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Background Despite numerous observations of neuropsy-

. tional functions, a persistence of executive, memory and

chological deficits immediately following severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) infection,
little is known about what happens to these deficits over
time and whether they are affected by changes in fatigue
and any psychiatric symptoms. We aimed to assess the
prevalence of neuropsychological deficits at 6-9 months
and again at 12-15 months after coronavirus disease 2019
(COVID-19) and to explore whether it was associated with
changes in fatigue and psychiatric symptoms.

Methods We administered a series of neuropsychological
tests and psychiatric questionnaires to 95 patients (mean
age=>57.12 years, standard deviation (SD)=10.68; 35.79%
women) 222 (time point 1 (T1)) and 441 (time point 2 (T2))
days on average after infection. Patients were categorised
according to the severity of their respiratory COVID-19
symptoms in the acute phase: mild (no hospitalisation),
moderate (conventional hospitalisation), and severe (hos-
pitalisation in intensive care unit (ICU) plus mechanical
ventilation). We ran Monte-Carlo simulation methods at
each time point to generate a simulated population and
then compared the cumulative percentages of cognitive
disorders displayed by the three patient subgroups with
the estimated normative data. We calculated generalised
estimating equations for the whole sample to assess the
longitudinal associations between cumulative neuropsy-
chological deficits, fatigue, and psychiatric data (anxiety,
depressive symptoms, posttraumatic stress disorder, and
apathy).

Results Most participants (>50%) exhibited a decrease in
their neuropsychological impairments, while approximate-
ly 25% showed an escalation in these cognitive deficits.
At T2, patients in the mild subgroup remained free of ac-
cumulated neuropsychological impairments. Patients with
moderate severity of symptoms displayed a decrease in the
magnitude of cumulative deficits in perceptual and atten-
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logical reasoning deficits, and the emergence of language deficits. In patients with severe symptoms,
perceptual deficits emerged and executive deficits increased, while attentional and memory deficits re-
mained unchanged. Changes in executive functions were significantly associated with changes in de-
pressive symptoms, but the generalised estimating equations failed to reveal any other significant effect.

Conclusion While most cumulative neuropsychological deficits observed at T1 persisted and even wors-
ened over time in the subgroups of patients with moderate and severe symptoms, a significant propor-
tion of patients, mainly in the mild subgroup, exhibited improved performances. However, we identified
heterogeneous neuropsychological profiles both cross-sectionally and over time, suggesting that there
may be distinct patient phenotypes. Predictors of these detrimental dynamics have yet to be identified.

Recent studies have highlighted the persistence of neuropsychological deficits up to 12 months after infec-
tion with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), regardless of the severity of respi-
ratory symptoms in the acute phase [1-3]. These deficits mainly concern memory, attention, and executive
functions, suggesting that coronavirus disease 2019 (COVID-19) has long-term consequences beyond the
effects of hospitalisation in an intensive care unit (ICU). However, these studies assessed the results of in-
dividual neuropsychological tests without considering collinearity (i.e. correlations between neuropsycho-
logical tests), cumulative neuropsychological deficits [4,5], or the inherent limitations of cumulative neuro-
psychological testing in an assessment [4]. The use of multiple neuropsychological tests assessing multiple
cognitive functions (e.g. memory, executive, or attentional) can lead to biases such as the identification of
isolated neuropsychological deficits in up to 9% of patients considered to be healthy [4]. To the best of our
knowledge, only one previous study, carried out by our group, has so far taken this statistical issue into ac-
count. Results from the Geneva COVID-COG cohort at 6—9 months post-infection revealed a significantly
higher accumulation of neuropsychological deficits for memory, executive functions, attention, and logical
reasoning, compared with a normative simulated population, in patients who had had moderate or severe
symptoms in the acute phase, but not in patients who had had mild symptoms [6]. Longitudinal follow-up
of very long-term cognitive disorders following SARS-CoV-2 infection is still lacking, as are studies seeking
to identify their potential predictors.

There is currently no consensus in the literature on the potential effects of secondary variables (e.g. psy-
chiatric symptoms or fatigue) on the prevalence of neuropsychological deficits following SARS-CoV-2 in-
fection. Some authors have highlighted associations between psychiatric variables (e.g. apathy, anxiety, or
depressive symptoms) and performances on neuropsychological tests [7,8], while others have not [9]. Some
sociodemographic and clinical characteristics (e.g. age, severity of infection, or medical comorbidities), as
well as the potential existence of distinct patient phenotypes that go beyond the severity of the acute infec-
tion, may explain these divergent results [9,10]. Recent data point to two phenotypes of patients with dis-
sociated neuropsychological symptoms: symptoms similar to those of chronic fatigue and symptoms asso-
ciated with the development of a neurodegenerative cascade. Concerning the first phenotype, the literature
on pathologies such as myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) [11,12] suggests an
interesting parallel, as neuropsychological deficits have been associated with chronic fatigue symptoms. In
particular, a meta-analysis revealed neuropsychological deficits in patients with ME/CFS, predominantly
in the form of executive and attentional deficits that tended to improve over time [11]. These types of defi-
cits have also been observed following SARS-CoV-2 infection, but there is currently no data on how they
change over time. Concerning the second phenotype, viral infectious diseases have recently been shown to
be major risk factors for the development of neurodegenerative diseases (e.g. influenza for Alzheimer disease
or Parkinson disease [13]). Regarding SARS-CoV-2 infection, examination of the neurocognitive trajectories
of a subgroup of patients beyond the acute phase has led authors to formulate hypotheses about the impact
of this infection on neurocognitive aging [14,15]. Given the persistence of cognitive impairment — predom-
inantly episodic memory disorders, instrumental disorders (language, perception, praxis) and anosognosia
[6,10], together with neuroinflammatory markers [16—18] and neurostructural changes [19,20] — hypoth-
eses of accelerated brain aging are being intensively investigated, but rarely in cohorts of patients with no
comorbidities before the infection that might also influence these processes [14,15].

In this context, our main aim was to perform a follow-up assessment of the Geneva COVID-COG cohort
[6] to longitudinally assess the prevalence of cumulative neuropsychological deficits 12-15 months after
SARS-CoV-2 infection, compared with the prevalence of cumulative deficits at 6—9 months. Our second
aim was to assess whether changes in the cumulative neuropsychological deficits over time were associated
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with changes in self-reported psychiatric symptoms and fatigue [8,10,21]. We expected to observe chang-
es in neuropsychological performances that were relatively independent of the severity of the respiratory
form in the acute phase. Although we continued to categorise patients according to acute-phase severity, in
accordance with the original COVID-COG protocol designed in April 2020, we have learned that the se-
verity of the respiratory form in the acute phase may be a contributing risk factor, but was not the only de-
termining one, based on the literature that has emerged since the start of the project [10]. We therefore also
explored the directions of the long-term dynamics and their associated factors. The neurodegenerative tra-
jectory hypothesis [14,15] predicted a long-term deterioration in neuropsychological functions (especially
memory, instrumental, and executive functions) in some patients, the persistence or emergence of anosog-
nosia at 12-15 months post-infection, as well as a significant relationships between apathy and both epi-
sodic memory and instrumental disorders [9]. The chronic fatigue trajectory hypothesis [11,12] predicted
stability or even a slight improvement in neuropsychological performance over the long term, with effects
mainly on executive and attentional functions at 12-15 months post-infection in some patients. Executive
and attentional deficits would thus be significantly correlated with psychiatric symptoms, especially anxi-
ety and depressive symptoms, as well as with self-reported fatigue [11].

METHODS
Participants

We initially considered 4000 patients of Geneva University Hospitals (HUG) who had been infected with
SARS-CoV-2 between March 2020 and May 2021 for potential inclusion. To be part of the research, their
infection had to have been confirmed by positive reverse transcriptase polymerase chain reaction (RT/PCR)
results from a nasopharyngeal swab and/or by positive serological results. We applied the following exclu-
sion criteria at time point 1 (T1): history of neurological issues, psychiatric disorders (two of the included
participants had had an episode of depression >10 years before their SARS-CoV-2 infection), oncological
and neurodevelopmental pathologies, pregnancy, and age >80 years. Participants were recruited either via
admission lists provided by the CoviCare program [22] or via another study performed at HUG [23].

General procedure and ethics

We fully described the study to the participants, who then provided their written informed consent. The
study was conducted in accordance with the Declaration of Helsinki, and the cantonal ethics committee of
Geneva (CCER-02186) approved the study protocol.

Neurological and neuropsychological assessments

Three board-certified clinical neurologists (FA, GA, and UN) conducted a neurological assessment. Three
certified psychologists (PV, ANC, IJA) under the supervision of a board-certified clinical neuropsychologist
(JP) administered a series of neuropsychological tests and questionnaires to patients, who were all fluent
in written and spoken French (Table 1). We had normative data validated in a French-speaking popula-
tion for all these assessment tools. On average, the neuropsychological assessment lasted 180 minutes at
both T1 and time point 2 (T2) (6-9 months and 12-15 months post-infection, respectively). Patients also
responded to online questionnaires using Qualtrics software (Qualtrics, Provo, UT, USA); mean time tak-
en was 60 minutes.

Psychiatric symptoms and fatigue

We measured the following psychiatric variables at each time point: depression with the Beck Depression
Inventory-Second Edition (BDI) [33], anxiety with the State-Trait Anxiety Inventory (STAI) [34], apathy
and its distinct subtypes with the Apathy Motivation Index (AMI) [35], and posttraumatic stress disorder
(PTSD) with the Posttraumatic Stress Disorder Checklist for the Diagnostic and Statistical Manual (PSDC for
DSM-5) [36]. Fatigue was measured with the French version of the Fatigue Impact Scale (EMIF-SEP) [37].

Measure of symptom validity

At each time point, we used the Behavior Rating Inventory of Executive Function for Adults (BRIEF-A) [38]
and Wechsler Adult Intelligence Scale—Fourth Edition (WAIS-IV) [38] digit spans to assess the validity of
the patients’ symptoms (i.e. congruence), and the presence of any symptoms that needed to be considered
with care [6].
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Table 1. Domains and functions measured by the neuropsychological tests used in the COVID-COG protocol at T1 (6-9 months
post-infection) and T2 (follow-up at 12—15 months post-infection)

Domain  Functions Names of tests
Perception Object perception Incomplete Letters and Object Decision tests from Visual Object and Space Perception battery [24]
Spatial perception Number Location and Cube Analysis tests from Visual Object and Space Perception battery [24]
Ideomotor Moroni praxis battery [25]
praxis
Language SemapFic processing: naming and Semantic image mgt§h1ng, semantic word matching, oral picture naming, word repetition,
repetition and nonword repetition from BECLA battery [26]
Inhibition Stroop task from GREFEX battery [27]
) Mental flexibility Trail Making Test from GREFEX battery [27]
FHXSCCS;:: Verbal fluency Categorical and Verbal Fluency from GREFEX battery [27]
Verbal working memory Digit Span Backward from WMS-III [28]
Visuospatial working memory Backward Corsi test from WAIS-1V [29] and Test of Attentional Performance [30]
Attention Phas1§ alertness% d1v?ded and s Test of Attentional Performance [30]
sustained attention; incompatibility
Episodic verbal Grober and Buschke free/cued recall paradigm [31]
Memory Episodic visuospatial Delayed recall of Rey-Osterrieth Complex Figure [32]
Anosognosia for memory dysfunction  Self-appraisal discrepancy score for each memory test [10]
Loglcaq Matrix Reasoning and Visual Puzzles subtests from WAIS-IV [28]
reasoning

BECLA — Batterie d’Evaluation Cognitive du Langage (Cognitive Language Evaluation Battery), WMS-III — Wechsler Memory Scale — I1I, WAIS-IV —
Wechsler Adult Intelligence Scale

Statistical analyses

To explore the frequency of abnormally low neuropsychological scores at 6—9 months and 12-15 months
post-infection (aim 1), we adopted the following procedure. For each validated neuropsychological test, pa-
tients’ performances were first compared with normative data for that tool collected from a reference sam-
ple. More specifically, raw scores were converted to standardised scores (t- and z-scores, percentiles, or
standard scores), which were adjusted for age, education, and gender using published normative data. We
used a conservative threshold (<5 percentile) as defined by the Swiss Society of Neuropsychology to es-
tablish the difference between patients’ deficits and normative data. To find out whether the frequency of
the deficits observed in our patient cohort was higher than that expected in a normative population, and to
compensate for the number of tests (Type 1 error), we then used the Monte Carlo simulation program (.e.
estimated base rates), with a framework developed by Crawford et al. [5] and previously validated with the
Geneva COVID-COG cohort [6]. The estimation of the baseline rates of low scores, based on test intercor-
relations for the whole COVID-19 sample at T1, allowed us to estimate the percentage of the normative pop-
ulation who would exhibit one or more, two or more, three or more, or four or more abnormally low scores,
applying a conservative threshold (<5™ percentile) [5]. We then carried out six stages of analysis. First, we
pooled the scores according to seven cognitive functions, based on theoretical models and/or test batteries:
episodic memory model [39] and Memory NEo-Structural Inter-Systemic model (MNESIS) model [40] for
memory; latent model of executive functions [41] and GREFEX battery [27] for executive functions; test of
Attentional Performance battery [30] for attentional abilities; subtests of the Visual Object and Space Per-
ception battery [24] for perceptual abilities; subtests of the WAIS-IV [28] for logical reasoning; subtests of
the Cognitive Language Evaluation Battery (Batterie d’Evaluation Cognitive du Langage) (BECLA) [26] for
language; and subtests of a praxis battery [25] for ideomotor praxis (detailed scores provided in Table S2 in
the Online Supplementary Document). Second, we calculated correlation matrices of raw scores for each
function. Third, we entered the results of the correlation matrices into a generic program: PercentAbnormK-
tests [5] with a conservative threshold (<5™ percentile). It should be noted that the results for the 95 patients
were generally comparable to the results of a previous simulation carried out on 121 patients [6]. Fourth,
we summed scores below the conservative threshold for each patient and each function. Fifth, we calculat-
ed cumulative percentages of patients in the total sample and each subgroup (mild, moderate, and severe)
with at least one lower test score. Sixth and last, we compared these cumulative percentages first with the
estimated scores of the normative population obtained at Stage 3 using binomial distribution probability
analyses, as suggested by Crawford et al. [5], then with the estimated baseline rate used to specify the sam-
ple P-value: baseline estimate vs mild group, baseline estimate vs moderate group, and baseline estimate
vs severe group. Finally, we used a Benjamini-Hochberg false discovery rate (FDR) correction [42] with a
P-value set at .05 for each group comparison on each of the functions we assessed.
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To assess the longitudinal relationship between the prevalence of cumulative neuropsychological deficits
and secondary variables (psychiatric symptoms and fatigue) (aim 2), we applied the following procedure.
We calculated independent generalised estimating equations (GEEs) in SPSS, version 28.0 (IBM, Armonk,
New York, USA) to assess the relationships between neuropsychological data and our secondary variables of
interest (depressive symptoms, anxiety, apathy, PTSD, and fatigue) over time. Sociodemographic data (age,
gender, and education level) and the severity of the infection in the acute phase were added to the models.
We calculated a separate model for each of the seven dependent cognitive domains (memory, executive,
perceptual, language, praxis, logical reasoning, attention). Given the ordinal distribution of our dependent
variables and the presence of repeated nonparametric continuous measures as predictors, we ran GEE or-
dinal probit models solely with the main effects of the predictors.

Patients with COVID-19 : RESULTS
Assessment of medical files P o .
(n = 4000) and interview to arthlpantS
select patients (n = 300) ) .
prmmeee Exclusion eriteria "7 After screening 4000 medical records at HUG
i History of neurological issues; i according to our exclusion criteria, we found
i psychiatric disorders; cancer; ! . .. .
: neurodevelopmental i 300 patients to be eligible, of which 121
i pathologies; pregnancy;age  §  agreed to participate in the study at a mean
i bove 80 ' .
—— — oo FOOYEEEYEE oo 22246 (standard deviation (SD)=42.93)
Eligible patients at T1 (6-9 months post-infection) R K K
Severe group (ICU + mechanical ventilation) (n = 24) days after infection (Tl), while 95 of these
Moderate group (conventional hospitalization) (n = 48) also agreed to participate in the follow—up at

Mild group (non-hospitalized) (n = 49)

protttoseooseoosseoosseessn o amean 441.34 (SD=54.3) days after infection
! Drop-out at follow-up (n = 26) (T2) (Figure 1). To gain an unbiased assess-
1 Absence of response; refusalto 1 ment of the prevalence of deficits, we only an-

particpate In T2 session alyzed data on the 95 patients who attended
Follow-up at T2 (12-15 months) the sessions at both time points. The reasons

Severe group (ICU + mechanical ventilation) (n = 23) for the nonparticipation of the 26 individu-

Mwemt&ﬁf;r’;ﬁc: ?:j:ii';;'lt:fzzg)al(',z,azt';’;)) (n=39) als (21.48% of the sample) in the follow-up
were lack of response, and refusal to take part

(reasons given: lack of time, participants did
not see the need for a follow-up assessment).

Figure 1. Flowchart of the study. ICU — intensive care unit.

We divided patients into three subgroups according to the severity of their infection in the acute phase
(Table 2): 33 had tested positive but had not been hospitalised (mild symptoms group); 39 had been hos-

Table 2. Sociodemographic data and relevant medical history*

Total sample Mild subgroup Moderate subgroup Severe subgroup Pvaluet
(n=95) (n=33) (n=39) (n=23)
Age in years, mean (SD) (range) 5712 (10.68), (36-38)  54.24 (8.3D), 37-69)  56.46 (10.65), (36-75) 62.35 (12.23), (38-78) NS
Education level, (1-3), mean (SD)T 2.63(0.55) 2.73(0.45) 2.62 (0.59) 2.52(0.59) NS
Gender — women, % 35.79 42.42 3846 21.74 NS
Handedness — right-handed, % 95.79 96.97 94.87 95.65 NS
Days of hospitalisation, mean (SD) 19.82 (20.70) - 9.86 (8.09) 37.25(25.71) NA
Diabetes, % 7.37 0 5.13 21.74 NS
Smoking, % 5.26 15.15 0 0 0.0077
History of respiratory disorders, % 5.26 15.15 0 0 NS
History of cardiovascular disorders, % 17.89 15.15 15.38 26.09 NS
History of neurological disorders, % 0 0 0 0 NS
History of psychiatric disorders, % 4.21 6.06 0 0 NS
History of cancer, % 0 0 0 0 NS
History of severe immunosuppression, % 0 0 0 0 NS
History of developmental disorders, % 0 0 0 0 NS
Chronic renal failure, % 0 0 0 0 NS
Sleep apnea syndrome, % 15.79 9.09 15.38 26.09 NS

SD — standard deviation, NA — not applicable, NS — not significant

*Mild: patients not hospitalised for COVID-19; moderate: patients hospitalised without mechanical ventilation for COVID-19; severe: patients hospital-
ised in intensive care unit with mechanical ventilation for COVID-19.

tStatistical analysis performed: Kruskal-Wallis or x*.

¥Level 1 is equivalent to compulsory Swiss schooling (11 years of study); Level 2 is equivalent to a vocational diploma (11-12 years of study); and Level
3 is equivalent to the Matura high-school diploma and higher education (>12 years of study).
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pitalised but did not require mechanical ventilation (moderate symptoms group) (9.86 (SD=8.09) days of
hospitalisation), and 23 had been admitted to ICU during the acute phase of the infection and undergone
mechanical ventilation (severe symptoms group) (37.25 (SD=25.71) days of hospitalisation). The mild and
moderate subgroups were matched (and verified through nonparametric analysis) with patients in the se-
vere subgroup on the following criteria: median age (mild =55 years; moderate =56 years; severe =060 years),
education level, language (all were French-speaking Swiss citizens or residents of the French part of Swit-
zerland), clinical variables (except for smoker status, which was significantly higher in the mild subgroup),
and number of days since infection (T1: effect size (H)=0.95; P=0.623, T2: H=0.80; P=0.671). Moreover,
based on information provided by participants, we retrospectively ascertained which patients had per-
formed risky occupations (as defined by the Swiss Confederation) during the pandemic (e.g. health care
professional or supermarket cashier). Analysis did not reveal any differences in the percentage of at-risk oc-
cupations across the groups (sample=87.88%, H=0.524; P=0.334). The frequency of each of the different
clinical symptoms experienced by patients during the acute phase is available in Table S1 in the Online
Supplementary Document.

Changes in neuropsychological deficits for whole sample

When we examined changes in neuropsychological deficits test by test, we observed an overall improvement
in performance in 54.66% of the sample, while there was decline in performance in 25.63% of the sample,
and neuropsychological deficits persisted in 10.48% of patients. Finally, 9.22% of the sample exhibited no
neuropsychological deficits at either time point (T1 and T2) (Table 3). Cumulative neuropsychological defi-
cits and their changes over time (at 6—9 months and 12-15 months post-infection) in each subgroup are
shown in Table S2 in the Online Supplementary Document.

Table 3. Descriptive data for the whole sample and each subgroup (mild, moderate, and severe) for changes in neu-
ropsychological deficits between time point 1 and time point 2, considering the neuropsychological tests separately,
not cumulatively

Whole sample  Mild subgroup Moderate Severe subgroup

(n=95) (n=33) subgroup (n=39) (n=23)

Percentage increase in total number of

neuropsychological deficits (<5 percentile) 2963 3030 2051 26.09
Percentage decréase in Fo_tal number of . 54.66 4848 58.97 56.52
neuropsychological deficits (<5 percentile)

Percentage with no modlf?cAatlon in total nu‘mber 1048 303 1538 13.04
of neuropsychological deficits (<5 percentile)

Absence of neuropsychological deficits at both 022 1818 513 435

time points

Cumulative neuropsychological deficits at 6—9 months and 12-15 months
post-infection according to severity of acute-phase infection

All results below were yielded by binomial distribution probability analyses with FDR Benjamini-Hoch-
berg correction.

Perceptual functions

At 6-9 months post-infection, the moderate and severe subgroups differed significantly from the normative
population on perceptual functions, with two or more abnormally low scores (moderate: +4.15%; P=0.001,
severe: +3.37%; P=0.001), while all comparisons with the normative population on cumulative percentag-
es were nonsignificant for the mild subgroup (P>0.05). At 12-15 months post-infection, the severe sub-
group differed significantly from the normative population on one or more (+8.21%; P<0.001), two or more
(+3.37%; P=0.001), or three or more (+4.21%; P<0.001) abnormally low scores, while the mild and mod-
erate subgroups did not differ significantly from the normative population on any cumulative percentages
(P>0.05). Results for perceptual functions at 6-9 months pointed to a long-term cumulative performance
for the mild subgroup that was comparable to that of a normative population. By contrast, a cumulative defi-
cit lasting more than 6—9 months was observed in both the moderate and severe subgroups. We observed
a normalisation of performances at 12—15 months for the moderate subgroup, but a clear worsening for the
severe subgroup (Figure 2 and Table S2 in the Online Supplementary Document)
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Figure 2. Cumulative memory and perceptual deficits at 6-9 and 12—15 months post-infection. Panel A. Significantly higher cumula-
tive percentages of memory deficits at 6—9 months post-infection for the severe (one, two, three, four, and five or more cumulative defi-
cits) and moderate (one or more cumulative deficits) subgroups, compared with a normative population. Panel B. Significantly higher
cumulative percentages of memory deficits at 12—15 months post-infection for the severe (one, two, three, and four or more cumulative
deficits) and moderate (three or more cumulative deficits) subgroups, compared with the normative population. Panel C. Significantly
higher cumulative percentages of perceptual deficits at 6—9 months post-infection for the severe (one, two or more cumulative deficits)
and moderate (two or more cumulative deficits) subgroups, compared with the normative population. Panel D. Significantly high-

er cumulative percentages of perceptual deficits at 12-15 months post-infection solely for the severe subgroup (one, two, and three or
more cumulative deficits), compared with the normative population.

Ideomotor praxis

The analysis revealed no significant differences at 6—9 months post-infection between the normative popula-
tion and either the total sample or the mild, moderate, and severe subgroups on ideomotor praxis (P>0.05).
At 12-15 months post-infection, analysis similarly failed to reveal any significant differences between the
normative population and either the total sample or the mild, moderate, and severe subgroups (P>0.05).
These results for ideomotor functions suggested the presence of cumulative deficits comparable to those of
anormative population at each time point, regardless of the severity of the infection in the acute phase (Ta-
ble S2 in the Online Supplementary Document)

Language

The analysis revealed no significant differences at 6—9 months post-infection between the normative pop-
ulation and either the total sample or the mild, moderate, and severe subgroups (P>0.05). However, we
found significant difference at 12-15 months post-infection between the moderate subgroup and the nor-
mative population on three or more abnormally low scores (+1.69%; P=0.004), while for the mild and se-
vere subgroups, all cumulative percentages were nonsignificant, compared with the normative population
(P>0.05). These results pointed to a deterioration in language abilities in the moderate subgroup at 12-15
months post-infection (Table S2 in the Online Supplementary Document).

Executive functions

We found a significant difference at 6-9 months post-infection between the moderate subgroup and the
normative population on three or more abnormally low scores (+2.08%; P=0.011), while all cumulative per-
centages were nonsignificant for the mild and severe subgroups, compared with the normative population
(P>0.05). We observed a significant difference at 12-15 months post-infection between the moderate sub-
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group and the normative population on two or more abnormally low scores (+2.78%; P<0.001), but found
significant differences for the severe subgroup on one or more (+2.45%; P<0.001), four or more (+1.71%;
P=0.003), and five or more (+3.18%; P<0.001) abnormally low scores. All cumulative percentages for the
mild subgroup were nonsignificant compared with the normative population (P>0.05). Results for execu-
tive functions pointed to a deterioration, and therefore an increase in the accumulation of deficits. However,
this could only be observed in the severe subgroup, as the moderate subgroup maintained a stable level of
cumulative deficits compared with the normative population, and the mild subgroup did not have signifi-
cantly greater cumulative deficits (Table S2 in the Online Supplementary Document).

Attentional functions

We found a significant difference at 6—9 months post-infection between the moderate subgroup and the
normative population on four or more abnormally low scores (+1.22%; P=0.021). We further observed sig-
nificant differences for the severe subgroup on two or more abnormally low scores (+3.18%; P<0.001), while
all cumulative percentages for the mild subgroup were nonsignificant, compared with the normative pop-
ulation after FDR correction (P>0.05). At 12-15 months post-infection, significant differences were found
for the severe subgroup on three or more abnormally low scores (+1.50%; P=0.003), while all cumulative
percentages for the mild and moderate subgroups were nonsignificant, compared with the normative pop-
ulation (P>0.05). Results for attentional functions suggested a normalisation in the moderate subgroup,
while cumulative deficits persisted in the severe subgroup, compared with the normative population. The
mild subgroup did not have a significantly higher cumulative deficit at either time point (Table S2 in the
Online Supplementary Document).

Memory functions

The moderate subgroup differed significantly from the normative population on one or more abnormally
low scores (+15.11%; P<0.001) at 6—9 months post-infection. The severe subgroup differed significantly on
one or more (+19.12%; P<0.001), two or more (+7.57%; P<0.001), three or more (+9.31%; P<0.001), four or
more (+2.90%; P<0.001) and five or more (+3.82%; P<0.001) abnormally low scores, while all cumulative
percentages for the mild subgroup were nonsignificant, compared with the normative population (P>0.05).
At 12-15 months post-infection, the moderate subgroup differed significantly from the normative popula-
tion on three or more abnormally low scores (+1.39%; P=0.011). The severe subgroup differed significant-
ly on one or more (+14.67%; P<0.001), two or more (+3.22%; P<0.001), three or more (+0.82%; P=0.008),
and four or more abnormally low scores (+2.90%; P<0.001). All cumulative percentages for the mild sub-
group were nonsignificant, compared with the normative population (P>0.05). These results suggested the
presence and persistence of cumulative memory deficits in the moderate and severe subgroups at each time
point, while there were no significant differences between the mild subgroup and the normative population
for memory functions (Table S2 in the Online Supplementary Document and Figure 2)

Logical reasoning

We found a significant difference between the moderate subgroup and the normative population on three
or more abnormally low scores (+1.69%; P=0.018) at 6—9 months post-infection, while all differences on
cumulative percentages between the mild and severe subgroups and the normative population were non-
significant (P>0.05). The moderate subgroup differed significantly from the normative population on three
or more abnormally low scores (+1.69%; P=0.018) at 12-15 months post-infection, while all differences on
cumulative percentages between the mild and severe subgroups and the normative population were nonsig-
nificant (P>0.05). These results for logical reasoning pointed to a persistent cumulative performance deficit
in the moderate subgroup, but no cumulative deficits in the mild and severe subgroups at either time point
(Table S2 in the Online Supplementary Document).

Longitudinal relationships between cumulative neuropsychological deficits and psychiatric data and fatigue

GEE analyses only revealed a significant relationship between changes in executive functioning and chang-
es in depressive symptoms (Wald x*=5.32; P=0.021, CI=0.016, 0.193), suggesting that a reduction in the
prevalence of executive disorders was associated with a decrease in self-reported psychiatric symptoms. Ex-
ecutive functioning was also significantly associated with the severity of the acute infection (Wald x*=7.66;
P=0.006), but not with age, gender, or education level. No significant longitudinal relationships were found
for any of the other cognitive functions (memory, instrumental, attentional, or logical reasoning) with chang-
es over time in either self-reported psychiatric symptoms or fatigue (P>0.050) (Figure 3).
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Figure 3. Significant longitudinal association between changes in cumulative
executive function deficits and changes in self-reported depressive symptoms.

| Zﬁ DISCUSSION
Joa 2 More than half of the Geneva COVID-COG co-
oz 2 = hort showed a reduction in overall neuropsycho-
{o3s & = § logical deficits. However, a significant propor-
1037 g ; §_ tion of patients (~40%) exhibited a worsening or
{03 ~ 8 &  persistence of neuropsychological deficit scores,
4035 g S suggesting the presence of distinct patterns of
4034 neurocognitive change following SARS-CoV-2
033 infection. We were therefore able to confirm the
T T2 results of the previous assessment at 6—9 months,
Depression Cumulated executive validating the use of cumulative deficits and sta-
(BDI-11) deficits tistical simulation methods to measure the long-

term neuropsychological effects of SARS-CoV-2
infection, with two main implications.

BDI 11 - BECK depression inventory. First, our results confirmed that the neurocogni-

tive consequences of SARS-CoV-2 infection go be-
yond any effect of ICU hospitalisation. More specifically, neuropsychological deficits at 69 and 12-15 months
post-infection were found to be partially independent of the severity of the initial infection, thus supporting
previous observations [1,6,9,10,43—45]. Moreover, concerning changes in the neuropsychological deficits, the
results of our assessment at 12—15 months indicated a normalisation of attentional deficits in the moderate
subgroup, the persistence of memory and logical reasoning symptoms in both the moderate and severe sub-
groups, and deteriorations in both instrumental functioning and executive functions in the moderate and se-
vere subgroups. The latter results for the severe subgroup go against the results of studies assessing the effects
of ICU that were conducted prior to the COVID-19 pandemic, as these indicated that cognitive functions im-
prove within approximately six months of hospitalisation in ICU [46]. Additionally, the absence of cumula-
tive neuropsychological deficits in the mild subgroup (confirming previous results at 6—9 months) [6] does
not exclude the possibility of isolated neuropsychological deficits, as observed in previous studies [1,9]. These
isolated deficits could have an impact on patients’ daily lives [9,47] and could be associated with brain mod-
ifications [48]. Thus, in line with our predictions, although the severity of respiratory symptoms in the acute
phase may be a contributing factor for the presence of neuropsychological deficits after the infection, it is not
the only predictor of what we may now call neuropsychological post-COVID-19 condition. This variable should
therefore be regarded as one risk factor among others (e.g. behavioral, immunological, and/or genetic) [18].

Second, our results pointed to the probable existence of distinct clinical pathological phenotypes following
SARS-CoV-2 infection. The neuropsychological profiles we identified in our study were highly heterogeneous,
both cross-sectionally and over time. As suggested in the literature, we therefore suspected the existence of
at least two clinical phenotypes. The first phenotype corresponds to the hypothesis that the long-term ef-
fects of SARS-CoV-2 infection are comparable to those of ME/CFS. As in ME/CFS, our results indicated the
presence of executive and attentional deficits [11,12]. Moreover, our analyses aimed at identifying poten-
tial predictors of cumulative neuropsychological deficits indicated that changes in self-reported depressive
symptoms were predictive of changes in executive functions. This could further argue in favor of a ME/CFS
phenotype, as the literature describes a close association between neuropsychological deficits in this med-
ical condition and psychiatric symptoms, especially anxiety and depression [11,12 49]. Some of our results
were not congruent with what has been highlighted in ME/CFS to date. The executive and attentional defi-
cits described above were accompanied by memory and instrumental disorders in our cohort. Moreover,
with the exception of attentional deficits, the cumulative deficits persisted and even worsened, whereas the
ME/CEFS literature suggests an improvement in neuropsychological performance at six months [11]. Finally,
GEE models failed to reveal any significant association between changes in self-reported fatigue and chang-
es in cumulative neuropsychological deficits. That said, it is important to bear in mind that these statistical
models are designed to study links between changes in status (in this case, changes in self-reported fatigue
with changes in neuropsychological performances). If the levels remain, for example, stable and high in
both conditions, the results are not significant. Moreover, our knowledge of the symptoms that accompany
ME/CEFS is still limited. We therefore believe that the hypothesis of an analogy between ME/CFS and post-
COVID condition should be retained for the time being. Another, non-mutually exclusive explanation for
the decline in performance in patients with no known pre-infection clinical history, as well as the presence
of memory and instrumental deficits, would be the presence of a second phenotype where neurodegenera-
tive processes are triggered by COVID-19 [6]. In particular, the increase in instrumental deficits (memory,
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language, and perception) observed in certain moderate and severe patients could be congruent at the be-
havioral level with an acceleration of neurodegenerative processes. Contradicting this hypothesis, few of
the changes in cumulative neuropsychological deficits (memory, instrumental, attention) were predicted by
psychiatric scores. One possible explanation lies in the use of self-reported questionnaires, which may un-
derestimate the prevalence and the magnitude of the psychiatric symptoms in anosognosic patients. Further
analyses according to phenotype, together with measures of biological markers, are needed to elucidate the
heterogeneity of post-COVID-19 condition.

Our study had several main limitations. First, despite strict exclusion criteria, thorough screening of med-
ical records and systematic interviews, a very small number of patients had comorbidities (respiratory or
cardiovascular) that potentially influenced their long-term performance. Second, as with the previous study
conducted at 6—-9 months post-infection, we could not include a control group, owing to the high rate of in-
fection in Geneva across 2020 and 2021. Given the scale of the pandemic, and unless a cohort was followed
before the pandemic, no group in the world today could recruit such a control group, which is why we per-
formed simulation analyses. Third, we performed said simulation analyses with just 95 patients, which may
reduce the generalisability of the results. There may have been an overall tendency to overestimate the level
of abnormality in each separate comparison [5]. That said, the simulation results were broadly comparable
with what had previously been validated on 121 patients [6]. Moreover, we ran additional analyses with
multivariate correction (i.e. Benjamini-Hochberg FDR). It is also important to acknowledge that the neuro-
psychological tests we used may have lacked sensitivity for some patients, possibly leading to an underesti-
mation of their neuropsychological deficits. A sizeable percentage of patients in the mild group did not take
part in the assessment at 12—15 months. The fact that so many patients with neuropsychological deficits at
6-9 months did not return may have influenced our results for cumulative deficits in the mild subgroup.
Fourth, many potentially important variables, such as levels of vitamin D [50] and immunological mark-
ers [16,18] were not collected, even though they may play a role in the progression of neuropsychological
symptoms following SARS-CoV-2 infection. Fifth, this study was carried out in a high-income country, so
the question of cognitive long-term effects in low- and middle-income countries with socio-economic and
cultural specificities remains unanswered [51].

CONCLUSION

We identified several long-term neuropsychological trajectories 12—15 months after SARS-CoV-2 infection.
These trajectories were partially independent of the severity of respiratory symptoms in the acute phase,
and therefore cannot be attributed solely to post-ICU effects. Whereas the performances of some patients
followed in the Geneva COVID-COG cohort had improved one year after being infected, a significant por-
tion of patients displayed neuropsychological deficits that persisted, appeared or even increased over the
long term. These trajectories could not be explained by changes in the psychiatric symptoms that may oc-
cur in the context of a global pandemic, such as PTSD or anxiety. Our study opens the way for the charac-
terisation of specific phenotypes of the new neuropsychological syndrome that we have chosen to call neu-
ropsychological post-COVID-19 condition.
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