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Zusammenfassung

Einleitung. Unter Long-COVID versteht man ein heterogenes Krankheitsbild, welches mehr
als 200 Symptome umfasst und eine deutliche Belastung fiir Gesundheitssysteme weltweit
darstellt. Selbst fiinf Jahre nach Beginn der Pandemie ist das Wissen iiber die individuellen
Auswirkungen, wirksame Behandlungsmethoden und die mit Long-COVID verbundenen
Verdnderungen im Gehirn noch immer begrenzt. Methoden. Diese Dissertation beinhaltet drei
Studien, die darauf abzielten, (1) die Symptome, Belastungen und Auswirkungen von Long-
COVID zu beschreiben, (2) strukturelle und funktionelle Gehirnverdnderungen im
Zusammenhang mit kognitiven Beeintrichtigungen - einem der hédufigsten Symptome - zu
untersuchen und (3) die Wirksamkeit eines tabletbasierten Trainingsprogramms als
Intervention bei kognitiven und psychologischen Defiziten zu evaluieren. Ergebnisse. Die
Ergebnisse verdeutlichen (1) die erheblichen Auswirkungen von Long-COVID auf das
personliche und berufliche Leben der Betroffenen, -einschlieBlich einer Vielzahl
unterschiedlicher Symptome, hoher psychischer Belastung und arbeitsbezogener
Konsequenzen wie Einkommensverlust oder Arbeitsunfahigkeit. Dariiber hinaus (2) zeigten
sich signifikante funktionelle Verdnderungen im Gehirn zwischen Patient:innen mit und ohne
kognitiver Beeintrdchtigung nach einer COVID-19 Infektion, insbesondere in
Gehirnnetzwerken wie dem Default Mode Network (DMN), welches eine zentrale Rolle in
verschiedenen mentalen Prozessen spielt. AuBerdem (3) zeigen die Ergebnisse dieser
Dissertation teilweise, dass tabletbasierte Trainingsprogramme subjektive kognitive
Beschwerden und depressive Symptome lindern sowie die Gedéchtnisleistung der Betroffenen
unterstiitzen konnen. Schlussfolgerung. Diese Ergebnisse verdeutlichen das vielseitige
Erscheinungsbild von Long-COVID und dessen erhebliche Auswirkungen auf das Leben der
Betroffenen. Sie zeigen auBerdem, wie wichtig ein tieferes Verstindnis der neuronalen
Mechanismen ist, welche den kognitiven und psychologischen Symptomen von Long-COVID
zugrunde liegen. Kiinftige Forschung sollte darauf abzielen, reliable Biomarker zu
identifizieren und mafigeschneiderte Interventionen zu entwickeln, um die Lebensqualitét der

Betroffenen zu verbessern.



Abstract

Introduction. Long-COVID is a highly heterogeneous condition that encompasses more than
200 symptoms and poses a significant burden on public health systems worldwide. Even five
years after the pandemic, knowledge about its personal impact, effective treatment options, and
brain alterations in affected individuals remains limited. Methods. Therefore, this thesis
comprises three studies that aimed to (1) characterize the symptoms, burdens, and impacts of
Long-COVID, (2) investigate structural and functional brain changes associated with cognitive
impairment - one of the most frequently reported symptoms - and (3) explore the effectiveness
of a tablet-based training program as a potential intervention for cognitive and psychological
deficits. Results. The findings of this thesis underscore (1) the substantial impact of Long-
COVID on patients’ personal and professional lives, including a broad range of symptoms, high
levels of psychological distress, and work-related consequences such as loss of income or
inability to work. In addition, (2) significant functional brain alterations were observed between
patients with and without cognitive impairment following COVID-19, especially in large-scale
brain networks such as the default mode network (DMN), which plays an important role in
various mental processes. Finally, (3) the findings of this thesis provide partial support for the
use of tablet-based training programs to alleviate subjective cognitive complaints, reduce
depressive symptoms, and support memory performance in affected individuals. Conclusion.
These findings highlight the diverse clinical presentation of Long-COVID and its significant
impact on those affected. Moreover, they underscore the need for a deeper understanding of the
neuronal mechanisms underlying its cognitive and psychological symptoms. Future research
should aim to identify reliable biomarkers and develop tailored, multimodal interventions to

improve the quality of life for those affected.
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Introduction

COVID-19 Overview

The year 2020 marks a radical event for people worldwide. With the outbreak of a novel
coronavirus (Severe Acute Respiratory Syndrome Coronavirus 2; SARS-CoV-2) in Wuhan,
China, in December 2019, the lives of billions changed drastically from one day to the next.
International media began reporting on a cluster of unknown pneumonia cases in Wuhan and
immediately attempted to investigate the source of the illnesses [1, 2]. Shortly after the virus
outbreak, the World Health Organization (WHO) declared COVID-19 (Coronavirus Disease
2019), a disease caused by SARS-CoV-2, a public health emergency on January 30, 2020.
Subsequently, they declared COVID-19 a global pandemic on March 11, 2020 [3] (Figure 1),
leading to unprecedented restrictions and constraints worldwide.

Although the pandemic and its consequences came as a surprise to many, coronaviruses
were not new to humanity. This type of virus represents a group of viruses that can cause
respiratory infections in humans, as seen with the severe acute respiratory syndrome
coronavirus (SARS-CoV) in 2002/2003 [4] and the Middle East respiratory syndrome
coronavirus (MERS-CoV) in 2012 [5]. Even though these viruses also spread across multiple
countries, the novel coronavirus SARS-CoV-2 was found to be particularly transmissible,
causing respiratory disease in millions of people worldwide [6]. Although the genome of
SARS-CoV-2 is around 79% identical to SARS-CoV and 50% to MERS-CoV [7], the
emergence of this novel coronavirus led to a substantially larger number of rapidly infected
individuals and fatalities within a short period, compared to other virus outbreaks [8]. As a
result, SARS-CoV-2 posed a significant global public health threat.

Only weeks after the first confirmed case on December 8, 2019, the virus spread rapidly
over multiple countries, with over 778 million confirmed COVID-19 cases reported worldwide
(including 6.1 million cases in Austria) as of September 2025 [9]. One reason SARS-CoV-2 is
so highly contagious and has caused so many illnesses worldwide is that it can be transmitted
both before the onset of symptoms and by individuals with asymptomatic infections [10]. Since
the rapid spread of the virus, researchers worldwide investigated the cause and origin of SARS-
CoV-2, but its exact origin remains unresolved to this day. While some articles refer to a
zoonotic origin of SARS-CoV-2, suggesting a potential transmission of viruses from animals
(such as bats) to human populations [5, 11, 12], the WHO also investigated the possibilities that

SARS-CoV-2 either first appeared in animal markets and was transmitted to humans via
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contaminated chilled products (“cold chain”) as well as the possibility of a laboratory origin,
most likely from the Wuhan Institute of Virology. However, even today, sufficient and reliable
evidence to determine the origin of the virus is missing or not publicly accessible, as stated in
an independent assessment of the origins of SARS-CoV-2 by the WHO in June 2025 [13].

Even though the origin of SARS-CoV-2 remains unsolved, researchers gathered a large
amount of information on coronaviruses and SARS-CoV-2 itself. Coronaviruses belong to the
family Coronaviridae and are positive-strand RNA viruses [14, 15] that can be found in several
animal species such as bats or pangolins [16]. They have crown-like surface glycoprotein
projections, which is why the virus was named “Coronavirus” (from Latin ,,corona“, meaning
crown) [17]. In general, coronaviruses are divided into four genera: Alphacoronaviruses,
Betacoronaviruses, Gammacoronaviruses, and Deltacoronaviruses. The well-known
coronaviruses that caused outbreaks such as SARS, MERS, and COVID-19 belong to a
subgroup of Betacoronaviruses [5, 11, 15]. The SARS-CoV-2 virion consists of several
structural proteins, including the spike protein, nucleocapsid protein, membrane protein and
envelope protein [18]. Notably, SARS-CoV-2 infects human cells mainly via the spike protein
(S protein), which binds to angiotensin-converting enzyme 2 (ACE2) receptors and allows the
virus to enter host cells [19, 20]. ACE2 receptors can be found in several tissues and organs
throughout the human body, such as the gut, brain, lung or heart [21, 22]. Hence, this might be
one reason why symptoms following infection with the virus are so diverse and vary in severity.

The first symptoms people faced after an infection with the coronavirus included, but
were not limited to, fever, cough, fatigue, and dyspnea (shortness of breath) [23, 24]. Although
patients initially showed symptoms of a viral pneumonia, a huge variety of other symptoms
were reported by infected individuals within the next years of the pandemic, as for instance,
anosmia or ageusia (loss of smell or taste), headache, diarrhea or nausea [25]. While the
majority of those infected were able to recover from the illness without needing professional
medical help, some needed to get transferred to a hospital, with a high mortality rate of up to
17% of those critically ill patients [26].

Hospitalization and mortality rates varied significantly over time as new variants
emerged, and the first vaccines became publicly available [27]. Over time, the virus mutated as
it spread among humans. In many cases, mutations have little impact on infection or mortality
rates; however, some mutations can cause substantial concerns [28]. The most significant

variants, as labeled by the WHO, include Alpha (strain B.1.1.7), Beta (strain B.1.351), Gamma
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(strain P.1), Delta (strain B.1.617.2), and Omicron (B.1.1.529) [29]. As significant variants of
concern (VOC), the alpha variant was first detected in the UK (09/2020), followed by the beta
variant in South Africa (10/2020), the gamma variant in Brazil (11/2020), the delta variant in
India (12/2020) and the omicron variant in South Africa (11/2021) [20]. Since then, new
variants emerged and are monitored with respect to their transmissibility and their impact on
disease severity.

Furthermore, about a year after the first reported cases of COVID-19, vaccines were
approved and became publicly available, including mRNA vaccines (e.g., Comirnaty by Pfizer-
BioNTech and Spikevax by Moderna) and viral vector vaccines (e.g., Vaxzevria by Oxford-
AstraZeneca and Janssen by Johnson & Johnson). Data from the last years demonstrate that
vaccination was associated with a significant reduction of COVID-19-related hospital
admissions and mortality rates worldwide [27, 30-34], which enabled a turning point in the
course of the coronavirus crisis. Nevertheless, as of 2025, countries all over the world are still

dealing with the private, social, and economic consequences of the pandemic.

