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A B S T R A C T   

Background: SARS-COV-2 infection has been associated to long-lasting neuropsychiatric sequelae, including 
cognitive deficits, that persist after one year. However, longitudinal monitoring has been scarcely performed. 
Here, in a sample of COVID-19 patients, we monitor cognitive, psychological and quality of life-related profiles 
up to 22 months from resolution of respiratory disease. 
Methods: Out of 657 COVID-19 patients screened at Manzoni Hospital (Lecco, Italy), 22 underwent neuropsy
chological testing because of subjective cognitive disturbances at 6 months, 16 months, and 22 months. Tests of 
memory, attention, and executive functions were administered, along with questionnaires for depressive and 
Post-traumatic stress disorder (PTSD) symptoms, psychological well-being and quality of life. Cross-sectional 
descriptives, correlational, as well as longitudinal analyses considering COVID19-severity were carried out. A 
preliminary comparison with a sample of obstructive sleep apneas patients was also performed. 
Results: Around 50% of COVID-19 patients presented with cognitive deficits at t0. The most affected domain was 
verbal memory. Pathological scores diminished over time, but a high rate of borderline scores was still 
observable. Longitudinal analyses highlighted improvements in verbal and non-verbal long term memory, as well 
as attention, and executive functioning. Depression and PTSD-related symptoms were present in 30% of patients. 
The latter decreased over time and were associated to attentional-executive performance. 
Conclusions: Cognitive dysfunctions in COVID-19 patients may extend over 1 year, yet showing a significant 
recovery in several cases. Cognitive alterations are accompanied by a significant psychological distress. Many 
patients displaying borderline scores, especially those at higher risk of dementia, deserve clinical monitoring.   

1. Introduction 

Severe Acute Respiratory Syndrome due to Coronavirus 2 (SARS- 
COV-2) has been shown to impact multiple organs beyond the respira
tory system, including the brain [1]. In fact, along the first studies 
highlighting neurological [2–4], as well as psychiatric symptoms that 
could persist up to six months after the respiratory syndrome [5,6], it 
became more and more evident that also fatigue and cognitive impair
ments (often described as “brain fog”) could persist well beyond the 

acute infection, leading to the so-called “Long COVID” [7–8]. Such 
sequelae could pose psychological, occupational, and social problems, 
also affecting the caregivers [9]. Moreover, concerns were raised as 
COVID-19 patients who recovered from respiratory disease could be 
more likely to develop cognitive decline and Alzheimer's disease [10]. 
Thus, it is not surprising that a growing number of studies have been 
characterizing COVID-19-related cognitive alterations and their neural 
correlates, such as [11,12]. 

The pathophysiological mechanisms underlying de novo onset of 
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cognitive decline, or the worsening of pre-existing cognitive impair
ments, in patients with COVID-19 are likely multiple, ranging from the 
noxious effects of neural cells hypo‑oxygenation to toxic effects by cy
tokines released in the context of widespread inflammation [13]. 

Overall, despite methodological differences - e.g., telephone vs. in- 
person assessment, screening vs. second-level assessment [14,15] – 
converging evidence shows that cognitive deficits in COVID-19 patients 
can be appreciated from the early sub-acute stage [16] and few days 
after hospital discharge [17–19], up to 5–7 months [14,20–22] and even 
1 year after hospital discharge [23,24]. A recent review by Crivelli and 
colleagues [14] on 27 studies including 2049 individuals, highlights a 
broad spectrum of cognitive impairments mostly involving executive 
functions, attention and long-term memory (i.e., the ability to learn new 
information and/or recall it at a later time). 

However, to date, longitudinal monitoring of cognitive performance 
has been scarcely performed [16,22,25,26], with the vast majority of 
studies presenting only cross-sectional evidence [14]. To our knowl
edge, only three studies explored longitudinal, long-term, neuropsy
chological changes up to one year follow-up [23,24,26]. For instance, 
Ferrucci and colleagues [23] assessed a sample of COVID-19 patients 
after five months and one year from hospital discharge, with an 
extended neuropsychological battery. The authors found that around 
60% of patients had a deficit in at least one cognitive function at five 
months, mostly in speed of processing (41%), long-term verbal (around 
20%) and visuospatial memory (18%). Interestingly, at one year follow 
up, around 50% of the sample still showed a pathological performance 
in at least one cognitive domain, mainly in the same cognitive functions 
of the first timepoint. Similar results were found by Miskowiak et al. 
[24] and Mendez et al. [26]. Nonetheless, Ferrucci and colleagues [23] 
observed that speed of processing, attention, and verbal memory 
significantly improved after one year. Moreover, worse oxygenation in 
the acute phase was associated to worse verbal memory performance 
five months from discharge. 

In the present study, we aim to enrich longitudinal evidence of 
cognitive dysfunctions by investigating neuropsychological changes in a 
sample of COVID-19 patients tested about 6, 16, and up to 22 months 
after the recovery of acute respiratory symptoms. Importantly, we 
complement the characterization of impaired cognitive domains by also 
considering sub-clinical (i.e., borderline), cognitive performance, almost 
neglected so far. We further assessed the impact of disease severity in the 
acute phase (i.e., the need for oxygen therapy) on the evolution of 
neuropsychological symptoms, as previous works suggested a pivotal 
role of respiratory impairments in explaining the pattern and the 
severity of cognitive deficits [20,23]. Moreover, as suggested by [21], 
the association between cognitive performance and mood disorders was 
also tested, along with a characterization of psychological well-being, 
and quality of life. 

