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ARTICLE INFO ABSTRACT

Keywords: Introduction: Symptoms referable to central and peripheral nervous system involvement are often evident both

Long-COVID ) during the acute phase of COVID-19 infection and during long-COVID. In this study, we evaluated a population of

Post-COVID neurological symptoms patients with prior COVID-19 infection who showed signs and symptoms consistent with neurological long-
COVID.

Methods: We prospectively collected demographic and acute phase course data from patients with prior COVID-
19 infection who showed symptoms related to neurological involvement in the long-COVID phase. Firstly, we
performed a multivariate logistic linear regression analysis to investigate the impact of demographic and clinical
data, the severity of the acute COVID-19 infection and hospitalization course, on the post-COVID neurological
symptoms at three months follow-up. Secondly, we performed an unsupervised clustering analysis to investigate
whether there was evidence of different subtypes of neurological long COVID-19.

Results: One hundred and nine patients referred to the neurological post-COVID outpatient clinic. Clustering
analysis on the most common neurological symptoms returned two well-separated and well-balanced clusters:
long-COVID type 1 contains the subjects with memory disturbances, psychological impairment, headache,
anosmia and ageusia, while long-COVID type 2 contains all the subjects with reported symptoms related to PNS
involvement. The analysis of potential risk-factors among the demographic, clinical presentation, COVID 19
severity and hospitalization course variables showed that the number of comorbidities at onset, the BMI, the
number of COVID-19 symptoms, the number of non-neurological complications and a more severe course of the
acute infection were all, on average, higher for the cluster of subjects with reported symptoms related to PNS
involvement.

Conclusion: We analyzed the characteristics of neurological long-COVID and presented a method to identify well-
defined patient groups with distinct symptoms and risk factors. The proposed method could potentially enable
treatment deployment by identifying the optimal interventions and services for well-defined patient groups, so
alleviating long-COVID and easing recovery.

1. Introduction the causative agent of Coronavirus disease 2019 (COVID-19), was iso-
lated in December 2019 in Wuhan (China) and then caused a significant
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), global medical issue, with a growing number of cumulative confirmed
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cases [1,2]. The clinical spectrum of the SARS-CoV-2 infection ranges
from mild respiratory symptoms to severe multiorgan disease [3]. In this
scenario, a neurological involvement has been reported from the first
cases in observational studies; specifically, a study of more than 200
patients hospitalized in 3 COVID-19-focused hospitals in Wuhan
demonstrated that more than one-third of patients experienced a variety
of neurologic manifestations, including altered mental status and acute
cerebrovascular diseases, most commonly in those with severe respira-
tory illness [4]. Reports have also implicated isolated, sudden onset of
anosmia and ageusia as early indicators of SARS-CoV-2 infection, sug-
gesting that early neurological involvement may be relevant [5].
Neurological disorders related to SARS-CoV-2, which can involve both
the central nervous system (CNS) and the peripheral nervous system
(PNS), can manifest themselves both as neurological sequelae (post-in-
fectious complications) and as symptoms in the course of infection
(para-infectious complications). According to recent studies, more than
a third of patients present neurological symptoms during infection [6].

With the progression of the pandemic, there is evidence to suggest
the emergence of an associated secondary syndrome, labelled as either
post-COVID or long-COVID syndrome, in which recovering SARS-CoV-2
patients suffer from persistent and, often, debilitating symptoms
extending several months past their initial diagnosis [7]. Recent data
suggested that upwards of 20% of SARS-CoV-2 positive individuals go
on to develop long-COVID syndrome [7]. The Guideline published by
the National Institute for Health and Care Excellence (NICE), the Scot-
tish Intercollegiate Guidelines Network, and the Royal College of Gen-
eral Practitioners has defined long-COVID as “signs and symptoms
developed during or following a disease consistent with COVID-19 and
which continue for more than four weeks but they are not explained by
alternative diagnoses” [8]. According to the NICE guidelines on long-
COVID-19 the definitions of post-acute COVID-19 include i) acute
COVID (symptoms for up to 4 weeks); ii) ongoing symptomatic COVID
(symptoms between 4 and 12 weeks after the start of acute symptoms)
and iii) post-COVID syndrome (symptoms developed during or after an
infection and continuing for more than 12 weeks) [9]. Subsequent evi-
dence has shown that neurological involvement is well established in
long-COVID. COVID-19-associated neurological disorder has been
categorized into five types which include encephalopathies, inflamma-
tory syndromes, stroke, peripheral neuropathies, and various other CNS
disorders [10].