Figure 1. Significant events associated with the COVID-19 outbreak from December 2019 to
September 2025

February 11, 2020
The virus was named
SARS-CoV-2. The disease
was named COVID-19

December 8, 2019

May 5, 2023
First recorded case of

The WHO ended the
PHEIC for COVID-19

September, 2025
> 778.000.000 cases

COVID-19 >7.000.000 deaths

December January February March May

G @ |

January 9, 2020
A novel coronavirus was
identified and linked to the
pneumonia outbreak

I

March 11, 2020
The WHO declared
COVID-19 a pandemic

January 20, 2020 January 23, 2020 January 30, 2020
Confirmation of human-to- First lockdown in Wuhan WHO declared the virus a
human transmission city public health emergency

Note. COVID-19: Coronavirus disease 2019; PHEIC: public health emergency of international
concern; SARS-CoV-2: severe acute respiratory syndrome coronavirus 2; WHO: World Health

Organization [35]
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COVID-19 in Austria

In Austria, the high number of confirmed COVID-19 cases triggered several lockdowns,
which lasted weeks or months and led to curfews, travel bans, the closure of public spaces,
school and university restrictions, and the postponement of medical procedures. In addition, the
pandemic caused a high rate of unemployment and an economic collapse. Until September
2025, approximately 6.1 million cases of COVID-19 were reported in Austria, with around
22.500 fatalities, corresponding to a mortality rate of around 0.4% [9]. Although this number
seems relatively low, the fatality rate was significantly higher before vaccines became publicly
available worldwide (highest rate: 5.9% in April 2020) [30, 36]. From a psychological
perspective, the Austrian population suffered from increased levels of loneliness, especially
among older adults during the COVID-19 pandemic [37], and from high levels of psychological
distress, including depressive symptoms and anxiety [38-40]. These negative health
consequences were not only present during governmental lockdowns, but also after restrictions
were suspended [39] and led to a significant decrease in quality of life of those affected [41].

Nevertheless, the availability of COVID-19 vaccines led to the first vaccinations in
Austria on December 27, 2020. Following this, the growing immunity in the population led to
the official end of COVID-19 as a Public Health Emergency of International Concern (PHEIC)
on May 5, 2023 [42]. However, although the acute danger of the pandemic was brought under
control in Austria and worldwide, various long-term health challenges emerged. Some
individuals never fully recovered from COVID-19 or developed new symptoms after their
initial infection subsided. This lasting condition is referred to as “Long-COVID”, “long

haulers”, “Post-COVID-19 condition (PCC)” or “Post-COVID syndrome (PCS)” [43].

Post-COVID-19 Condition (Long-COVID)

Early studies used different terms to describe persistent or newly developed symptoms
following an acute SARS-CoV-2 infection based on the duration of symptoms [43]. The
terminology published by the National Institute for Health and Care Excellence (NICE)
suggested the terms ,acute COVID-19“ for symptoms lasting up to 4 weeks, ,,ongoing
symptomatic COVID-19* for symptoms of COVID-19 from 4 weeks up to 12 weeks, and ,,Post-
COVID-19* for symptoms that develop during or after COVID-19 and extend beyond 12 weeks
[44]. According to the clinical recommendations by the NICE, ,,Long-COVID* encompasses
both ongoing symptomatic COVID-19 (symptoms 4-12 weeks) and Post-COVID-19 syndrome
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(symptoms existing for > 12 weeks). However, as of 2025, there is still no consensus on the
precise definition of Long-COVID [45, 46]. The majority of studies published today refer to
the definition by the WHO (a) or NASEM (b; National Academies of Sciences, Engineering,

and Medicine), which define this complex condition as follows:

a. Post-Covid-19 condition (Long-COVID) is defined as “the continuation or
development of new symptoms 3 months after the initial SARS-CoV-2 infection,
with these symptoms lasting for at least 2 months with no other explanation” [47,
48].

b. “Long COVID (LC) is an infection-associated chronic condition (IACC) that occurs
after SARS-CoV-2 infection and is present for at least 3 months as a continuous,
relapsing and remitting, or progressive disease state that affects one or more organ

systems” [49].

For the purposes of this dissertation, I refer to the definition provided by the WHO.
According to the most recent WHO data (February, 2025), approximately 6% of individuals
who have had COVID-19 will develop Long-COVID, with a declining risk compared to the
early phase of the pandemic [50]. However, the number may be substantially higher, with
various studies suggesting a global prevalence of 10-20% among infected individuals [51-54],
or even as high as 36-40% [55-57]. This heterogeneity in the prevalence estimates may be
explained by several factors, including the criteria used to define Long-COVID, the time of
assessment, the virus variant, risk factors and the vaccination status of individuals [58, 59].

Notably, there is high heterogeneity between studies [60], and not all individuals have
the same risk to develop Long-COVID, as several risk factors have been defined for this
condition. Factors such as female sex [60-62], higher age [53, 57, 60, 61, 63], a high body mass
index (BMI) [62, 64-66], and pre-existing comorbidities [60] increase the risk for Long-
COVID. In addition, also psychological factors such as anxiety [53], depression [64], or sleep
[53, 64] seem to play a crucial role in this complex condition. Importantly, most of these risk
factors are modifiable and can therefore be targeted by psychological research and
interventions. In addition, vaccination has been shown to have a strong protective effect, as
vaccinated individuals exhibit a significantly lower risk of developing Long-COVID compared

to unvaccinated individuals [61, 66-70]. This protective effect seems to be particularly strong
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for those vaccinated with mRNA vaccines as compared to viral vector-based vaccines [61].
Furthermore, a higher dose of vaccines (e.g., two doses compared to one dose) increases
efficacy [67, 68, 71, 72]. Some patients even benefit from getting vaccinated when they already
exhibit Long-COVID symptoms [67, 73], although studies on this topic are still controversial.
Hence, vaccination both before and after a SARS-CoV-2 infection may reduce the risk of
developing Long-COVID and therefore represents one of the most effective protective
strategies to date [67, 71, 74].

To better understand this condition, research has focused on the underlying mechanisms
and the nature of Long-COVID. Although the exact pathophysiology of Long-COVID remains
unclear [58, 75], several hypotheses were proposed, including virus persistence, gut
inflammation, microbiome disturbance, a reactivation of latent viruses, as well as immune and
endothelial dysregulation [58]. The post-acute viral persistence theory suggests that viral
fragments can persist in specific organs and tissues for weeks or months [76], and various other
studies found an association between inflammation markers and immune dysfunction with
Long-COVID [77, 78]. Other studies suggest that SARS-CoV-2 infection may trigger
reactivation of latent viruses, such as Epstein-Barr virus (EBV) [76, 78-80] or propose a
disruption of the gut microbiome [78, 81, 82], as Long-COVID was linked to alterations within
the microbiome [78, 83, 84]. Finally, multiple studies showed that SARS-CoV-2 can impair
endothelial function [85, 86], which might result in an increased cardiovascular risk even years
after a SARS-CoV-2 infection [87]. However, the clinical picture of Long-COVID is highly
heterogeneous, and therefore no single pathophysiological mechanism can be determined for
the variety of symptoms, as the mechanisms responsible for this condition seem to be complex
and intertwined [75, 78]. This fact also complicates research attempting to find a biomarker, as

up to now, no reliable biomarkers or tests to diagnose Long-COVID are available [58].

Common Symptoms of Long-COVID

Individuals suffering from Long-COVID can present with single symptoms, multiple
symptoms or various diagnoseable conditions, with any organ system affected [88].
Furthermore, children and adults can be affected, regardless of their demographics [63].
Notably, this condition can emerge after severe, mild, or even asymptomatic SARS-CoV-2
infection [49, 89], although severe acute illness was shown to increase the risk of developing

Long-COVID [90]. Moreover, symptoms can either continue from the time of infection or
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might emerge after the infection subsided (e.g., weeks or months after “recovery’). The range
of symptoms and their severity levels is wide [49], as more than 200 different symptoms have
been linked to Long-COVID [52, 88].

The most common symptoms include memory problems [91], muscle weakness [55],
breathlessness [55, 56, 60], headache [92], loss of smell/taste [56, 91, 92], concentration
difficulties [91], fatigue [56, 60, 90, 92], and overall cognitive difficulties [60]. Interestingly,
symptoms seem to be relapsing or fluctuating [93], meaning they may improve on some days
but worsen on others. Additionally, symptoms can vary widely between individuals, and may
even result in severe functional impairment, which limits patients’ ability to engage in day-to-
day activities [94]. About 1 out of 5 individuals is unable to work or left/lost their job due to
their illness [94]; others reported loss of income (about 37% [93]) or an inability to perform
usual activities anymore (about 64% [93]). Moreover, data from 2024 further indicates that
Long-COVID has a major impact on patients’ quality of life [95-97]. This includes a high
prevalence of depression and anxiety among Long-COVID patients (23%; 95% CI [20%, 26%])
as well as a high prevalence of sleep disorders (45%; 95% CI [37%, 53%]) [98].

Finally, as mentioned above, Long-COVID has a significant impact on cognitive
abilities in many individuals, as cognitive dysfunction represents one of the most frequently
reported symptoms [99, 100]. Numerous studies reported impairments in various cognitive
domains, including working memory [101-105], reaction time [105], executive function [101,
103-106], short-term memory [105], verbal fluency [104], and attention [101, 106] following
both acute COVID-19 and in patients with Long-COVID. Moreover, brain fog represents one
of the most frequently reported symptoms [107-109], referring to a form of cognitive
dysfunction that may include difficulties finding words, memory impairment (e.g.,
forgetfulness), fatigue, as well as attention and concentration difficulties [107, 109]. This term
became increasingly popular to describe cognitive dysfunction in Long-COVID [107]. Notably,
these symptoms can occur regardless of the severity of the initial infection, as both hospitalized
and non-hospitalized individuals may develop cognitive impairments after their SARS-CoV-2
infection [99]. The variety of symptoms often leads to a reduced quality of life and decreased
work function in those affected [99, 110], hence posing a significant burden on both patients
and healthcare systems. To better understand these symptoms, neuroimaging methods such as

magnetic resonance imaging (MRI) have been used to gain insights into this complex condition.
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Long-COVID-Associated Brain Alterations

Although Long-COVID probably affects millions of people worldwide, the structural
and functional brain alterations related to this condition are, to date, insufficiently investigated
and scientifically not yet fully understood. Some studies investigated Long-COVID brain
alterations overall, without focusing on specific symptoms. One of these studies suggests that
patients, compared to healthy controls, exhibit reduced gray matter (GM) volume in limbic,
cerebellar and cortical brain areas [111]. Most studies so far, however, focused on brain
alterations (structural and functional) with respect to specific persistent symptoms, which seems
plausible given the wide range of symptoms and the heterogenous clinical picture of this
condition. Among the most frequently reported symptoms are fatigue, headache, and cognitive
impairment [49, 92, 112], to mention just a few. With respect to fatigue, one study comprising
50 patients suffering from fatigue post-infection showed decreased volumes and shape
deformations of the left thalamus, pallidum and putamen in patients compared to a healthy
control group [113]. Headache was found to be associated with lower cortical thickness and
cortical GM volume compared to healthy subjects in brain areas including the inferior frontal
cortex and the fusiform cortex [114] and post-covid cognitive impairment was linked to
increased cortical thickness in frontal [104, 115] and temporal brain regions [115].

Beyond structural imaging, resting-state functional magnetic resonance imaging (rs-
fMRI) offers one approach to identifying functional markers for diseases, which might be used
to assess treatment response, monitor disease progression, or allow for an early identification
of diseases [116, 117]. This approach measures brain activity when individuals are not engaged
in a specific task but simply lying in the scanner, and examines which brain regions are
functionally connected, i.e., showing correlated increases or decreases in activity over time.
Some studies have focused on alterations in large resting-state brain networks (defined as a
widely spread, but functionally related, brain regions that exhibit synchronized activity even in
the absence of tasks, in contrast to task-fMRI [118]) in patients with Long-COVID. As a result,
studies indicate changes (i.e., hypo- or hyperconnectivity within brain networks as compared
to healthy controls) in the salience network [119], the dorsal attention network [120-122], the
default mode network (DMN) [119, 121-124], the executive control network [119], and the
sensorimotor network [122] following COVID-19. For instance, altered DMN connectivity was
found to be linked to cognitive performance in patients with Long-COVID [123]. Results,

however, are difficult to interpret, as both hypo- and hyperconnectivity between (parts of)
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resting state networks were reported [125]; therefore, more studies are warranted. Finally, the
plurality of symptoms and the lack of a reliable biomarker to adequately diagnose the condition
suggest that a multidisciplinary approach is vital for both diagnosing and reducing the symptom

burden in these patients.

Therapy Options

Due to the heterogeneity and complexity of Long-COVID and its symptoms, non-
invasive and safe treatment options targeting Long-COVID are rare and remain challenging,
even five years after the pandemic started [58, 126]. Furthermore, as the condition can affect
multiple organ systems and over 200 different symptoms have been associated with Long-
COVID [52, 88], a single treatment approach is unlikely to be effective for all patients [58].
However, I will highlight a few treatment approaches that might be promising for some
individuals, particularly regarding specific, frequently reported, symptoms.

From a pharmaceutical perspective, studies indicate a reduced risk of developing Long-
COVID in patients receiving metformin during their acute illness, a medication primarily used
to treat type 2 diabetes mellitus [127, 128]. With respect to patients already suffering from
Long-COVID, various pharmaceutical drugs including sulodexide (antithrombotic effects)
[129], ivabradine (reduces the heart rate) [130], cortexin (claimed to have neuroprotective
effects) [131], actovegin (enhances glucose absorption and oxygen uptake in tissue) [132],
vortioxetine  (antidepressant  effect) [133], glucosaminyl  muramyl  dipeptides
(immunomodulatory properties) [134] as well as systemic and probiotic enzymes (supporting
digestion and metabolism) [135] yielded promising results, although these treatments target
different symptoms. It is therefore likely that specific pharmaceutical medications are effective
only for treating particular Long-COVID symptoms rather than the condition as a whole.

Systematic investigations also indicate a positive effect of physical activity
interventions on Long-COVID recovery [136, 137]. One Austrian study reported a significant
improvement of symptoms such as fatigue, functional status (used to measure functional
limitations following COVID-19 [138]), and quality of life after attending an interdisciplinary
pulmonary rehabilitation, including physical activity such as endurance, strength, and muscle
training [139]. Moreover, another study found improvements in muscular strength, perceived
health (physical and mental), cardiopulmonary parameters as well as in anxiety and depression

after a multidisciplinary physical and psychological rehabilitation program [140]. Finally, also
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aerobic endurance training performed as either interval training or moderate continuous training
seems to improve the physical exercise capacity in patients with Long-COVID [141].

Another therapy approach involves the use of hyperbaric oxygen therapy (HBOT).
Hyperbaric oxygenation refers to the inhalation of 100% oxygen under elevated ambient
pressure. This leads to increased oxygen levels in the tissue and may activate regenerative
processes, including mast cell proliferation, mobilization, anti-inflammatory effects, and
inhibition of inflammatory signaling pathways [142, 143]. Two studies, for instance, reported
a significant improvement of Long-COVID patients’ fatigue, cognition (e.g., attention,
executive function), verbal function [144], emotional well-being, pain and other domains after
10 sessions of HBOT [142]. Another study using HBOT also reported improved sleep quality
and quality of life as well as reduced pain in patients suffering from Long-COVID [145].

Preliminary data also suggest a positive effect of non-invasive brain stimulation on
Long-COVID, especially regarding Long-COVID-related fatigue [146]. One study by Santana
and colleagues (2023) [147] indicated a positive effect of transcranial direct current stimulation
(tDCS) on fatigue, anxiety, and quality of life in patients with persistent Long-COVID
symptoms. Transcranial direct current stimulation describes a brain stimulation method used to
modulate cortical excitability [148]. This method was used in another study in which patients
also experienced a positive effect on their physical fatigue and on depressive symptoms after
eight sessions of tDCS [149]. However, it is worth to note that other studies could not replicate
that active tDCS was superior compared to sham tDCS (a placebo condition) [150].

Finally, computerized rehabilitation programs have been evaluated for their
effectiveness in alleviating Long-COVID symptoms, especially cognitive symptoms. Although
these programs have been tested in various populations before, including patients with diabetes
[151], Parkinson’s disease [152], and stroke [153], only a few studies evaluated their
effectiveness for Long-COVID. Up to now, options to alleviate cognitive impairment following
COVID-19 are highly limited, although it represents one of the most common debilitating
symptoms post-infections [154], especially in the domains of memory, executive function,
processing speed, and attention [100]. One study by Samper-Pardo and colleagues (2023) used
a telerehabilitation approach (ReCOVery App) to improve cognitive and mental health
outcomes but did not find any significant effects between their intervention and control group
[155]. Another study aimed to alleviate cognitive dysfunction in patients suffering from

cognitive impairment after COVID-19 and found promising effects [156]. However, as no
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control group was available, the results of this study should be interpreted with caution [156].
The lack of home-based computerized training options, which could be particularly beneficial
for patients with fatigue, as they are location-independent and can be used at patients’ own

pace, limits the ability to draw reliable conclusions and highlights the need for further research.

Hypotheses

As described above, Long-COVID represents a heterogeneous condition, lacking a
standardized definition and comprises a broad variety of symptoms. This significantly limits
our ability to diagnose and effectively treat Long-COVID. Despite Austria’s strong healthcare
system, more Long-COVID rehabilitation centers closed after the pandemic was no longer
declared a PHEIC (public health emergency of international concern). Even when considering
conservative estimates of the number of people living with Long-COVID (6%, [50]), hundreds
of thousands of individuals may be affected by at least some lingering symptoms in Austria. In
order to contribute to the existing literature on a) the variety of Long-COVID symptoms and
their impact on the personal and professional lives of those affected, b) structural and functional
brain alterations in patients living with Long-COVID, and c) therapeutic options, particularly
computerized training programs, to alleviate these debilitating symptoms, I dedicated my PhD
thesis to shedding light on these complex questions.

Study 1: My first research aim was to characterize the health impact and burden of
Long-COVID in Austria and other German-speaking countries. Especially during the early
phase of the COVID-19 pandemic, it was essential to identify the disease course (e.g.,
asymptomatic, mild, severe), hospitalization rates, the frequency of symptoms during the acute
infection and their persistence after the initial infection subsided, as well as how these
symptoms were experienced by those affected. Additionally, I aimed to examine the
consequences of Long-COVID on participants’ private and professional lives (e.g., changes in
mood and stress resistance) and to assess the impact of COVID-19 vaccination on symptoms
and outcomes.

Study 2: My second research question focused on structural and functional brain
alterations that are associated with Long-COVID. Magnetic resonance imaging (MRI)
represents a crucial tool for investigating this question and helps to highlight changes within
the brain associated with Long-COVID. I therefore focused on a specific symptom cluster

(cognitive impairment) and investigated both structural and functional brain alterations
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associated with it. In particular, I compared Long-COVID patients with and without cognitive
impairment and aimed to highlight how they differ in large resting-state networks. These
findings may help future studies to detect cognitive impairment at an early stage or to identify
important mechanisms underlying cognitive decline or improvement in training studies.
Study 3: Finally, my third and final research focus went beyond identifying symptoms,
burden and brain alterations. Within a longitudinal study, I aimed to alleviate cognitive
symptoms and improve the quality of life of those affected. Therefore, I focused on validating
a tablet-based training program which was developed for patients with Long-COVID. The
training program consisted of various exercises, such as cognitive tasks and relaxation
techniques, tailored to improve cognition and mental health of people with Long-COVID. Over
the course of one year, I carried out comprehensive neuropsychological assessments to assess

cognition and mental health and to evaluate the effectiveness of the intervention program.
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Discussion

As described above, this thesis focused on several important aspects of Long-COVID,
a highly heterogeneous condition encompassing a wide range of symptoms, which can have a

significant impact on those affected. Figure 2 illustrates the structure of this work.

Figure 2. Overview of the three studies conducted as part of this dissertation, highlighting their

specific goals

Study 1
Characteristics and burden of acute COVID-19 and Long-COVID: Demographic, physical, mental health, and economic perspectives

Characterize acute COVID-19
symptoms and burden

Describe the disease course
of patients with Long-COVID
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symptoms and burden of Long-COVID
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‘ Investigate the role of ‘ Investigate possibilities to ‘
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vaccination on symptoms improve symptoms
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Functional tivity ch. in Long-COVID patients with and without cognitive impairment

g
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cognitive impairment impairment in Long-COVID

Investigate functional brain
alterations linked to cognitive
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Study 3
A tablet-based intervention study to alleviate cognitive and psychological symptoms in patients with post-Covid-19 condition

Conduct a longitudinal study ‘ Evaluate the effectiveness of a

tablet-based training

Examine the course of Long-

with multiple assessment time COVID symptoms over time

points
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‘ Characterize Long-COVID ‘
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training-induced effects
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Investigate the role of ‘
and cognition

moderator variables

Note. Study 1, 2 and 3 can be accessed through [157], [158], and [159], respectively.

a) Study 1, Long-COVID symptom characterization: we examined the prevalence and
burden of symptoms (both during acute COVID-19 and Long-COVID), hospitalization rates,
extramural examinations, Long-COVID symptom progression, vaccination rates, as well as the
impact of Long-COVID on patients’ private and professional lives. We also explored potential

risk factors and differences between genders as well as between vaccinated and unvaccinated
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individuals. Our primary aims were to identify which symptoms do occur frequently and need
to be targeted first, how they are perceived (i.e., their burden), what impact they have on
patients’ lives, and which psychological approaches (e.g., training programs) may help to treat
or at least alleviate these symptoms.

b) Study 2, Neural correlates of cognitive dysfunction in Long-COVID: In a second study,
we investigated structural and functional brain alterations that are linked to cognitive
impairment in patients with Long-COVID. Our findings highlight that cognitive complaints are
a major issue in this condition and are associated with alterations/disruptions in relevant resting-
state networks. These findings may assist future studies in identifying patients’ cognitive
complaints and assessing their responsiveness to cognitive interventions and might provide first
indications of a functional biomarker in the brain that is associated with cognitive impairment
in this condition.

c¢) Study 3, Efficacy of tablet-based training programs in Long-COVID: In a final study,
we aimed to alleviate cognitive symptoms and improve mental health outcomes in those
affected by providing a tablet-based intervention that included cognitive, relaxation, and
physiotherapy exercises. The intervention was tailored for patients living with Long-COVID,
particularly those experiencing cognitive complaints. This study contributes to the growing
body of research on computerized training programs aimed to improve quality of life in Long-
COVID patients and highlights the advantages that are associated with such training programs,

such as, for instance, location-independence.

The findings from this dissertation offer insights into several aspects of Long-COVID:

Insights into Symptoms, Burden and Impact of COVID-19 and Long-COVID

One of our first research questions was related to the number and burden of symptoms
during both acute COVID-19 and Long-COVID, which provided a guide for which symptoms
are crucial to be treated and focused on. In addition, our study was one of the first studies that
not only investigated the wide range of symptoms themselves, but also their burden on affected

individuals.

Insights into COVID-19
Consistent with previous studies [93, 160], Study 1 (conducted between March 2022

and May 2022) confirmed that, during their initial infection, most patients suffered from
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respiratory symptoms such as dry cough, runny nose, or shortness of breath (dyspnea), as well
as fatigue and various cognitive problems (e.g., brain fog, memory problems). A very similar
symptom pattern emerged in Study 3, conducted between October 2022 and November 2023,
in which participants most frequently reported exhaustion and fatigue, an altered sense of taste
or smell, headache, and respiratory symptoms like sore throat and dyspnea during their initial
SARS-CoV-2 infection. It is, however, essential to note that over 200 symptoms associated
with Long-COVID have been identified [52, 88], and that both the type and frequency of
symptoms varied slightly with the emergence of different variants of the virus [161, 162]. For
instance, symptoms related to the nose (e.g., runny nose, blocked nose, sneezing) were reported
more frequently during the predominance of Alpha and Delta variants, whereas the Omicron
variant was associated with a decrease in the incidence of smell or taste impairments [162].

In our studies, most individuals reported that they felt sick for about 1-2 weeks (Mdn =
11-15 days for Study 1, and Mdn = 6-10 days for Study 2) and that they had an asymptomatic
(6.0%), mild (74.3%), or severe (19.7%) disease course (Study 1). Although no specific
guidelines were provided on how to classify the severity of the initial infection in Study 1, these
results were comparable to those of a study conducted early in the course of the pandemic [35].
Furthermore, 7.8% of participants in Study 1 and 5.0% in Study 3 required hospitalization,
indicating that hospitalization rates were relatively high but comparable between the two
studies. However, due to the high rate of immunity worldwide, hospitalization rates are
currently (September 2025) significantly lower [9], rendering acute SARS-CoV-2 infections
less of a public health concern today. Hence, COVID-19 remains an ongoing health issue but
no longer constitutes a public health emergency of international concern (PHEIC) [42].

Nevertheless, several factors still pose a risk for a severe and concerning disease course.
Our findings (Study 1) indicate that higher age and BMI were associated with a longer duration
of acute illness, with high BMI further linked to a greater disease severity. This suggests that
both factors are not only risk factors for developing Long-COVID, as described above, but also
for experiencing a longer and more severe acute illness, which itself increases the risk of
developing Long-COVID [163, 164].

Since Study 1 was conducted between March and May 2022 and Study 3 was conducted
between October 2022 and November 2023, it is very likely that individuals were infected with
all different variants of concern (VOC) during that period. This suggests that the symptoms

reported by participants are linked to the variant that was predominant during this time but were
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still similar in their overall emergence. Although much research focused on COVID-19
symptoms during the early phase of the pandemic, the drastic decline in publications on acute
COVID-19 by September 2025 indicates a decreasing relevance of acute SARS-CoV-2
infections for the public health system. Nevertheless, the symptoms listed by major national
and international organizations, such as the CDC (Centers for Disease Control and Prevention)
and the WHO (World Health Organization), still include fever, cough, fatigue, and sore throat
[165, 166], similar to the symptoms reported in our studies. However, due to the high global
vaccination rate, immunity from prior infections, and the emergence of new variants, the overall
severity of acute infections decreased [167]. Finally, as of September 2025, the XFG variant,
currently classified as a variant under monitoring (VUM) by the WHO [9], is predominant
[168], but so far, no significant changes in symptoms or disease severity have been reported.
Study 1 also contributes to the current body of literature on COVID-19 by showing that
vaccinated individuals experience a significantly shorter duration of acute COVID-19 illness.
This finding is particularly important, as a long and severe disease course has been identified
as arisk factor for developing Long-COVID [169]. These results are supported by several other
studies, showing that vaccinated individuals, as compared to unvaccinated ones, were less
likely to report severe COVID-19 [170], had lower viral loads, and experienced milder disease
courses when infected with the Alpha or Delta variants [171]. Nevertheless, while the duration
of such acute infections with SARS-CoV-2 seems to be relatively short in general (typically
around 1-2 weeks) and can be managed significantly better due to the development of
medication such as Remdesivir (Veklury) [172] or Nirmatrelvir/Ritonavir (Paxlovid) [173],
some individuals still do not fully recover after their infection. This is also supported by our
study: Although most individuals (74.3 %) rated their acute infection as mild in Study 1 or
reported being vaccinated prior to their first SARS-CoV-2 infection (50.0%, Study 3), they
nevertheless developed Long-COVID. This is especially concerning, because although severe
infection is a known risk factor for Long-COVID [174], even individuals with mild or
asymptomatic infections are at risk of developing persistent symptoms [175, 176]. Additionally,
the persistent psychological and physical effects of COVID-19 are expected to become an
increasing concern in the next years [177], as information about the pathogenesis, potential

biomarkers, and treatment of Long-COVID remains limited.
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Insights into Long-COVID

To address a limitation of Study 1, that is, not including the Post-COVID-19-Functional-
Status Scale [138], a tool to measure the full range of functional outcomes following COVID-
19, we showed that patients’ functional status deteriorated significantly from pre- to post-
COVID in Study 3 (p <.001; results not reported in the paper). These results are crucial because
they demonstrate that even individuals without a prior history of physical or mental illness can
be significantly debilitated after an infection with SARS-CoV-2. While patients reported no
functional limitations at all before their infection with SARS-CoV-2 (functional status of 0),
they exhibited functional limitations (e.g., feeling the need to reduce or even avoid usual
activities or needing time to spread these duties over a longer time as a result of symptoms,
pain, anxiety, or depression [138]) in one of our studies. These functional limitations, however,
resolved over time, suggesting a gradual improvement in functioning, which was also present
in other studies and offers hope for patients still struggling with lingering symptoms following
COVID-19 [178, 179].

As described in Study 1, the onset of these symptoms mostly occurred within the first
two weeks post-infection. Interestingly, we observed an earlier onset of Long-COVID
symptoms in vaccinated compared to unvaccinated individuals. Although this finding has not
been reported in previous studies, it may suggest that vaccination induces a more immediate
inflammatory response after infection, possibly leading to an earlier onset of symptoms, or that
vaccinated individuals are more vigilant and health-conscious, resulting in earlier reporting of
these symptoms. Another reason could be that vaccinated individuals were infected with
different virus variants than those unvaccinated before their first infection, which might have
led to a different onset of Long-COVID symptoms post-infection. Regardless of that, most
patients reported fatigue, exhaustion, memory problems, brain fog and dyspnea as their most
prevalent lingering symptoms, similar to the symptoms reported by patients in Study 3, which
included fatigue, exhaustion, memory impairments, brain fog, and muscle pain. These findings
are consistent with previous studies on Long-COVID symptoms [92].

While the type and frequency of symptoms was assessed previously, our study was the
first to also investigate the individual burden associated with these symptoms. The symptoms
with the highest burden, ranked from high to low, were fatigue, exhaustion, discomfort after
physical exertion, sleep alterations, altered sense of taste and smell, and cognitive dysfunction.

Overall, women reported a higher number of symptoms than men in Study 1, and a similar trend
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was observed in Study 3. Additionally, previous studies indicate that female sex is a risk factor
for developing Long-COVID [55, 60, 61].

Finally, in Study 1, patients reported that their symptoms were associated with
significant limitations in their daily lives. In line with a previous study [93] and replicated in
our research, these limitations include work-related changes (e.g., inability to work or being
unable to work full-time), increased sick leave, substantial financial losses, dependence on
relatives or external organizations for daily activities, as well as alterations in sexual life, stress
tolerance, and mood.

Furthermore, an interesting finding from Study 1 was that most patients reported a
deterioration of symptoms after physical (70.2%) or mental (52.1%) activities, while at the
same time reporting that they believe that breathing (65.4%), movement/physical (80.4%), and
cognitive (72.1%) exercises may help them to alleviate their burden. Although these results
may seem contradictory at first, they might suggest that pacing, i.e., focusing on energy
management to prevent feeling overwhelmed and to avoid symptom exacerbation, represents a
crucial factor of interventions designed to improve Long-COVID symptoms [180]. In fact,
training programs that can be conducted from a patient’s home and at their own pace, regardless
of location, appear particularly promising and beneficial for patient populations in which pacing
represents an important component of symptom management. Moreover, fatigue and extreme
exhaustion often prevent patients from participating in outpatient and long-duration therapies.

Finally, a large proportion of patients (53.6%) perceived their symptoms as fluctuating,
suggesting that symptom severity varies throughout the day or week, consistent with findings
from a previous study [93]. However, since patients reported using cognitive, movement, and
breathing exercises at their own pace to improve symptoms, these elements were incorporated

into our tablet-based training study, described in more detail later.

Insights on Long-COVID Prevention

Vaccination was found to be a key factor in preventing Long-COVID [27, 30-34],
although no single factor can completely eliminate the risk of developing this condition. This
is evident in both Study 1 and Study 3 of this thesis, in which 45.3 % and 50.0% of participants,
respectively, were vaccinated prior to SARS-CoV-2 infection, but still developed Long-
COVID. However, those vaccinated prior to their infection reported a shorter duration of acute

COVID-19 in both Study 1 and Study 3. While this finding is promising in terms of reducing
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the acute illness burden, the number of Long-COVID symptoms patients experienced did,
however, not differ significantly between groups. Nevertheless, vaccination is highly effective
in reducing the risk of developing Long-COVID in the first place and may represent one of the
most effective strategies developed to date [68]. This highlights the importance of primary
prevention of Long-COVID (avoiding the occurrence of Long-COVID) through vaccination.
However, previous studies pointed out that misinformation regarding COVID-19 vaccines can
significantly increase vaccine hesitancy (i.e., individuals who believe false information about
vaccines are less likely to get vaccinated) [181]. Future studies that aim to decrease the risk of
developing Long-COVID should therefore start at this point and develop psychological
programs and public information campaigns to reduce vaccine hesitancy on a global basis.
Another important finding is that a higher BMI was associated with a more severe
disease course and longer illness duration during acute COVID-19 (Study 1 and Study 3) and
was also identified as a risk factor of developing Long-COVID in previous works [62, 64-66,
92]. Therefore, our results suggest that future psychological interventions should incorporate
physical exercises and motivational strategies as part of primary prevention, especially for
individuals with a high BMI. In addition, as severe COVID-19 disease courses, which are one
of the key risk factors for Long-COVID, become less frequent with increasing immunity, a
more positive outlook for future Long-COVID incidence rates can be expected. Finally,
although lingering symptoms have a severe impact on the lives of those affected, at least some
of the most frequently reported and burdensome symptoms may be alleviated through

psychological interventions described later in this thesis.

Insights on Brain Alterations Associated with Cognitive Impairment in Long-COVID

As described in the Introduction of this thesis, both structural and functional brain
alterations have been linked to Long-COVID in general, as well as to specific symptoms
associated with it. Several of these alterations have also been linked to cognitive dysfunction
in this condition. Investigating brain changes related to specific symptoms in Long-COVID,
for instance using fMRI, is essential, as it provides insights into the underlying mechanisms of
this condition and helps to identify potential treatment options. Moreover, fMRI results may
contribute to diagnosing functional decline (e.g., cognitive impairment) even before overt
behavioral symptoms manifest and can also be used to evaluate the efficacy of a certain

treatment, based on the assumption that effective interventions lead to more “normalized”
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patterns of functional connectivity within the brain [117]. Finally, such findings may serve as
objective biomarkers that demonstrate actual changes (functional or structural) in the brain,
rather than being dismissed as “just” subjective experiences. Since cognitive complaints such
as memory problems or brain fog were reported as one of the main symptoms of Long-COVID
in both previous research [182-184] and in Study 1, we aimed to look more deeply into the
underlying structural and functional mechanisms associated with it.

In Study 2, we specifically focused on a group of patients with significant cognitive
impairment compared to another group of patients without severe cognitive dysfunction.
Cognitive dysfunction was defined as scoring significantly below the population norm (T < 35),
according to the respective test manuals, in at least one cognitive domain (attention, executive
functions, memory, or verbal fluency). This approach, however, had two limitations: first, the
group allocation (patients with vs. without cognitive dysfunction) may be considered as
somewhat arbitrary, although it was consistent with several other studies [185-187] and allowed
for a comparison between extreme groups, which was necessary considering the small sample
size of the study. Second, our sample consisted only of individuals with at least subjective
cognitive complaints, since this was a requirement to be eligible for participation in the
subsequent training study (Study 3), from which sample the fMRI analyses were conducted.
However, not all patients showed severe cognitive complaints on neuropsychological tests.
Similar findings have been reported in previous studies, showing that subjective cognitive
complaints are not necessarily correlated with objective (i.e., measurable) cognitive deficits
[110, 188], but still represent a high subjective burden for those affected. Finally, since our
analyses were limited to patient groups (with and without severe cognitive dysfunction), this
study (Study 2) lacked a healthy control group.

As one of the first studies to examine both structural and functional brain alterations in
Long-COVID patients with and without severe cognitive impairment, we observed significant
within- and between-network functional differences, but no structural differences (i.e.,
subcortical brain region volumes) between groups. Specifically, Long-COVID patients with
severe cognitive impairment exhibited significantly higher functional connectivity (FC) of the
Default Mode Network (DMN) with the a) posterior supramarginal gyrus (right), b) angular
gyrus (right), and c¢) temporo-occipital part of the middle temporal gyrus (right). In addition,
between-network analyses revealed stronger functional correlations (“edge strength”) between

the ventral stream network and the occipital pole in this group, compared to patients without
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severe cognitive impairment. In contrast, we found no volumetric differences or differences in
the number of white matter hyperintensities (WMH) between groups.

As previous studies linked cognitive dysfunction to DMN alterations in conditions such
as multiple sclerosis [189, 190], Parkinson’s disease [191], and Long-COVID [123, 192], our
findings align with these results, suggesting that the DMN plays a central role in cognitive
impairment across various disorders. These results are further supported by findings of
increased FC involving the DMN in patients with Long-COVID compared to healthy controls
[119], as well as by another study reporting increased DMN connectivity in individuals with
subjective cognitive decline [193]. The DMN is typically most active at rest but downregulated
during task engagement [194]. Our findings indicate that baseline connectivity (measured
during rest in the MRI scanner) of the DMN is altered in Long-COVID patients with cognitive
impairment. This altered connectivity differences may hinder efficient switching between
networks when cognitive demands arise and may consequently contribute to the observed
cognitive deficits. In addition, increases in FC may reflect an inefficient compensatory
mechanism, suggesting that the additional effort made by the brains of those with Long-COVID
and severe cognitive deficits is insufficient to restore normal brain function [119].

This is consistent with other studies, as hyperconnectivity across diverse brain regions,
in general, was found to indicate a common response to neurological disruption [195]. In the
present study, the increased DMN connectivity was observed with brain regions involved in
phonological decision-making and reading [196, 197], memory retrieval, inhibition, higher-
order motor control [198, 199], as well as language processing and semantic cognition [200].
As a result, the enhanced connectivity with areas primarily outside the DMN observed in our
sample may reflect a disruption of normal default-mode dynamics in individuals with cognitive
impairment; probably indicating maladaptive processes.

With these findings, our study provides valuable insights beyond the previously
conducted studies, as most prior studies focused on comparing Long-COVID patients to healthy
controls rather than examining brain alterations within the Long-COVID population itself. This,
however, also represents a significant limitation, as connectivity changes cannot be attributed
to Long-COVID directly in the absence of a healthy control group. Additionally, future research
should investigate other networks relevant for cognition, such as the salience network,

frontoparietal network, and dorsal attention network. Importantly, studies should not only
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assess cognition on a general level (as done in our study) but also consider analyses based on
specific cognitive domains (e.g., comparing patients with versus without attention deficits).
Moreover, we also observed a surprising finding: Long-COVID patients with significant
cognitive impairment exhibited higher FC between the ventral stream network and the occipital
pole compared to those without severe cognitive deficits. This increased coupling between
primary visual and higher visual areas might indicate less flexible visual information
processing, as basic visual regions were overly strong connected to the ventral stream. Such
hyperconnectivity could reflect an inefficient process not yet reported in the literature. Both the
ventral stream and occipital pole are essential for object recognition and shape perception [201],
and one study has also linked the visual network to cognitive performance [202]. Our findings
align with these studies and suggest that regions within the visual network may contribute to
cognitive impairments, particularly in domains such as visual attention and memory [203].
Finally, we found no structural differences between the two patient groups. This
emphasizes the importance of using not only structural but also functional MRI, suggesting that
functional alterations might emerge even before structural atrophy is detectable. Although our
findings revealed altered brain connectivity in Long-COVID patients with cognitive
impairment, it is important to note that causal interpretations are limited due to the cross-
sectional study design and the lack of both a healthy control group and experimental
manipulation [117]. Future research in the upcoming years will further reveal whether
cognition-related maladaptive changes in the brain (as observed in our Study 2) can be reversed

(i.e., “normalized”) or modified through cognitive training (as implemented in Study 3).

Insights into the Treatment of Long-COVID

As the exact cause of Long-COVID remains unclear and symptoms vary widely, a
symptom-oriented therapeutic approach appears promising given the current state of
knowledge. With respect to Long-COVID, fatigue is among the most frequently reported
symptoms (Study 1 and Study 3). As fatigue is also common in other conditions such as
multiple sclerosis (MS) or cancer (cancer-related fatigue), it has been targeted by various
psychological interventions in different populations. These interventions include
psychoeducation [204, 205], energy management [206], cognitive behavioral therapy (CBT)
[207], mindfulness [208, 209], and relaxation [210, 211], and should also be applied to patients
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living with Long-COVID. The high rates of fatigue reported in our studies (97.4% in Study 1
and 40.0% in Study 3) further underscore the relevance of these intervention programs.

Another important finding (Study 1) is that cognitive impairment was reported as one
of the most burdensome lingering symptoms. This is consistent with the results of Ceban and
colleagues [154] and Moller and colleagues [212], who reported that one in five patients with
Long-COVID exhibit cognitive impairments three or more months after SARS-CoV-2
infection. However, training options targeting cognitive impairment in Long-COVID remain
scarce, highlighting the need to development cognitive intervention programs. Therefore, Study
3 of this thesis aimed to alleviate cognitive dysfunction and improve the quality of life of
affected patients by providing a comprehensive tablet-based training program.

As patients in Study 1 reported that they would likely benefit from cognitive, breathing,
and movement exercises, the tablet-based training program of Study 3 incorporated cognitive
training (e.g., targeting attention/reaction time, memory, and executive functions) as well as
elements of physiotherapy and relaxation. To prevent fatigue and overexertion, various
difficulty levels were implemented. Additionally, to overcome limitations of previous studies,
which often did not include a control group [156], we conducted a randomized-controlled trial
(RCT) as part of this thesis. This study is among the few that used computerized training
programs, such as tablet-based training, for patients with Long-COVID.

Our findings showed a strong reduction in subjective cognitive complaints as well as
depressive symptoms. Furthermore, we found that performance in the “Montreal Cognitive
Assessment Memory Index Score” (MoCA MIS), a simple measure of memory performance,
remained stable in the intervention but declined in the control group. These findings are
consistent with previous studies reporting improvements in cognition and quality of life
following cognitive training [156, 213].

A reduction in subjective cognitive complaints after taking part in computerized
interventions has been reported in previous research [214], which is important because
cognitive complaints are among the most common problems after COVID-19 [182]. Moreover,
our finding, demonstrating that tablet-based training can also improve mental health by
reducing depressive symptoms, is particularly important, as approximately one in four
individuals with Long-COVID experience mental health problems such as stress, anxiety, and
depression [215]. Our finding that memory performance in the MoCA-MIS remained stable in

the intervention group appears plausible as well: One previous study [93] and Study 1 indicated

33



that symptoms tend to fluctuate over time. Taking part in the intervention group may have
counteracted such fluctuations in memory performance, yielding a stable memory score in the
intervention group, but not in the control group. Future studies should emphasize the clinical
relevance of improvements (e.g., whether patients are better able to manage daily life demands)
rather than focusing solely on neuropsychological test outcomes. This limitation might be
addressed through qualitative interviews and represents a crucial direction for future research.

Our findings suggest that tablet-based intervention programs targeting cognitive and
mental symptoms in Long-COVID are at least partially effective in alleviating specific
symptoms, since no improvements in other domains were found in our study. However, these
improvements do not appear to be stable over time, as our results show a significant effect only
in the pre-to-post analysis, but not when a follow-up assessment (three months after the end of
the training program) was included. This suggests that training-induced effects may not be
stable over time (i.e., longer and more intense training may be required), or that also the control
group, even without training, shows improvement over time (which is consistent with previous
studies on symptom improvement [178, 179, 216]). Although some patients may experience
symptom improvement even without training (spontaneous remission/recovery), it is critical to
provide treatment to achieve symptom improvement as quickly as possible given the substantial
personal and professional impact of Long-COVID, as demonstrated in Study 1. In addition,
Study 3 suggests a negative association between the number of persistent symptoms and
memory performance - an effect that became stronger (and thus more severe) with longer
disease duration in Long-COVID. This indicates that a higher number of symptoms may be
linked to reduced/impaired memory function, and that a long, untreated disease duration
exacerbates this impact on memory performance.

Overall, these findings warrant further research on the stability of training-induced
effects, the optimal training duration, and the impact of long disease duration on cognitive
performance. The lack of treatment studies on cognitive dysfunction highlights the urgent need
for more research in this area.

Finally, future research should also focus on two important aspects: resilience and
cognitive reserve (CR). Resilience, defined as the ability to adapt well in the face of trauma,
stress, adverse life events or major challenges, represents a malleable and trainable life skill
associated with positive outcomes [217, 218]. Additionally, patients with Long-COVID, on

average, exhibit low resilience [219], which is further associated with depression [220], anxiety
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[221], and perceived stress [222] - all highly prevalent among individuals living with Long-
COVID [215, 223, 224]. These findings are consistent with the results from Study 3, which
showed that approximately one-fifth of individuals living with Long-COVID experienced
anxiety (22.5%) or depression (30.0%). Resilience training programs for individuals affected
by Long-COVID could therefore be particularly valuable.

Cognitive reserve, on the other hand, refers to the brain’s ability to adapt and
compensate, helping explain why some individuals maintain cognitive abilities and daily
functioning better than others despite aging, brain changes, or damage (e.g., insult). CR was
studied in various populations, including individuals with schizophrenia, bipolar disorder, and
depression [225], traumatic brain injury [226], Alzheimer’s disease [227] or those with Mild
Cognitive Impairment [228]. Proxies of CR were shown to be associated with a reduced risk of
depressive symptoms [229, 230], anxiety [230], and stress [231]. Costas-Carrera and colleagues
(2022) found high levels of CR to be protective against severe cognitive dysfunctions following
a COVID-19 infection [232] and CR might also influence post-COVID patient’s memory,
language, and executive functions [106]. Finally, in individuals who survived and recovered
from COVID-19, higher levels of CR were shown to be a protective factor against the
development of depressive symptoms [233], as well as against symptoms of psychological
distress [230]. Future studies aimed at enhancing both resilience and CR in the Long-COVID

population are therefore warranted.

Conclusion

For many, COVID-19 belongs to the past, yet for others, its shadow remains ever
present: This thesis aimed to provide an overview of the symptoms and impact of Long-
COVID, explore the brain alterations underlying cognitive dysfunction in this condition, and
ultimately provide a treatment option with the goal of improving the daily lives and well-being

of the large number of individuals living with Long-COVID.

35



Bibliography

1. Reuters. Chinese officials investigate cause of pneumonia outbreak in Wuhan. 2019.

2. New York Times. China Grapples With Mystery Pneumonia-Like Illness. 2020.

3. World Health Organization (WHO). Coronavirus disease (COVID-19) pandemic [14.10.2025].
Available from: https://www.who.int/europe/emergencies/situations/covid-19.

4. Cherry JD. The chronology of the 2002—2003 SARS mini pandemic. Paediatric Respiratory Reviews.
2004;5(4):262-9. doi: 10.1016/j.prrv.2004.07.009

5. Singh D, Yi SV. On the origin and evolution of SARS-CoV-2. Experimental & Molecular Medicine.
2021;53(4):537-47. doi: 10.1038/s12276-021-00604-z

6. Amoretti M, Amsler C, Bonomi G, Bouchta A, Bowe P, Carraro C, et al. Production and detection of
cold antihydrogen atoms. Nature. 2002;419(6906):456-9. doi: 10.1038/nature01096

7. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characterisation and epidemiology of 2019

novel coronavirus: implications for virus origins and receptor binding. The Lancet. 2020;395(10224):565-74. doi:
10.1016/S0140-6736(20)30251-8

8. Petersen E, Koopmans M, Go U, Hamer DH, Petrosillo N, Castelli F, et al. Comparing SARS-CoV-2
with SARS-CoV and influenza pandemics. The Lancet Infectious Diseases. 2020;20(9):e238-e44. doi:
10.1016/S1473-3099(20)30484-9

9. World Health Organization (WHO). COVID-19 dashboard [14.10.2025]. Available from:
https://data.who.int/dashboards/covid19/cases.

10. Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Miiller MA, et al. Virological assessment
of hospitalized patients with COVID-2019. Nature. 2020;581(7809):465-9. doi: 10.1038/s41586-020-2196-x

11. Pagani I, Ghezzi S, Alberti S, Poli G, Vicenzi E. Origin and evolution of SARS-CoV-2. The European
Physical Journal Plus. 2023;138(2):157. doi: 10.1140/epjp/s13360-023-03719-6

12. Holmes EC. The emergence and evolution of SARS-CoV-2. Annual review of virology. 2024;11(1):21-
42. doi: 10.1146/annurev-virology-093022-013037

13. World Health Organization (WHO). Scientific Advisory Group for the Origins of Novel Pathogens
(SAGO).

14. Bartas M, Volna A, Beaudoin CA, Poulsen ET, Cerveii J, Brazda V, et al. Unheeded SARS-CoV-2
proteins? A deep look into negative-sense RNA. Briefings in Bioinformatics. 2022;23(3):bbac045. doi:
10.1093/bib/bbac045

15. Gorbalenya AE, Baker SC, Baric RS, de Groot RJ, Drosten C, Gulyaeva AA, et al. The species Severe
acute respiratory syndrome-related coronavirus: classifying 2019-nCoV and naming it SARS-CoV-2. Nature
Microbiology. 2020;5(4):536-44. doi: 10.1038/s41564-020-0695-z

16. Abdel-Moneim AS, Abdelwhab EM. Evidence for SARS-CoV-2 Infection of Animal Hosts. Pathogens
[Internet]. 2020; 9(7).

17. Mohan BS, Nambiar V. COVID-19: an insight into SARS-CoV-2 pandemic originated at Wuhan City in
Hubei Province of China. J Infect Dis Epidemiol. 2020;6(4):146. doi: 10.23937/2474-3658/1510146

18. Lamers MM, Haagmans BL. SARS-CoV-2 pathogenesis. Nature Reviews Microbiology.
2022;20(5):270-84. doi: 10.1038/s41579-022-00713-0

19. Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, et al. Structure of the SARS-CoV-2 spike receptor-binding
domain bound to the ACE2 receptor. Nature. 2020;581(7807):215-20. doi: 10.1038/s41586-020-2180-5

20. Mistry P, Barmania F, Mellet J, Peta K, Strydom A, Viljoen IM, et al. SARS-CoV-2 Variants, Vaccines,
and Host Immunity. Frontiers in Immunology. 2022;12. doi: 10.3389/fimmu.2021.809244

21. Salamanna F, Maglio M, Landini MP, Fini M. Body Localization of ACE-2: On the Trail of the Keyhole
of SARS-CoV-2. Frontiers in Medicine. 2020;7. doi: 10.3389/fmed.2020.594495

22. Shirbhate E, Pandey J, Patel VK, Kamal M, Jawaid T, Gorain B, et al. Understanding the role of ACE-2
receptor in pathogenesis of COVID-19 disease: a potential approach for therapeutic intervention. Pharmacological
Reports. 2021;73(6):1539-50. doi: 10.1007/s43440-021-00303-6

23. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel
coronavirus in Wuhan, China. The Lancet. 2020;395(10223):497-506. doi: 10.1016/S0140-6736(20)30183-5

24, Yang Y, Shang W, Rao X. Facing the COVID-19 outbreak: What should we know and what could we
do? Journal of Medical Virology. 2020;92(6):536-7. doi: 10.1002/jmv.25720

25. Sudre CH, Keshet A, Graham MS, Joshi AD, Shilo S, Rossman H, et al. Anosmia, ageusia, and other
COVID-19-like symptoms in association with a positive SARS-CoV-2 test, across six national digital surveillance

36



platforms: an observational study. The Lancet Digital Health. 2021;3(9):e577-e86. doi: 10.1016/S2589-
7500(21)00115-1

26. Macedo A, Gongalves N, Febra C. COVID-19 fatality rates in hospitalized patients: systematic review
and meta-analysis. Annals of Epidemiology. 2021;57:14-21. doi: 10.1016/j.annepidem.2021.02.012
27. Stepanova M, Lam B, Younossi E, Felix S, Ziayee M, Price J, et al. The impact of variants and vaccination

on the mortality and resource utilization of hospitalized patients with COVID-19. BMC Infectious Diseases.
2022;22(1):702. doi: 10.1186/s12879-022-07657-z

28. Zhao Y, Huang J, Zhang L, Chen S, Gao J, Jiao H. The global transmission of new coronavirus variants.
Environmental Research. 2022;206:112240. doi: 10.1016/j.envres.2021.112240

29. Erkihun M, Ayele B, Asmare Z, Endalamaw K. Current Updates on Variants of SARS-CoV- 2:
Systematic Review. Health Science Reports. 2024;7(11):¢70166. doi: 10.1002/hsr2.70166

30. Rahmani K, Shavaleh R, Forouhi M, Disfani HF, Kamandi M, Oskooi RK, et al. The effectiveness of
COVID-19 vaccines in reducing the incidence, hospitalization, and mortality from COVID-19: A systematic
review and meta-analysis. Frontiers in Public Health. 2022;10. doi: 10.3389/fpubh.2022.873596

31. Vasileiou E, Simpson CR, Shi T, Kerr S, Agrawal U, Akbari A, et al. Interim findings from first-dose
mass COVID-19 vaccination roll-out and COVID-19 hospital admissions in Scotland: a national prospective
cohort study. The Lancet. 2021;397(10285):1646-57. doi: 10.1016/S0140-6736(21)00677-2

32. Lee SW, Ma D, Davoodian A, Ayutyanont N, Werner B. COVID-19 vaccination decreased COVID-19
hospital length of stay, in-hospital death, and increased home discharge. Preventive Medicine Reports.
2023;32:102152. doi: 10.1016/j.pmedr.2023.102152

33. Tenforde MW, Self WH, Adams K, Gaglani M, Ginde AA, McNeal T, et al. Association Between mRNA
Vaccination and COVID-19 Hospitalization and Disease Severity. JAMA. 2021;326(20):2043-54. doi:
10.1001/jama.2021.19499

34, Mohammed I, Nauman A, Paul P, Ganesan S, Chen K-H, Jalil SMS, et al. The efficacy and effectiveness
of the COVID-19 vaccines in reducing infection, severity, hospitalization, and mortality: a systematic review.
Human Vaccines & Immunotherapeutics. 2022;18(1):2027160. doi: 10.1080/21645515.2022.2027160

35. Wu Z, McGoogan JM. Characteristics of and Important Lessons From the Coronavirus Disease 2019
(COVID-19) Outbreak in China: Summary of a Report of 72 314 Cases From the Chinese Center for Disease
Control and Prevention. JAMA. 2020;323(13):1239-42. doi: 10.1001/jama.2020.2648

36. Riedmann U, Chalupka A, Richter L, Sprenger M, Rauch W, Krause R, et al. COVID-19 case fatality
rate and infection fatality rate from 2020 to 2023: Nationwide analysis in Austria. Journal of Infection and Public
Health. 2025;18(4):102698. doi: 10.1016/].jiph.2025.102698

37. Stolz E, Mayerl H, Freidl W. The impact of COVID-19 restriction measures on loneliness among older
adults in Austria. European Journal of Public Health. 2021;31(1):44-9. doi: 10.1093/eurpub/ckaa238

38. Traunmiiller C, Stefitz R, Gaisbachgrabner K, Schwerdtfeger A. Psychological correlates of COVID-19
pandemic in the Austrian population. BMC Public Health. 2020;20(1):1395. doi: 10.1186/s12889-020-09489-5
39. Pieh C, Budimir S, Humer E, Probst T. Comparing Mental Health During the COVID-19 Lockdown and
6 Months After the Lockdown in Austria: A Longitudinal Study. Frontiers in Psychiatry. 2021;12. doi:
10.3389/fpsyt.2021.625973

40. Pieh C, Budimir S, Probst T. The effect of age, gender, income, work, and physical activity on mental
health during coronavirus disease (COVID-19) lockdown in Austria. Journal of Psychosomatic Research.
2020;136:110186. doi: 10.1016/j.jpsychores.2020.110186

41. Dale R, Budimir S, Probst T, Humer E, Pich C. Quality of life during the COVID-19 pandemic in Austria.
Frontiers in Psychology. 2022;13. doi: 10.3389/fpsyg.2022.934253

42. World Health Organization (WHO). Statement on the fifteenth meeting of the IHR (2005) Emergency
Committee on the COVID-19 pandemic [14.10.2025]. Available from: https://www.who.int/news/item/05-05-
2023-statement-on-the-fifteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-
regarding-the-coronavirus-disease-(covid-19)-pandemic.

43, Raveendran AV, Jayadevan R, Sashidharan S. Long COVID: An overview. Diabetes & Metabolic
Syndrome: Clinical Research & Reviews. 2021;15(3):869-75. doi: 10.1016/j.dsx.2021.04.007

44. National Institute for Health and Care Excellence (NICE). COVID-19 rapid guideline: managing the
long-term effects of COVID-19 [14.10.2025]. Available from:
https://www.nice.org.uk/guidance/ng188/chapter/1-Identification.

45. Regunath H, Goldstein NM, Guntur VP. Long COVID: where are we in 2023? Missouri Medicine.
2023;120(2):102. doi:

46. Wisk LE, L’Hommedieu M, Diaz Roldan K, Ebna Mannan I, Spatz ES, Weinstein RA, et al. Variability
in Long COVID Definitions and Validation of Published Prevalence Rates. JAMA Network Open.
2025;8(8):€2526506-¢. doi: 10.1001/jamanetworkopen.2025.26506

37



47. Soriano JB, Murthy S, Marshall JC, Relan P, Diaz JV. A clinical case definition of post-COVID-19
condition by a Delphi consensus. The Lancet Infectious Diseases. 2022;22(4):e102-e7. doi: 10.1016/S1473-
3099(21)00703-9

48. World Health Organization (WHO). Post COVID-19 condition (Long COVID) [14.10.2025]. Available
from: https://www.who.int/europe/news-room/fact-sheets/item/post-covid-19-condition.

49. Ely EW, Brown Lisa M, Fineberg Harvey V. Long Covid Defined. New England Journal of Medicine.
2024;391(18):1746-53. doi: 10.1056/NEJMsb2408466

50. World Health Organization (WHO). Post COVID-19 condition (long COVID): Key facts [14.10.2025].
Available from: https://www.who.int/news-room/fact-sheets/detail/post-covid-19-condition-%28long-covid%29?
51. Ballering AV, van Zon SKR, olde Hartman TC, Rosmalen JGM. Persistence of somatic symptoms after
COVID-19 in the Netherlands: an observational cohort study. The Lancet. 2022;400(10350):452-61. doi:
10.1016/S0140-6736(22)01214-4

52. Davis HE, McCorkell L, Vogel JM, Topol EJ. Long COVID: major findings, mechanisms and
recommendations. Nature Reviews Microbiology. 2023;21(3):133-46. doi: 10.1038/s41579-022-00846-2

53. Zhang D, Chen C, Xie Y, Zhou S, Li D, Zeng F, et al. Prevalence and risk factors of long COVID-19
persisting for 2 years in Hainan Province: a population-based prospective study. Scientific Reports.
2025;15(1):369. doi: 10.1038/s41598-024-84598-4

54. Altmann DM, Whettlock EM, Liu S, Arachchillage DJ, Boyton RJ. The immunology of long COVID.
Nature Reviews Immunology. 2023;23(10):618-34. doi: 10.1038/s41577-023-00904-7

55. Hou Y, Gu T, Ni Z, Shi X, Ranney ML, Mukherjee B. Global Prevalence of Long COVID, Its Subtypes,
and Risk Factors: An Updated Systematic Review and Meta-analysis. Open Forum Infectious Diseases.
2025;12(9):0faf533. doi: 10.1093/ofid/ofaf533

56. Al-Oraibi A, Woolf K, Naidu J, Nellums LB, Pan D, Sze S, et al. Global prevalence of long COVID and
its most common symptoms among healthcare workers: a systematic review and meta-analysis. BMJ Public
Health. 2025;3(1):000269. doi: 10.1136/bm;jph-2023-000269

57. Namie H, Takazono T, Kawasaki R, Yano H, Ito Y, Nakada N, et al. Analysis of risk factors for long
COVID after mild COVID-19 during the Omicron wave in Japan. Respiratory Investigation. 2025;63(3):303-10.
doi: 10.1016/j.resinv.2025.02.008

58. Skevaki C, Moschopoulos CD, Fragkou PC, Grote K, Schieffer E, Schieffer B. Long COVID:
Pathophysiology, current concepts, and future directions. Journal of Allergy and Clinical Immunology.
2025;155(4):1059-70. doi: 10.1016/j.jaci.2024.12.1074

59. Woodrow M, Carey C, Ziauddeen N, Thomas R, Akrami A, Lutje V, et al. Systematic Review of the
Prevalence of Long COVID. Open Forum Infectious Diseases. 2023;10(7):0fad233. doi: 10.1093/ofid/ofad233
60. Hu L-Y, Cai A-Q, Li B, Sun Y-Q, Li Z, Liu J-P, et al. Prevalence and risk factors for long COVID in
China: A systematic review and meta-analysis of observational studies. Journal of Infection and Public Health.
2025;18(3):102652. doi: 10.1016/].jiph.2025.102652

61. Guillén-Teruel A, Mellina-Andreu JL, Reina G, Gonzalez-Billalabeitia E, Rodriguez-Iborra R, Palma J,
et al. Identifying risk factors and predicting long COVID in a Spanish cohort. Scientific Reports.
2025;15(1):10758. doi: 10.1038/541598-025-94765-w

62. Thompson EJ, Williams DM, Walker AJ, Mitchell RE, Niedzwiedz CL, Yang TC, et al. Long COVID
burden and risk factors in 10 UK longitudinal studies and electronic health records. Nature Communications.
2022;13(1):3528. doi: 10.1038/s41467-022-30836-0

63. Asadi-Pooya AA, Nemati H, Shahisavandi M, Akbari A, Emami A, Lotfi M, et al. Long COVID in
children and adolescents. World Journal of Pediatrics. 2021;17(5):495-9. doi: 10.1007/s12519-021-00457-6

64. Hejazian SS, Sadr AV, Shahjouei S, Vemuri A, Abedi V, Zand R. Prevalence and Determinants of Long-
Term Post-COVID Conditions in the United States: 2022 Behavioral Risk Factor Surveillance System. The
American Journal of Medicine. 2025;138(3):513-23.e10. doi: 10.1016/j.amjmed.2024.02.010

65. Subramanian A, Nirantharakumar K, Hughes S, Myles P, Williams T, Gokhale KM, et al. Symptoms and
risk factors for long COVID in non-hospitalized adults. Nature Medicine. 2022;28(8):1706-14. doi:
10.1038/s41591-022-01909-w

66. Tsampasian V, Elghazaly H, Chattopadhyay R, Debski M, Naing TKP, Garg P, et al. Risk Factors
Associated With Post—~COVID-19 Condition: A Systematic Review and Meta-analysis. JAMA Internal Medicine.
2023;183(6):566-80. doi: 10.1001/jamainternmed.2023.0750

67. Watanabe A, Iwagami M, Yasuhara J, Takagi H, Kuno T. Protective effect of COVID-19 vaccination
against long COVID syndrome: A systematic review and meta-analysis. Vaccine. 2023;41(11):1783-90. doi:
10.1016/j.vaccine.2023.02.008

68. Byambasuren O, Stehlik P, Clark J, Alcorn K, Glasziou P. Effect of covid-19 vaccination on long covid:
systematic review. BMJ Medicine. 2023;2(1):¢000385. doi: 10.1136/bmjmed-2022-000385

38



69. Ceban F, Kulzhabayeva D, Rodrigues NB, Di Vincenzo JD, Gill H, Subramaniapillai M, et al. COVID-
19 vaccination for the prevention and treatment of long COVID: A systematic review and meta-analysis. Brain,
Behavior, and Immunity. 2023;111:211-29. doi: 10.1016/j.bbi.2023.03.022

70. Brannock MD, Chew RF, Preiss AJ, Hadley EC, Redfield S, McMurry JA, et al. Long COVID risk and
pre-COVID vaccination in an EHR-based cohort study from the RECOVER program. Nature Communications.
2023;14(1):2914. doi: 10.1038/s41467-023-38388-7

71. Notarte KI, Catahay JA, Velasco JV, Pastrana A, Ver AT, Pangilinan FC, et al. Impact of COVID-19
vaccination on the risk of developing long-COVID and on existing long-COVID symptoms: A systematic review.
eClinicalMedicine. 2022;53. doi: 10.1016/j.eclinm.2022.101624

72. Ayoubkhani D, Bermingham C, Pouwels KB, Glickman M, Nafilyan V, Zaccardi F, et al. Trajectory of
long covid symptoms after covid-19 vaccination: community based cohort study. BMJ. 2022;377:e069676. doi:
10.1136/bmj-2021-069676

73. Strain WD, Sherwood O, Banerjee A, Van der Togt V, Hishmeh L, Rossman J. The Impact of COVID
Vaccination on Symptoms of Long COVID: An International Survey of People with Lived Experience of Long
COVID. Vaccines [Internet]. 2022; 10(5).

74. Chow NKN, Tsang CYW, Chan YH, Telaga SA, Ng LYA, Chung CM, et al. The effect of pre-COVID
and post-COVID vaccination on long COVID: A systematic review and meta-analysis. Journal of Infection.
2024;89(6). doi: 10.1016/].jinf.2024.106358

75. Castanares-Zapatero D, Chalon P, Kohn L, Dauvrin M, Detollenaere J, Maertens de Noordhout C, et al.
Pathophysiology and mechanism of long COVID: a comprehensive review. Annals of Medicine. 2022;54(1):1473-
87. doi: 10.1080/07853890.2022.2076901

76. Chen B, Julg B, Mohandas S, Bradfute SB, Force RMPT. Viral persistence, reactivation, and mechanisms
of long COVID. eLife. 2023;12:e86015. doi: 10.7554/eLife.86015

77. Schultheifl C, Willscher E, Paschold L, Gottschick C, Klee B, Henkes S-S, et al. The IL-1&#x3b2;, IL-6,
and TNF cytokine triad is associated with post-acute sequelae of COVID-19. Cell Reports Medicine. 2022;3(6).
doi: 10.1016/j.xcrm.2022.100663

78. Peluso MJ, Deeks SG. Mechanisms of long COVID and the path toward therapeutics. Cell.
2024;187(20):5500-29. doi: 10.1016/j.cell.2024.07.054

79. Lehner GF, Klein SJ, Zoller H, Peer A, Bellmann R, Joannidis M. Correlation of interleukin-6 with
Epstein—Barr virus levels in COVID-19. Critical Care. 2020;24(1):657. doi: 10.1186/s13054-020-03384-6

80. Chen T, Song J, Liu H, Zheng H, Chen C. Positive Epstein—Barr virus detection in coronavirus disease
2019 (COVID-19) patients. Scientific Reports. 2021;11(1):10902. doi: 10.1038/s41598-021-90351-y
81. Ancona G, Alagna L, Alteri C, Palomba E, Tonizzo A, Pastena A, et al. Gut and airway microbiota

dysbiosis and their role in COVID-19 and long-COVID. Frontiers in Immunology. 2023;14. doi:
10.3389/fimmu.2023.1080043

82. Yu LC-H. Gastrointestinal pathophysiology in long COVID: Exploring roles of microbiota dysbiosis and
serotonin dysregulation in post-infectious bowel symptoms. Life Sciences. 2024;358:123153. doi:
10.1016/].15.2024.123153

&3. Zhou Y, Zhang J, Zhang D, Ma W-L, Wang X. Linking the gut microbiota to persistent symptoms in
survivors of COVID-19 after discharge. Journal of Microbiology. 2021;59(10):941-8. doi: 10.1007/s12275-021-
1206-5

&4. Liu Q, Mak JWY, Su Q, Yeoh YK, Lui GC-Y, Ng SSS, et al. Gut microbiota dynamics in a prospective
cohort of patients with post-acute COVID-19 syndrome. Gut. 2022;71(3):544. doi: 10.1136/gutjnl-2021-325989
85. Kuchler T, Giinthner R, Ribeiro A, Hausinger R, Streese L, Wohnl A, et al. Persistent endothelial
dysfunction in post-COVID-19 syndrome and its associations with symptom severity and chronic inflammation.
Angiogenesis. 2023;26(4):547-63. doi: 10.1007/s10456-023-09885-6

86. Aljadah M, Khan N, Beyer Andreas M, Chen Y, Blanker A, Widlansky Michael E. Clinical Implications
of COVID-19-Related  Endothelial ~ Dysfunction. JACC:  Advances. 2024;3(8):101070.  doi:
10.1016/j.jacadv.2024.101070

87. Cai M, Xie Y, Topol EJ, Al-Aly Z. Three-year outcomes of post-acute sequelac of COVID-19. Nature
Medicine. 2024;30(6):1564-73. doi: 10.1038/s41591-024-02987-8

88. Davis HE, Assaf GS, McCorkell L, Wei H, Low RJ, Re'em Y, et al. Characterizing long COVID in an
international cohort: 7 months of symptoms and their impact. eClinicalMedicine. 2021;38. doi:
10.1016/j.eclinm.2021.101019

89. van Kessel SAM, Olde Hartman TC, Lucassen PLBJ, van Jaarsveld CHM. Post-acute and long-COVID-
19 symptoms in patients with mild diseases: a systematic review. Family Practice. 2022;39(1):159-67. doi:
10.1093/fampra/cmab076

39



90. Yaksi N, Teker AG, Imre A. Long COVID in hospitalized COVID-19 patients: a retrospective cohort
study. Iranian Journal of Public Health. 2022;51(1):88. doi: 10.18502/ijph.v51i1.8297

91. O’Mahoney LL, Routen A, Gillies C, Jenkins SA, Almaghawi A, Ayoubkhani D, et al. The risk of Long
Covid symptoms: a systematic review and meta-analysis of controlled studies. Nature Communications.
2025;16(1):4249. doi: 10.1038/s41467-025-59012-w

92. Sudre CH, Murray B, Varsavsky T, Graham MS, Penfold RS, Bowyer RC, et al. Attributes and predictors
of long COVID. Nature Medicine. 2021;27(4):626-31. doi: 10.1038/s41591-021-01292-y

93. Ziauddeen N, Gurdasani D, O’Hara ME, Hastie C, Roderick P, Yao G, et al. Characteristics and impact
of Long Covid: Findings from an online survey. PLOS ONE. 2022;17(3):e0264331. doi:
10.1371/journal.pone.0264331

94. Ziauddeen N, Pantelic M, O’Hara ME, Hastie C, Alwan NA. Impact of long COVID-19 on work: a co-
produced survey. The Lancet. 2023;402:S98. doi: 10.1016/S0140-6736(23)02157-8

95. Carlile O, Briggs A, Henderson AD, Butler-Cole BFC, Tazare J, Tomlinson LA, et al. Impact of long
COVID on health-related quality-of-life: an OpenSAFELY population cohort study using patient-reported
outcome measures (OpenPROMPT). The Lancet Regional Health — Europe. 2024;40. doi:
10.1016/j.1anepe.2024.100908

96. Pham A, Smith J, Card KG, Byers KA, Khor E. Exploring social determinants of health and their impacts
on self-reported quality of life in long COVID-19 patients. Scientific Reports. 2024;14(1):30410. doi:
10.1038/s41598-024-81275-4

97. Bota AV, Bratosin F, Bogdan I, