the long-life span of erythrocytes and their compensatory proliferation induced by the
hypoxia associated with pneumonia [13]. No clinical differences exist among patients
with haemoglobinopathy, compared to the general population. However, mortality due to
COVID-19 is higher among patients with hemoglobinopathy [54].

In summary, COVID-19 unleashes a perfect storm in the respiratory system, like AMS,
affecting the integrative layers of the respiratory system, damaging the lungs, impairing
oxygen transport, compromising gas exchange and affecting the neural circuits that con-
trol breathing. Decreased olfactory threshold, combined with pO2, hemoglobin levels,
increased respiratory rate, and pCO2, could be considered an indicator of disease severity
and progression.

4.2. Olfactory Threshold vs. HR and BP

The infection probably alters the physiological balance between ACE and ACE2,
resulting in RAS activation, abnormal vascular endothelial cell functions, and the coag-
ulation system. The typical chronic disease is accompanied by severe cardiovascular
and cerebrovascular disorders associated with vascular endothelial dysfunction [54]. D-
dimer elevation and prothrombin time prolongation have been observed in severe cases
of COVID-19 [54]. However, in severe infection, abnormal troponin measurements vary,
and an elevated troponin in COVID-19 may not necessarily imply the occurrence of acute
myocardial infarction or myocarditis [56]. We found heart rate changes correlated with
impaired olfactory function and only a slight change in BPmax. Thus, heart failure and
changes in blood pressure do not appear to be a direct effect of the virus. In contrast, they
are more consistent with, for instance, its induced inflammation.

Further, chronic hypoxia increases AT1R expression and its efferent-mediated activity [30].
Moreover, AT1R activation increases intracellular calcium levels in dissociated glomus cells,



Life 2022, 12, 1408 10 of 14

an effect that is tripled by chronic hypoxia [57]. Hypoxia, through increased AT1R expression
in the carotid chemoreceptor could influence changes in cardiopulmonary function.

Gender seems to play a role in the impairment of the sense of smell to the disadvantage
of men [58]. AMS shows a similar dichotomy in the severity of the disease, showing sexual
dimorphism with a more significant impact in males [37]. Accordingly, we found that for
some parameters, gender significant differences, such as pCO2 and hemoglobin, further
slight punctiform differences, e.g., in BF severe hyposmia. Punctiform dissimilarities could
be linked to a series of prejudices. In contrast, structured discrepancies could conversely be
attributable to certain physiological dimorphisms between the sexes.

Based on our experimental results, it is possible to elaborate on at least two hypotheses:
i. the direct effects on the respiratory center of the CNS by the viral aggression; ii. the
indirect result of the infection producing hypoxia detected by the chemoreceptors in the
carotid body.

The direct central effect of the virus penetration via the olfactory system has been
hypothesized and observed in similar virosis [51]. As first-order neurons, olfactory sensory
neurons can directly transport xenobiotics from the environment to the brain. Loss of
the sense of smell has been associated with early mortality and may signal the early
stages of neurodegenerative disease [59]. The longevity of olfactory dysfunction associated
with SARS-CoV-2 may increase predisposition to future neurological disorders [44,51].
Indeed, there is precedent to support this view. It is well known that after the 1918
influenza pandemic, referred to as the Spanish flu, about 80 per cent of individuals who
recovered from lethargic encephalitis developed Parkinson’s-like symptoms [60]. By the
hematogenous route or through the olfactory system, by direct infection of neurons or
more complex indirect mechanisms, viral RNA reaches the leptomeningeal layers and
the cerebral cortex causing olfactory dysfunction by disrupting signal propagation [42].
SARS-CoV-2 can spread in vitro from Vero E6 cells, the epithelial cell line infected by
SARS-CoV-2, to SH-SY5Y cells lacking ACE2, the neuronal cell line not permissive to the
virus, by using thin membrane ducts, TNTs, which form between infected and uninfected
cells [50]. This evidence seems to point to an aetiology related to peripheral damage of the
olfactory epithelium or its signal pathway, which would justify using an olfactory threshold
test. For instance, potential viral targets in the central nervous system are two groups
of neuronal networks crucial for the generation of respiratory rhythm: the pre-Bötzinger
complex (PBC) and the retro-trapezoidal/parafacial respiratory group (RTN/pFRG) [27].
Lesions of the PBC cause lethality due to respiratory failure, even in the absence of other
symptoms [28,29].

On the other hand, we may suppose that an indirect peripheral effect of viral aggres-
sion could influence Ang II functions locally in tissues and organs. This phenomenon is of
interest for physiological and pathophysiological aspects. In CB, the existence of a system
where key components of RAS, including ACE, are expressed in the absence of renin has
been proposed, suggesting the existence of a renin-independent biosynthetic pathway for
Ang II or an intrinsic angiotensin-generating system [30]. This mechanism could play a
key role in modulating the CB response to hypoxia. Hypoxia regulates several critical
components of the RAS in the CB, including time-dependent ACE activity [61].

The olfactory system is a sort of ‘viral sensor’, alerting of the pathogen’s presence. It is
helpful for early diagnosis, which can be essential in interrupting the transmission of the virus.
Available diagnostic techniques, e.g., radiographic and histological, cannot definitively rule
out the trans-cribriform, transcellular, or paracellular passage of virions or subviral elements
from the infected olfactory epithelium to the olfactory bulbs and into the CNS in patients
with acute post-viral olfactory dysfunction. Immune-mediated olfactory neuropathy and
encephalitic damage to the olfactory system are consistent with residual olfactory dysfunction
with or without perceptual distortion, parosmia, and phantosmia [62,63].

Several studies suggest an association between chronic olfactory impairment and
neurological effects [64,65]. Among the most consistent evidence is neuroinflammation
within the brain. Indeed, olfactory brain areas are connected to adjacent brain regions
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involved in memory and attention and are deficient in the early stages of neurodegenerative
diseases. The emerging hypothesis is that a chronic olfactory deficit in persons cured of
COVID-19 may predict an increased likelihood of neurological sequelae or long-term
neurodegenerative disorders. Long-term neurodegenerative sequelae may take years to
manifest and may be clinically silent during the COVID-19 pandemic. Interestingly, the
inflammation in the nasal epithelium induced by SARS-CoV-2 and in groups of patients
with dementia are superimposable. It is conceivable that an inflammatory process from the
nasal epithelium to the olfactory bulbs and related brain regions could, therefore, accelerate
the pathological processes, leading to neurodegenerative disease [66].

A substantial percentage of COVID-19 patients may develop a long-lasting impair-
ment of the sense of smell that could affect the predictive value of long COVID [67]. The
prognostic value of olfactory impairment has been controversial in the panorama of pub-
lished papers [65,67,68]. However, the controversy refers to different parameters, which
are difficult to compare and evaluate in terms of the COVID-19 sequela. In this paper, we
try to overcome such bias by coupling the olfactory threshold, considered with olfacto-
metric methodology, to physiological parameters. Our results show a general correlation
between threshold and physiological data, besides the gender variable introducing a degree
of dissimilar changes with the worsening of olfactory functions. In particular, the most
important difference between sexes in PCO2 and Hb. Other slight differences occur for
severe hyposmia in BF and anosmia in BP. These results, however, have some limitations:
Firstly, as in many other studies, the variant and sub-variant of SARS-CoV-2 could be a
bias. Secondly, the previous effects of other rhinoviruses, influenza, parainfluenza, and
Epstein–Barr virus were unknown. Thirdly, the patient’s basal parameters pre-COVID-19
are unknown. According to current knowledge, the pathogenesis of COVID-19 appears
heterogeneous. It requires further studies on its pathophysiology through various sys-
tems’ homeostatic/functional interconnection. In agreement, we suggest that patients with
COVID-19 undergo olfactory threshold screening in correlation with other physiological
parameters. Currently, the brain is not considered a primary or secondary cause of death
from infection. The cerebrospinal fluid of patients at different times of infection and the
post-mortem brain tissue of COVID-19, like the functioning of the CB, was complex to
analyze. However, if attention is paid to the impairment of the sense of smell, this difficulty
could easily be overcome with the evaluation of the olfactory threshold, which could
become the electrophysiological marker of brain engagement in disease.

5. Conclusions

In conclusion, these results show that a high percentage of COVID-19 patients have
an impaired sense of smell, with the severity of the olfactory threshold impairment being
related to alterations in physiological parameters. The prognostic role of chemosensory dis-
orders assumes an increasing value because it correlates with a neurological phenomenon
and with a broader homeostatic picture by correlating with some physiological parameters.
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