In this study, we characterize a population of patients with prior
COVID-19 infection who showed signs and symptoms consistent with
neurological long-COVID. Further, we analyze the patterns of symptoms
persisting three months after the end of the acute phase of COVID-19
infection and discuss the presence of subtypes of neurological long-
COVID, and their potential risk factors.

2. Methods
2.1. Population overview

In November 2020 we established the neurological long-COVID
outpatient clinic at the Neurological Clinic of San Martino Hospital in
Genoa, to assess patients with post-COVID neurological symptoms. Pa-
tients were referred from the long-COVID outpatient clinic of the
Pneumology Department [11] and included patients with a previous
admission to the Pneumology Department, intensive care unit (ICU) or
Infectious Department, and patients who had not required admission
during the acute phase of the infection.

2.2. Data collection

Patient data were collected prospectively from 1st November 2020 to
31st December 2021 focusing on both demography and characteristics
of the course of acute infection. The diagnosis of COVID-19 was
confirmed in all patients with PCR on naso-pharyngeal swab, even in
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asymptomatic patients at onset. Specifically, we collected data about: i)
pre-infection comorbidities, smoking habits, BMI; ii) presentation of the
acute COVID-19 infection (i.e. upper respiratory tract symptoms,
gastroenteritis, pneumonia), number of symptoms at the onset of the
acute infection (i.e. anosmia, ageusia, cough, rhinitis, fever, myalgia,
gastrointestinal symptoms), therapy used to treat the acute infection (e.
g. corticosteroid, heparin, antibiotics, remdesivir, tocilizumab), type of
administration device for oxygen therapy (i.e. nasal cannula, face mask,
non-invasive ventilation - NIV, transtracheal catheter, tracheostomy),
duration of ventilation (i.e. less than 5 days, between 5 and 10 days,
between 11 and 15 days, between 16 and 20 days, more than 20 days),
use of prone ventilation, number of extra-neurological complications (i.
e. cardiovascular, pulmonary thromboembolism, renal failure, sepsis),
length of hospital stay (i.e. shorter or longer than 30 days); iii) severity
of acute phase during hospitalization (defined by the type of oxygen
therapy used, length of hospital stay, need for home care or long term
care after discharge). Regarding the neurological aspects of long-COVID,
data were collected on the main symptoms reported by patients and on
any secondary complaints. The symptoms were divided as follows:
anosmia and ageusia, headache, dizziness, memory disorder, psycho-
logical disorder, fatigue, PNS involvement disorder, sleep disorder,
other symptoms not classifiable in the above groups.

2.3. Statistical analysis

Firstly, we performed a multivariate logistic linear regression anal-
ysis to investigate the impact of demographic and clinical data, the
severity of the acute COVID-19 infection and hospitalization course, on
the long-COVID neurological symptoms at three months follow-up.
Specifically, we built a linear regression model to predict the five most
common symptoms (symptoms of PNS involvement, memory distur-
bances, psychological impairment, headache, anosmia and/or ageusia)
from a set of variables including both demographic and clinical (sex,
BMLI, age, smoking habit, number of comorbidities at onset), the severity
of the acute COVID-19 infection and hospitalization course (number of
COVID-19 symptoms at onset, number of non-neurological complica-
tions during COVID-19 acute phase, severity of COVID-19 at onset,
dyspnea at onset, smell loss at onset, time of onset of the neurological
complications).

Secondly, we performed a k-means clustering analysis to investigate
whether there was evidence of different subtypes of neurological long-
COVID [12]. As a first step, we divided the dataset in a training set of
76 subjects (70%) and a validation set of 33 subjects (30%). The number
of ideal clusters was obtained via a silhouette analysis with Dice dis-
tance. The clustering analysis was performed on the training set, on the
five most common symptoms reported as the main complaint by patients
(symptoms of PNS involvement, memory disturbances, psychological
impairment, headache, anosmia and/or ageusia). The variables tested as
potential risk-factors to assess the separability of such clusters were: sex,
BMI, age, smoking habit, number of comorbidities at onset, number of
COVID-19 symptoms at onset, number of non-neurological complica-
tions during the acute phase of the infection, severity of COVID-19 at
onset, dyspnea at onset, smell loss at onset, time of onset of the neuro-
logical complications. Finally, the validation set was used to test the
method on unseen subjects.

3. Results

During the first and second waves of the pandemic, 3818 patients
referred to the Pneumology Department, ICU or the Infectious Depart-
ment with an acute SARS-CoV-2 infection. Of the 508 patients evaluated
at the long-COVID outpatient clinic of the Pneumology Department, 109
patients referred to the neurological post-COVID outpatient clinic from
1st November 2020 to 31st December 2021.
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3.1. Demographic characteristics and clinical data

Table 1 summarizes the demographic characteristics and aspects of
the course of acute infection of the total amount of 109 patients.