Finally, to assess the role of hypoxia alone as opposed to other 
mechanisms active in neurocovid patients, we compare cognitive and 
emotional profiles of COVID-19 patients to those of a sample of patients 
suffering from a common respiratory disease, i.e., Obstructive Sleep 
Apnea Syndrome (OSAS). 

2. Materials and methods 

2.1. Participants 

From April 2020 to March 2021, 657 patients infected by SARS-COV- 
2 who received care for acute infection at the Manzoni Hospital (Lecco, 
Italy) were screened by a team of infectious disease specialists, in order 
to monitor long-term symptoms of SARS-CoV2 infection, with a partic
ular focus on persistent respiratory, neurological and psychological 
sequelae (see Fig. 1). Specifically, neurological and neuropsychiatric 
changes (i.e., memory impairments, mood changes, neurological 
symptoms) were evaluated by means a check-list provided by the 
Neurology Unit (for details, see the Supplementary Material). In light of 

new-onset neurological symptoms, 74 patients (29 F; mean age = 60 ±
15.87, range 19–94) were referred to neurological examination; of 
those, 34 reported subjective cognitive alterations following COVID-19 
(i.e., 5.5% of the whole population study), and 21 of them agreed to 
undergo a neuropsychological assessment around 6 months (timepoint 
t0) after resolution of acute respiratory problems. A sub-group of pa
tients was further evaluated at two supplementary timepoints i.e., on 
average, at 16 months (t1; N = 19) and 22 months (t2; N = 16). De
mographic and clinical features of the recruited patients are reported in 
Table 1. 

Moreover, with the exploratory aim of comparing the cognitive- 
emotional profile of COVID-19 patients to that of control individuals 
suffering from respiratory problems, we recruited 8 additional in
dividuals diagnosed with OSAS at the Respiratory Unit of the IRCCS 
INRCA (Italian National Research Centre On Aging), Mandich Hospital 
(Merate, Italy). None of them reported SARS-COV-2 infection. They 
were all tested before receiving night oxygen support by means 
continuous positive airway pressure (CPAP). They were all diagnosed 
with severe OSAS, i.e., Apnea Hypopnea Index (AHI) > 30 (range: 
30–93). The average nocturnal saturation was 88% (range: 84%–94%); 
two patients did not present nocturnal desaturation. The average night 
time under 90% of saturation (i.e., CT90) was 31% (range: 5%–85%). 

Fig. 1. Flow chart.  
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The study was approved by the local Ethics Committee (Protocol N◦: 
3477) and was conducted in accordance with the ethical standards of the 
Declaration of Helsinki. All participants provided their written informed 
consent. 

2.2. Neuropsychological evaluation 

The neuropsychological evaluation took place at around 6 months 
(t0; mean number of days: 185.29 ± 114.15 SD), 16 months (t1 mean 
number of days: 473.26 ± 97.67 SD) and 22 months (t2; mean number 
of days: 664 ± 100 SD) after resolution of respiratory disease. 

2.2.1. Cognitive assessment 
Cognitive assessment at t0 was carried out by two neuropsycholo

gists and was tailored to the patients' age and education, at the discre
tion of the psychologist. It included several psychometric tests normed 
in the Italian population: the Mini Mental State Evaluation (MMSE) 
[27,28]; Attentional Matrices [29]; Trail Making Test (TMT) [30]; for
ward and backward digit span [31], Rey Verbal Learning Test (RVLT) 
[32]; Babcock Story Recall Test (BSRT) [29,33]; copy and recall of Rey- 
Osterrieth's complex fig. [34]; Frontal Assessment Battery (FAB) 
[35–36]; verbal fluency by letter (i.e., phonemic fluency) and category 
(semantic fluency) [37–38]; Weigl's Sorting Task [39]; Raven's Matrices 
[29,40]. 

At t1 and t2, in addition to the tests administered at t0, we sought to 
provide a more fine-grained characterization of the executive and 
attentional profile that may be part of long-COVID, by including: a 
computerized reaction time test (Open-source Open-access Reaction 
Time test, OORT) [41], both in its simple modality (i.e., reacting to a 
target with no distractors) and in a go-no-go modality; the oral version of 
the Symbol Digit Modalities Test (SDMT) [42]; the Clock Drawing Test 
(CDT) [43]; the Modified Five Point Test for non-verbal fluency [44–45], 
and the alternate verbal fluency (Costa et al., 2013). In order to calculate 
the fluency-based Composite Shifting Index, Costa's version [38] of 
phonemic and semantic fluency tasks were administered. Moreover, at 
t2 the copy and recall of Taylor's fig. [46] replaced Rey-Osterrieth's to 
avoid learning effects. Likewise, parallel lists of words were used on the 
RVLT. 

Raw scores were corrected for age and level of education, and 
whenever available, they were converted into equivalent scores (ES) 
[47,48], on an ordinal scale ranging from 0 to 4. ES from 2 to 4 are 
indicative of a non-pathological performance, whereas ES 1 and 0 can be 
regarded, respectively, as “borderline performance” (i.e., not patho
logical, but reflecting a significant decrease) and a pathological per
formance. For those tests which were not normed according to the ES 
method (i.e., the SDMT [42] and the CDT [43]), cut-off values were 
considered. For the statistical analyses (see below), corrected scores 
were used, whenever possible. ES were considered when different tests 
were used to test the same cognitive function in different patients. For 
example, logical reasoning was always tested with Raven's matrices, 

however, at the discretion of the neuropsychologist at t0, the more 
demanding Raven Standard Progressive Matrices [40] could be admin
istered to some younger or more educated patients, whereas Raven 
Progressive Colored Matrices [29], relatively easier and shorter, to older 
participants. The use of standardized ES overcomes the problems of 
different score ranges. 

2.2.2. Psycho-affective and quality of life questionnaires 
Finally, at t1 and t2, we investigated participants' psychological 

state, as well as quality of life by means of self-administered question
naires. The Beck Depression Inventory (BDI) [49] was administered to 
assess the presence and severity of depressive symptoms. BDI scores 
(range = 0–33) were classified as in: 0–9 = no depressive symptoms, 
10–19 = mild symptoms, 20–29 = moderate symptoms; 30–33 = severe 
symptoms [50]. Moreover, participants completed the Impact of Event 
Scale-Revised (IES-R) [51] to assess the presence of post-traumatic stress 
disorders (PTSD) symptoms (range = 0–88); a score above 32 [52] 
indicated clinically relevant symptoms. We also administered the Psy
chological Well-Being Index (PGWBI) [53] considering both the total 
score (range = 0–110; higher scores, higher quality of life) and the six 
subscales Anxiety, Depression, Self-control, Health, Vitality, Positivity 
and Well-Being. Individual z-scores of the total score were calculated 
based on means and standard deviation of different age and sex groups 
[54]. Scores below − 1.65 (i.e., below the theoretical 5th percentile) 
were regarded as a significant decrease of psychological well-being. 
Finally, all participants completed the short version of the World 
Health Organization Quality of Life Questionnaire (WHOQOL-BREF) 
[55]. We calculated both the total score (range = 26–130; higher score, 
higher quality of life) and the mean scores of the subscales (i.e., physical, 
psychological, social, and environmental) which were converted into a 
0–100 scale. 

OSAS patients were tested only once and were administered the same 
protocol of COVID-19 patients at t1, except for the IES-R. 

The evaluation lasted about 105 min and was split into two daily 
sessions, whenever participant's fatigability made it necessary. Partici
pants were allowed to take a short break among tests. 

2.3. Analyses 

All analyses were carried out with jamovi 1.6.23 [56]. Alpha was set 
0.05. 

For each timepoint, we calculated the percentage of patients showing 
pathological (i.e., ES score = 0 or scores below the cut-off) and 
borderline scores (i.e., ES = 1) at neuropsychological tests, as well as the 
psychological and quality-of-life-related profiles emerging from the 
questionnaires. Correlations between cognitive and psycho-affective 
measures at t1 and t2 were calculated by means of Spearman's rank 
correlation because several cognitive measures were not normally 
distributed. 

Moreover, we tested longitudinal changes in cognitive and psycho- 
affective profiles, considering the need of oxygen support in the acute 
stage of the disease. In more detail, scores of neuropsychological tests (i. 
e., corrected scores or ES) and questionnaires were taken as dependent 
variables of Linear Mixed Models (LMMs), with timepoint (i.e., t0, t1, 
and t2) and oxygen therapy (i.e., O+, O-) as factors. The choice of 
models with no more than two predictors was made in light of the small 
size of our sample. Random intercepts were allowed for subjects, who 
were set as cluster variable. Degrees of freedom and p-values were 
calculated with Satterthwaite's method. Post-hoc comparisons were 
corrected with Bonferroni. In case the assumption of normality of re
siduals was violated (i.e., visual inspection of Q-Q plots and significant 
Kolmogorov-Smirnov test), longitudinal comparisons were carried out 
by means of simplified models, i.e., Friedman's Analysis of Variance 
(ANOVA) with Durbin-Conover post-hoc comparisons (for measures 
tested at three timepoints) or Wilcoxon's rank test (for measures tested at 
t1 and t2). 

Table 1 
Demographic and clinical variables of COVID-19 and OSAS patients.   

t0 t1 t2 OSAS 

N 21 19 16 8 
Sex 6 F, 15 M 5 F, 14 M 4 F, 12 M 2 F, 6 M 
Age, years 57 ± 15 

[19–82] 
57 ± 15; 
[19–82] 

59 ± 15; 
[19–82] 

61.38 ± 6.78; 
[54–74] 

Education, 
years 

11 ± 3; 
[5–18] 

12 ± 3; 
[5–17] 

11 ± 3; 
[5–13] 

9.5 ± 3; 
[5–13] 

Oxygen therapy 11/21 10/19 8/16  
Hospital Stay, 

daysa 
23.19 ± 21; 
[0–86] 

24.11 ±
21.41; [0–86] 

21.5 ± 20.1; 
[0–86]  

Hyposmia/ 
Hypogeusia 

6/21 5/19 4/16  

Note: for age, education and hospital duration, mean, standard deviation, and 
range are reported. OSAS: obstructive sleep apnea syndrome. 
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Finally, COVID-19 patients' cognitive and emotional/quality of life 
scores at each timepoint were compared to those of OSAS patients by 
means of non-parametric Mann-Whitney tests, as deemed more appro
priate for small sample sizes. 