Fig. 1 shows the percentage distribution of neurological symptoms
complained of by patients, reported as both the principal symptoms and
secondary symptoms.

Fig. 2 shows the distribution of the subtypes of disorders related to
PNS involvement. We observed i) acute and chronic neuropathies with
likely inflammatory genesis, ii) cranial mononeuropathies, iii) patients
with subjective symptoms of PNS involvement (e.g. acral paresthesia) in
the absence of detectable electroneurographic damage), iv) neuropa-
thies and plexopathies with compressive genesis (i.e. involvement of
ulnar, radial, peroneal nerves, and brachial plexopathies).

3.2. Statistical results

We performed a multivariate linear logistic regression analysis to
investigate the impact of both demographic and clinical data, the
severity of the acute COVID-19 infection and hospitalization course, on
the long-COVID neurological symptoms at three months follow-up. We
did not find any significant (Bonferroni-corrected for multiple compar-
ison) correlations between any of these variables.

Clustering analysis on the five most common neurological symptoms
returned two well-separated and well-balanced (40 vs 36 patients)
clusters (see Fig. 3, top panel). By analyzing the centroid profiles of the
two clusters, we observed that the largest cluster (the blue one in Fig. 3,

Table 1
Demography and clinical data.

Sex (male:female) 1:1

Age: mean (range) 57.17 years (18-80)

Smoking habit
non-smoker 55%
smoker 10%
ex-smoker 35%
BMI
underweight 3%
mean + SD 16.6 + 0.57
healthy weight 51%
mean + SD 22.75+ 1.5
overweight 46%
mean + SD 29.6 + 4.1
Manifestation of acute COVID
pneumonia 81%
upper respiratory tract symptoms 16%
gastrointestinal symptoms 1%
Number of symptoms of acute infection'
no symptoms 2.8%
1 symptom 5.5%
2 symptoms 36.7%
3 symptoms 27.5%
4 symptoms 14.7%
5 symptoms 9.1%
6 symptoms 2.7%
7 symptoms 1%
Oxygen therapy
no oxygen therapy 31.2%
nasal cannula/mask 20.2%
NIV 18.3%
intubation/tracheostonty 30.3%
Prone ventilation 0,23
Days of admission stay
no admission 18.3%
< 30 days 36.7%
> 30 days 45%
Severity of acute phase
low 50.5%
moderate 18.9%
severe 30.6%

BMI: body max index, NIV: non invasive ventilation.
" anosmia, ageusia, cough, rhinitis, fever, myalgia, gastrointestinal symptoms.
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comprised of 40 patients) contains all the subjects with reported
symptoms related to PNS involvement. This cluster of patients is here-
after defined as the long-COVID type 2 subset. On the other hand, the
second cluster (the red one in Fig. 3, comprised of 36 patients) contains
mostly subjects with reported symptoms of memory disturbances, psy-
chological impairment, headache, anosmia and ageusia, which we will
define as the long-COVID type 1 subset.

We then investigated whether there were any potential risk-factors
among the demographic, clinical presentation, COVID 19 severity and
hospitalization course variables. We found that the number of comor-
bidities at onset (p = 1.12 X 107>, Bonferroni-corrected), BMI =
0.007, Bonferroni-corrected), the number of COVID-19 symptoms (p =
2.81 x 107>, Bonferroni-corrected), the number of non-neurological
complications (p = 1.86 x 10~°, Bonferroni-corrected) and a more se-
vere course of the acute infection (p = 0.0001, Bonferroni-corrected)
were all, on average, higher for the long-COVID type 2 cluster.

Further, we tested these results on the validation set: i) we assessed,
for each validation subject, whether the values of the five “risk-factors”
variables (number of comorbidities at onset, BMI, number of COVID-19
symptoms, number of non-neurological complications and course of the
acute infection) were smaller or greater than the average values as
computed on the training set; ii) if at least 3 over 5 of such values were
greater than the average of the initial dataset, such subjects were clas-
sified as “severe”; otherwise they were classified as “mild”; iii) we
evaluated the percentage of severe subjects that are predicted in the
long-COVID type 2 cluster and the percentage of mild subjects predicted
in the long-COVID type 1 cluster. We found that a proportion of 92% of
mild subjects are predicted in the long-COVID type 1 cluster, and 62% of
severe subjects are predicted in the long-COVID type 2 cluster. These
results indicate an overall accuracy of 0.85 (with a sensitivity of 0.88
and specificity of 0.71).

As a final step, we performed the whole analysis removing the 13
subjects (8 in the training set; 5 in the validation set) with critical ill
neuropathy (CIN). Results remained similar. Specifically, we obtained
two cluster with 36 vs 32 subjects with the same set of risk-factors, more
severe subjects in the long-COVID type 2 cluster, and similar centroid
profiles. In this analysis, a proportion of 92% of mild subjects are pre-
dicted in the long-COVID type 1 cluster, while 70% of severe subjects are
predicted in long-COVID type 2 cluster (overall accuracy 0.89).

4. Discussion

In this work, we analyzed a population of patients with previous
COVID-19 infection complaining of neurological symptoms who were
referred to our neurological outpatient clinic. These patients had
symptoms consistent with either CNS or PNS involvement. From a
general viewpoint, we observed an average age of onset of symptoms of
about 57 years, as already reported in the literature [13], and an equal
distribution of neurological disorders in the two sexes; in this regard,
some works report a greater, albeit slight, predominance of the female
sex [14]. As for the neurological symptoms reported by patients, our
case series is wide and includes patients complaining of anosmia and
ageusia, headache, vertigo, memory disturbances, psychological symp-
toms, sleep disorders and symptoms related to peripheral nervous sys-
tem involvement. Among these symptoms, memory disorders,
symptoms related to PNS involvement, psychological symptoms and
headaches are the most reported by our patients, in line with what is
reported in the literature [13,14]. It is worth noting the lower repre-
sentation in our case series of patients complaining of fatigue, a disorder
reported in a high percentage of cases in the literature [13,14].
Furthermore, fatigue, as well as sleep disturbance, was always reported
by our patients as a secondary symptom and was never observed as the
main reason for accessing our outpatient clinic [13,14].

.The cluster analysis that we performed on symptoms persisting three
months after the end of the acute phase of COVID-19 infection was
aimed at finding patterns of symptoms that characterize possible
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Fig. 1. Percentage of neurological symptoms.
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M cranial nerve palsy

Fig. 2. Subtypes of disorders related to PNS involvement.

subtypes of neurological long-COVID. Then, we performed a correlation
analysis on some characteristics of patients in order to identify possible
risk factors for the development of a particular subtype of neurological
long-COVID.

The analysis showed the presence of two subtypes of neurological
long-COVID in our population: i) a type 1 long-COVID consisting mostly
of patients with memory impairment, psychological disorders, head-
ache, anosmia and ageusia; ii) a type 2 long-COVID consisting mostly of
patients with symptoms attributable to PNS involvement. An analysis of
demographic and clinical risk factors showed a correlation between the
severity of acute infection and the risk of developing a type 2 long-
COVID (i.e., PNS involvement).

Several studies evaluated the presence of neurological symptoms
that have begun during either the acute phase or long-COVID, but to our
knowledge this is the first study that has investigated the presence of
neurological long-COVID subtypes and analyzed their possible risk fac-
tors. What is currently known is that SARS-CoV-2 can involve the ner-
vous system through: i) a direct effect of the virus entry into the CNS; (ii)
para-infectious or post-infectious immune-mediated disease; (iii) a sec-
ondary involvement of the CNS following the systemic effects of COVID-
19 [17].

Type-1 long-COVID is characterized by memory impairment, psy-
chological disorders, headache, anosmia and ageusia. The effect of
COVID-19 on cognitive functions, even in patients with mild symptoms,
plays a multisystemic role: the effect of pulmonary disfunction and
subsequent hypoxemia, coagulopathy and thrombosis, the blood-brain
barrier breakdown, microglial activation, and direct neuronal injury are
the mechanisms that are hypothesized to be at the origin of cognitive
decline [18]. Recent findings suggested a significant longitudinal
changes in the brain structure and larger cognitive decline due to SARS-
CoV-2 infection, in particular a greater reduction in grey matter thick-
ness and tissue-contrast in the orbitofrontal cortex and parahippocampal
gyrus, greater changes in markers of tissue damage in regions
functionally-connected to the primary olfactory cortex, and a greater
reduction in global brain size [19].

Several studies evaluated the psychiatric and neuropsychiatric re-
percussions associated with infections of COVID-19 such as depression,
anxiety, and post-traumatic stress disorder [ 20]. In our cohort of pa-
tients, 7% had a neuropsychiatric disorder as their primary symptom.
Specifically, six patients presented with anxiety associated with
depression and two patients manifested post-traumatic stress disorder.
These symptoms are mainly due to the broad social impact of the
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Fig. 3. Results of cluster analysis.

Top panel, clusters on the set of five neurological symptoms. Blue cluster (long-COVID type 2) = symptoms of PNS involvement; red cluster (long-COVID type 1) =
memory disturbances, psychological impairment, headache, anosmia and ageusia. Bottom panel, centroid profiles of the two clusters. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

pandemic situation and the government responses to social distancing
and quarantines, or to experiences that are specific to individuals
infected, such as the concern with the prognosis of their illness, stigma
or traumatic memories of serious illnesses [21]. In addition to these
social factors, the development of stress due to difficulty in breathing
due to infection can trigger the release of corticotropic hormones, hy-
pothalamic stimulation and the production of glucocorticoids with
interference on brain metabolism [22].

Headache occurs as one of the initial symptoms of infection in
COVID-19, and it may persist for several months after the end of the
acute phase of the infection [23]. [24] The possible pathophysiological
mechanisms of headache include activation of peripheral trigeminal
nerve endings by the SARS-CoV-2 directly or through the vasculopathy
and/or increased circulating pro-inflammatory cytokines and hypoxia
[25].

Anosmia has already been reported during SARS and other corona-
virus infections; however, it represents a rare occurrence. Interestingly,
in COVID-19 patients ageusia and anosmia are not accompanied by

nasal obstruction or other rhinitis symptoms. Therefore, this is probably
due to the direct damage of the virus on the olfactory and gustatory
receptors [26]. Previous studies have observed olfactory cleft and ol-
factory bulb abnormalities, associated with a high percentage of olfac-
tory bulb degeneration [27]. These findings account for the persistence
of anosmia and ageusia in patients with long-COVID.

From the analysis of the mechanisms underlying the genesis of most
symptoms characterizing the long-COVID type 1, it seems plausible that
they are the result of direct invasion of the virus within the nervous
system. This explains why these symptoms can occur even in patients
with a mild course during the acute phase of infection.

Type 2 long-COVID is characterized by symptoms attributable to PNS
involvement. But why should PNS involvement be correlated with a
worse clinical course in the acute phase of infection?

In our case series, the involvement of the PNS is variable. Excluding
CINs, a condition that correlates with ICU stay for any pathology and in
our case series accounts for 26% of diagnoses in the neuropathy cluster,
we observed i) acute and chronic neuropathies with likely inflammatory
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genesis (16%), ii) cranial mononeuropathies (5%), iii) patients with
subjective symptoms of PNS involvement (e.g. acral paresthesia (16%),
iv) neuropathies and plexopathies with compressive genesis (37%).
Acute (5%) and chronic neuropathies (11%) with likely inflammatory
genesis seem to be the expression of either direct damage on the nerve
by SARS-CoV-2 or the establishment of an autoimmune process against
the nerve due to a molecular mimicry mechanism. Indeed SARS-CoV-2
has been found to be responsible for the genesis of Guillain-Barré Syn-
drome as reported in the literature since the beginning of the pandemic
[28]. We also observed cranial mononeuropathies (i.e. VI and VIII cra-
nial nerve) as already reported in the literature during SARS-CoV-2
infection [29]. In this cases it is currently not known whether cranial
neuropathies as early neurologic manifestations of COVID-19 infection
arise from direct viral infiltration of the nervous system or as an auto-
immune response.

Conversely, mononeuropathies and compression plexopathies are
probably related to the long hospitalization and the consequent iatro-
genic damage resulting from bed rest, from the maintenance of inade-
quate postures for long periods, from the execution of frequent arterial
sampling for blood gas analysis, from the positioning of ventilation
support devices, from the use of prone ventilation. Both ischemic and
mechanical factors are involved in the development of compression
neuropathy. Experimental studies suggest a dose response curve such
that the greater the duration and amount of pressure, the more signifi-
cant is neural dysfunction [30]. Taken together, the results of our ob-
servations agree with what has already been reported in the literature:
peripheral neuropathy in patients with COVID-19 is frequent and pre-
dominantly due to immune mechanisms and to the compression of pe-
ripheral nerves resulting from prolonged bedding in ICU [31].
Therefore, unlike what we have observed for the long-COVID type 1 in
which even contact with the virus is enough to determine the neuro-
logical complication, in most of the disorders of the long-COVID type 2
the damage is caused by prolonged hospitalization or by inflammatory
immune- mediated process. These observations could explain why long-
COVID type 2 correlates with a worse clinical course in the acute phase
of infection.

In conclusion, in this work we analyzed the characteristics of
neurological long-COVID and presented a method to identify well-
defined patient groups with distinct symptoms and risk factors. The
proposed method could potentially enable treatment deployment by
identifying the optimal interventions and services for well-defined pa-
tient groups, so alleviating long-COVID and easing recovery.
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