3. Results 

3.1. Cross-sectional analyses for each timepoint 

At t0, three patients reported possible cognitive decline even before 
COVID infection and all patients reported subjective memory complaints 
and reduced attentional span/impaired concentration, as compared to 
pre-COVID. Twelve out of 21 patients (52%) showed deficits (ES = 0 or 
score below the cut-off) in at least one cognitive domain: the most 
impaired domain was verbal memory. Specifically, long-term memory 
(i.e., RAVLT delayed recall) was compromised in 5 patients (24%), 4 
(19%) patients showed deficits in visuo-constructive abilities (i.e., copy 
of the Rey-Osterrieth complex figure), followed by immediate recall – 
the learning phase of the RAVLT (3 patients, 14%), verbal short-term 
memory (3 patients), verbal working memory (2 patients, 9%), and 
recall of a short story (2 patients). Five patients showed cognitive im
pairments in multiple domains. When borderline performances were 
also considered (i.e., ES = 1), the number of patients showing cognitive 
alterations raised to 14/21 patients (67%). Individual trends are re
ported in Table 2. 

At t1, in terms of subjective memory impairment, 6/19 (32%) pa
tients reported a subjective recovery, whereas 6/19 experienced an 
improvement although not comparable to pre-COVID levels, and 7/19 
(37%) referred no improvements. In terms of subjective attentional 
problems and cognitive fatigability, 6/19 reported no more problems, 3/ 
19 referred some improvements, and 10/19 still suffered from reduced 
attentional abilities. By repeating the tests administered at t0, 3/19 
patients (16%) showed pathological performance in at least one domain; 
however, when considering borderline performances, the number raised 
to 10/19 (53%). Notably, the majority of tests with borderline perfor
mance were memory tests, i.e., short-term memory (measured with the 
digit span) and verbal learning (measured with the RAVLT). Whereas 
some patients improved from pathological performance at t0, others 
maintained a borderline performance. It is important to note that two 

patients with cognitive impairments at t0 dropped out, thus leading to a 
possible underestimation of the actual rate. Moreover, at t1, supple
mentary tests were administered for a deeper characterization of 
attentional and executive functions. The addition of these tests high
lighted a pathological slowdown of reaction times and speed of pro
cessing in two additional patients (now 5/19;26% of patients with 
impaired performance), as well as borderline performances in other 
patients, mostly in simple and go-no-go reaction times (now 13/19; 68% 
of patients with cognitive alterations). See also Table S1, for individual 
data. 

Depressive symptoms (i.e., BDI scores >9) were present in 6/19 
(32%) of COVID-19 patients, namely, 3/19 (16%) with mild symptoms, 
2/19 (11%) with moderate symptoms, and 1/19 (5%) with severe 
symptoms. Moreover, 7/19 (37%) showed clinically relevant PTSD- 
related symptoms (IES-R > 32). The analyses of the PGWBI, revealed 
that all participants' psychological well-being was below the average 
(range: from − 2.9 to − 0.35), with 9/19 (47%) participants significantly 
below the cut-off. 

Correlational analyses (see Table S2 in the Supplementary Material) 
showed that higher scores on the IES-R (i.e., stronger PTSD-related 
symptoms) were associated with a worse performance on the atten
tional matrices (rs = − 0.555; p = 0.014) and the Weigl's test (rs =
− 0.627; p = 0.005). Moreover, higher psychological well-being was 
positively correlated to verbal learning (RAVLT immediate recall; rs =
0.493; p = 0.034), and a perceived better quality of life (WHOQOL- 
BREF) was correlated with better executive functions, such as logical 
reasoning (Raven's matrices; rs = 0.515; p = 0.024) and abstraction on 
the Weigl's test (rs = 0.647; p = 0.004). 

At t2, all patients reported a stable pattern of subjective cognitive 
functioning, compared to t1. Test scores indicated that only 2/16 
(12,5%) showed pathological performance in at least one cognitive 
domain (patient 1: delayed recall of the RAVLT; patient 2: TMT-A and 
Weigl sorting task). Importantly, these patients reported subjective 
cognitive decline even before COVID-19. However, when considering 
borderline performances, the number of patients with a reduced 
cognitive performance was 5/16 (31%), when considering baseline 
tests, and 7/16 (43%) when considering additional executive and 
attentional measures. Overall, compared to t0 and t1, all percentages 
decreased. The pattern of tests with borderline performance varied 
among patients. 

As for the psycho-affective variables, depressive symptoms were 
present in 4/16 (25%) of COVID-19 patients - all with mild symptoms – 
and 3/16 (18%) showed clinically relevant PTSD-related symptoms. In 
terms of psychological well-being, 10/16 (62%) patients scored below 
the cut-off. 

Correlations with cognitive tests showed a persisting negative asso
ciation, although weaker than at t1, of IES-R with the Weigl's test (rs =
0.521; p = 0.039) and a positive association with execution times of the 
TMT-A (rs = − 0.654; p = 0.008), i.e., those with higher levels of trau
matic stress symptoms, were slower in the attentional task. 

3.2. Longitudinal analyses 

Linear Mixed Models showed different effects of timepoint and ox
ygen therapy for different attentional measures (see Table 3 and 
Table S4 in the Supplementary Material). 

A significant reduction of execution times was observed for TMT-A 
(F2,27.4 = 18.15; p < 0.001) and TMT-B (F2,28.4 = 5.17; p = 0.012; see 
Fig. 2). Moreover, an effect of oxygen therapy was also observed (F1,17 =

7.54; p = 0.014), with O+ performing faster (33.1 ± 10.5 s) than O- 
(75.1 ± 11.1 s). Accordingly, O+ showed better shifting abilities than O- 
, as indicated by the TMT B-A index (F1,17.2 = 7.57; p = 0.014). An 
improvement of reaction times in a go-no-go context (OORT; F1,25.7 =

7.61; p = 0.015) was observed from t1 to t2. 
An improvement was also observed in verbal learning of the RAVLT 

(immediate recall; F2,28.5 = 7.56) and non-verbal long-term memory, 

Table 2 
Demographics and individual cognitive performance at different timepoints. 

Note: Black: impairment in at least one cognitive function, i.e., equivalent score 
(ES) = 0 or score below the cut-off; dark grey: ES = 1 in at least one cognitive 
measure; light grey: ES > 1 or score above the cut-off in all cognitive measures. 
CPAP: continuous positive airway pressure; OTI: orotracheal intubation. 
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whereby the delayed recall of a complex figure improved over time 
(F2,23.9 = 6.65; p = 0.005). See also Fig. 2. 

As for the phonological fluency, the analyses highlighted no effect of 
timepoint, but an independent effect of oxygenation, namely, O+ scored 
better than O- (F1,17.4 = 5.41; p = 0.032). The same pattern emerged for 
semantic fluency (F1,15.8 = 8.08; p = 0.012). Interestingly, the analysis of 
alternate fluency, administered at t1 and t2 as supplementary test, 
showed an interaction of timepoint and oxygenation (F1,12.7 = 4.96; p =
0.045), i.e., although O- patients performed overall worse (48.7 ± 1.86), 
than O+ (56.1 ± 1.80) they improved the most from t1 to t2 (p = 0.002). 

Finally, longitudinal improvements were observed in the logical 
reasoning (Raven Matrices; F2,25.7 = 5.63; p = 0.009), especially from t0 
to t1(p = 0.009), and in graphic fluency of the M5P from t1 to t2 (F1,13.1 
= 12.31; p = 0.022). 

Concerning, the psycho-affective scales, PTSD-related symptoms 
decreased from t1 to t2 (W = 77.5; p = 0.028). No changes in quality of 
life (WHOQOL-BREF total score) were found, with only a positive trend 
for the “Physical Health” (F1;13.4 = 4.6; p = 0.051) and “Psychological” 
scales (F1;14.3 = 6.31; p = 0.025), suggesting small improvements from 

t1 to t2. 
In light of our findings showing that O+ patients performed better 

than O- in some cognitive tasks, we then looked for any difference in 
other demographic, clinical, or psychological variables. Of the 16 pa
tients who completed all timepoints, 8 patients were O+ (6 CPAP +2 
OTI) and 8 were O-. Mann-Whitney tests highlighted no significant 
differences with respect to age (p = 0.645), education (p = 1), days in 
hospital (p = 0.083), distance between hospital discharge and t0 (p =
0.636), and between t0 and t1 (p = 0.442), between t1 and t2 (p =
0.195). Furthermore, no differences were observed on the psychological 
and quality of life questionnaires (all ps > 0.431), besides a trend for 
PTSD-related symptoms (p = 0.081). 

3.3. Exploratory analyses with OSAS patients 

Only one OSAS patient reported attentional difficulties in everyday 
life, with sudden-onset sleep, and nobody showed pathological perfor
mance on the cognitive tests. Three patients obtained borderline scores 
on different cognitive domains (i.e., the copy of the Rey-Osterrieth's 

Table 3 
Longitudinal change in cognitive and psycho-affective measures.  

Measure Timepoints t0 t1 t2 pa Post-hoc 

MMSE t0 - t1 - t2 29.1 ± 1.78 28.6 ± 1.68 28.8 ± 1.74 0.175  
Att Matr t0 - t1 - t2 48.2 ± 7.84 51.5 ± 4.54 51.8 ± 5.81 0.120  
TMT-A t0 - t1 - t2 38.3 ± 22.9 26.8 ± 13.4 22.8 ± 22.0 <0.001 t2 < t1 < t0 
TMT-B t0 - t1 - t2 59.9 ± 45.9 45.1 ± 37.1 41.6 ± 34.7 0.012 t2 = t1 < t0 
TMT-BA t0 - t1 - t2 28.4 ± 35.3 18.3 ± 29.4 23.9 ± 27.1 0.060  
Span Forward t0 - t1 - t2 5.48 ± 1.08 5.82 ± 0.92 5.85 ± 0.95 0.341  
Span Backward t0 - t1 - t2 4.13 ± 1.24 4.70 ± 1.02 4.40 ± 0.81 0.118  
RAVLT Immediate t0 - t1 - t2 39.2 ± 8.62 42.3 ± 6.99 47.7 ± 7.26 0.002 t2 > t0 
RAVLT Delayed t0 - t1 - t2 7.34 ± 3.51 8.56 ± 2.23 9.00 ± 2.92 0.144  
BSRT (ES) t0 - t1 - t2 2.44 ± 1.38 2.79 ± 1.23 2.94 ± 0.99 0.196  
Figure Recall t0 - t1 - t2 14.9 ± 6.55 20.2 ± 7.37 20.2 ± 5.11 0.005 t2 = t1 > t0 
Figure Copy t0 - t1 - t2 32.3 ± 3.55 32.2 ± 2.09 33.2 ± 1.84 0.157  
Flu Phon (ES) t0 - t1 - t2 3.14 ± 1.28 3.74 ± 0.45 3.56 ± 0.89 0.483b  

Flu Phon Costa (CS) t1 - t2 – 41.9 ± 9.11 40.1 ± 10.1 0.429  
Flu Sem (ES) t0 - t1 - t2 3.33 ± 1.28 4.00 ± 0 4.00 ± 0 0.050b  

Flu Sem Costa (CS) t1 - t2 – 52.8 ± 8.90 52.5 ± 5.74 0.865  
Flu Alternate t1 - t2 – 39.9 ± 11.2 43.6 ± 8.79 0.004 t2 > t1 
Flu CSI t1 - t2 – 0.82 ± 0.17 0.91 ± 0.17 0.004 t2 > t1 
FAB t0 - t1 - t2 16.1 ± 2.21 16.8 ± 1.78 16.6 ± 1.62 0.588  
CDT t1 - t2 – 9.42 ± 1.44 9.34 ± 1.57 0.665c  

Weigl Sorting Task t1 - t2 12.9 ± 2.19 13.5 ± 2.61 13.5 ± 2.73 0.405  
OORT Simple t1 - t2 – 185 ± 78.3 168 ± 47.7 0.415  
OORT Go-no-go t1 - t2 – 364 ± 98.7 325 ± 74.2 0.015 t2 < t1 
SDMT t1 - t2 – 51.1 ± 11.8 51.9 ± 10.3 0.785  
M5P - UDs t1 - t2 – 34.9 ± 10.1 38.8 ± 11.6 0.022 t2 > t1 
Raven Matrices (ES) t0 - t1 - t2 3.24 ± 0.94 3.84 ± 0.38 3.75 ± 0.58 0.009 t1 > t2 
BDI t1 - t2 – 10.1 ± 8.03 6.56 ± 5.42 0.089  
IES-R t1 - t2 – 28.6 ± 25.9 15.9 ± 17.5 0.028c t2 < t1 
PGWBI - tot - z t1 - t2 – − 1.62 ± 0.59 − 1.70 ± 0.55 0.636  
PGWBI - Anxiety t1 - t2 – 10.0 ± 3.71 8.63 ± 2.55 0.193  
PGWBI - Depression t1 - t2 – 5.32 ± 2.47 4.94 ± 0.93 0.751c  

PGWBI - PW t1 - t2 – 9.53 ± 2.27 10.8 ± 3.00 0.186  
PGWBI – Self-control t1 - t2 – 9.21 ± 1.18 9.69 ± 0.79 0.174  
PGWBI - Health t1 - t2 – 7.63 ± 2.24 7.00 ± 1.93 0.282  
PGWBI - Vitality t1 - t2 – 11.6 ± 1.95 12.4 ± 1.55 0.065  
QoL - tot t1 - t2 – 92.5 ± 12.7 92.5 ± 13.8 0.939  
QoL - Physical t1 - t2 – 60.3 ± 16.8 69.2 ± 13.0 0.051  
QoL - Social t1 - t2 – 60.2 ± 16.3 63.5 ± 12.7 0.524  
QoL - Psychological t1 - t2 – 74.1 ± 12.4 71.9 ± 14.9 0.025 t2 < t1 

Note: athe p values refer to the main effect of “timepoint” in the Linear Mixed Models with timepoint and oxygenation as factors. For detailed results of the models, see 
Table S4 in the Supplementary Material. b Friedmann Analysis of Variance. c Wilcoxon Signed Rank Test. 
MMSE: Mini-Mental State Examination; Att Mat: Attentional Matrices; TMT: Trail Making Test; RAVLT: Rey Auditory Verbal Learning Task; BSRT: Babcock Story 
Recall Test; Flu: fluency; Phon: phonological, by letter; Sem: semantic, by category; Costa: phonemic and semantic fluency according to Costa et al., 2013, administered 
at t1 and t2; ES: equivalent scores; CS: corrected stores; CSI: Composite Shifting Index; FAB: Frontal Assessment Battery; CDT: Clock Drawing Test; OORT: Open-access 
Open-source Reaction Times; SDMT: oral version of the Symbol Digit Modalities Test; M5P – UDs: unique designs of the Modified Five Point test; BDI: Beck Depression 
Inventory; IES-R: Impact of Event Scale Revised; PGWBI: Psychological General Well Being Index; PW: Positivity and Well-being; QoL: World Health Organization 
Quality of Life questionnaire. 
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figure, non-verbal fluency, and go-no-go RTs). Two patients showed 
mild depressive symptoms, and three other patients showed a significant 
reduction of psychological well-being. 

Mann-Whitney tests showed, at t0, that COVID-19 patients were 
significantly slower (38.3 ± 22.9 s) than OSAS (19.3 ± 6.82 s; U = 36; p 
= 0.035). At t1 and t2, no significant differences emerged in the 
cognitive tests (all ps > 0.106); the only difference was observed for the 
psychological domain of the WHOQOL-BREF, where, COVID-19 patients 
obtained higher scores at both t1 (74.1 ± 12.4; U = 22; p = 0.004) and t2 
(71.9 ± 14.9; U = 28; p = 0.028). All results are reported in Table S5 of 
the Supplementary Material. 

4. Discussion 

In the present study, we provide longitudinal evidence of cognitive 
deficits in patients reporting subjective cognitive decline after COVID- 
19 infection. Overall, we observed a high prevalence of cognitive al
terations around six months after the acute stage (i.e., t0) that pro
gressively diminished more than 18 months after acute infection (i.e., t1 
and t2). This pattern was also supported by longitudinal analyses 
showing improvements in attentional-executive and mnemonic 

functioning. 

4.1. Cognitive functioning 

Over 657 screened COVID-19 patients, around 5% of them reported 
subjective cognitive impairments after the infection. Another work 
(Hadad et al., 2022) reported slightly higher values (8%, i.e., 46 out of 
523). Moreover, the prevalence of neuropsychological deficits at 6 
months after acute recovery (52%) is slightly lower than previous works 
such as that by Ferrucci and colleagues [23] (63% at a 5-month follow- 
up), Miskowiak et al. [57] (59%–65% at a 4-month follow-up), and 
Poletti and colleagues (22) (75% at a 6-month follow-up). However, 
beyond methodological differences and different sample sizes, the actual 
estimates could be higher (see also below the reflections about border
line scores). The present study has focused the investigation on those 
patients reporting subjective cognitive impairments, thus possibly 
missing subtler cognitive alterations even in patients without subjective 
complaints. In this regard, it is worth mentioning that some patients may 
present anosognosia for their cognitive deficits [21] (however, see [24] 
for opposite findings). Moreover, only 21 out of 36 patients with sub
jective cognitive impairments decided to take part in the study. 

Fig. 2. Longitudinal improvements in attentional and memory tasks. Relevant post-hoc comparisons are depicted. Error bars represent the standard error. TMT =
Trail Making Test; s: seconds; RAVLT: immediate recall of the Rey Auditory Verbal Learning Task. **p < .008. 
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Notably, the most impaired function resulted to be verbal learning, a 
finding in line with several neuropsychological works which found 
verbal memory as one of the most affected functions in the first six 
months following acute recovery [9,14,20,23]. 

Around 16 and 22 months after the acute disease (i.e., t1 and t2), by 
just repeating the tests administered at the first assessment, a much 
lower number of patients obtained pathological scores with an increased 
percentage of borderline ones, possibly reflecting a gradual improve
ment (see also the discussion of the longitudinal analyses). However, the 
addition of RTs test indicated a significant reduction in alertness in 
several patients. In our opinion, this highlights two crucial aspects: 1) 
the importance of computerized testing of attention as more sensitive 
measures than classic paper-and-pencil tests, and 2) the importance of 
considering both pathological and borderline scores (see also the work 
by Voruz and colleagues [21]). Although borderline scores could 
sometimes reflect situational variables (e.g., anxiety), we cannot fully 
exclude that they could represent red flags of persisting problems or 
even predictors of cognitive decline in the long run. Therefore, we 
believe they should not be underestimated. 

Along the same line of reasoning, it is important to note that the only 
patients with persisting pathological scores more than 18 months after 
hospital discharge (i.e., at t2) were those who reported a subjective 
cognitive decline even before the pandemic. Although the lack of pre- 
COVID assessment does not allow us to appreciate the actual impact 
of the acute disease, we cannot exclude a link between SARS-COV-2 
infection and cognitive decline [5]. Notably, studies on different viral 
infections, such as herpes viruses [58,59] and Spanish influenza [60], 
raised the possibility of increased risk of neurodegeneration following 
infections, likely mediated by hyperinflammation states. Along the same 
line, a systemic, pro-inflammatory cytokine storm has been hypothe
sized to underlie COVID-related neurological involvement [61]. It fol
lows the need for future research to evaluate the trajectories of cognitive 
decline in COVID-19 survivors, in particular to longitudinally monitor 
individuals at risk of dementia. This line of research will benefit from the 
increasing availability of tele-neuropsychological tools [62–65]. 

Moving beyond the discussion of pathological findings, longitudinal 
analyses demonstrated significant improvements from t0 in multiple 
cognitive domains. Ferrucci et al. [23], by testing their patients at 5 
months and 1 year (roughly comparable to our t0 and t1), observed 
significant improvements in the verbal memory domain (i.e., in all 
measures of the Selective Reminding Test of the Brief Repeatable Battery 
of Neuropsychological tests). Interestingly, although we also found 
changes in the same cognitive domain, here, the greatest improvement 
emerged 20 months after acute recovery (i.e., at t2), especially in the 
immediate recall of the RAVLT - the encoding phase - with no effects on 
the delayed recall (i.e., the proper active retrieval from long-term stor
age). Furthermore, we observed an improvement in attentional- 
executive tests, as highlighted, for example, by the improvements on 
the TMT. Ferrucci et al. [23] came to similar conclusions by adminis
tering different tests, i.e., the SDMT and the complex Paced Auditory 
Serial Addition Test. Importantly, we showed that attentional-executive 
functions could keep improving after one year from the acute disease. 
Although methodological differences prevent direct comparison of the 
results, the observed trends point towards the same direction. Future 
works should ideally adopt a shared set of second-level cognitive tests to 
improve the comparability and favor aggregated meta-analysis, thus 
reducing the methodological gaps highlighted by recent reviews [14]. 

The present work also aimed at testing the effects of oxygen therapy. 
In light of recent works showing a negative impact of hypoxia in the 
acute stage on the following cognitive sequelae [20,23], we expected to 
find lower cognitive performances in patients requiring oxygen support. 
However, this was not the case for a number of attentional and executive 
tests. Other works have shown an unclear relationship between the 
incidence of cognitive deficits and the severity of acute respiratory 
deficits [16,66,67]. Manera and colleagues [68] found that patients 
admitted to intensive care because of respiratory distress symptoms 

performed better on the MMSE than those requiring non-invasive 
ventilation, suggesting that the former may have suffered less from ce
rebral hypoxia. However, the lack of objective oxygenation measure, 
relatively small sample sizes [21] and age effects [16] may have 
affected, at least in part, previous as well as the current findings. 

Finally, to explore cognitive alterations due to low oxygenation 
levels, but in the absence of SARS-COV-2 infection, we compared 
COVID-19 and OSAS patients' cognitive-emotional profiles. Indeed, 
OSAS patients often report cognitive alterations in their everyday life (i. 
e., reduced attention, concentration and short-term memory) [69] that 
can be objectified through a neuropsychological assessment (see the 
meta-analysis by Stranks & Crowe [70]), often resulting in a reduced 
quality of life [71]. Here, we observed no cognitive impairments (be
sides few borderline scores) and a slower attentional performance (TMT- 
A execution times) of COVID-19 patients at t0 (i.e., the timepoint with 
the higher rate of cognitive alterations). We believe that longer-term 
effects of these pathologies (especially in older adults) are worth 
further investigation, considering the increased risk of cognitive decline 
related to impaired respiratory functions, common to both COVID-19 
and OSAS. 

4.2. Psycho-affective variables 

Concerning the results on psycho-affective scales, we extend previ
ous evidence on psychiatric sequelae six months after the acute stage 
[5]: more than 30% of our patients presented a certain degree of 
depressive symptoms and PTSD-related symptoms more than one year 
after acute recovery, with rates and severity decreasing over time. 
Notably, the correlations between psycho-affective and cognitive mea
sures are in line with the recent findings of Voruz and colleagues [21], 
who recently confirmed the profound impact of psycho- affective vari
ables on a wide spectrum of neuropsychological tests. Taken together, 
these results suggest that changes in cognitive functioning in COVID-19 
patients cannot be fully understood without considering psychological 
aspects [22,57]. 

Finally, some limitations deserve consideration. The main limit of 
the present study is the small sample size that prevents from drawing 
definite conclusions about, e.g., the effects of COVID hypoxia on 
cognition, as well as differential cognitive profiles of COVID-19 and 
OSAS patients. Another limit regards the repeated administration of the 
same neuropsychological tests, potentially leading to practice effects 
and hampering the interpretation of repeated measurements. Here we 
used parallel versions whenever valid and normed forms were available 
(i.e., for the copy and recall of a complex figure and the RAVLT); 
however, we cannot fully exclude that test-retest effects may have 
partially influenced the previously discussed improvements. 

In conclusion, our work confirms and extends previous literature, 
showing that cognitive alterations in COVID-19 patients may extend 
over one year from the resolution of acute respiratory problems but 
nonetheless face a significant recovery in several cases. Importantly: 1) 
such cognitive alterations are accompanied - and possibly affected - by 
significant and more prolonged psychological-emotional distress; 2) 
several patients may present with borderline scores in memory and ex
ecutive tests that are worthy of attention; 3) neuropsychological moni
toring is especially advised for patients with suspected or initial 
cognitive decline at higher risk of developing dementia. 
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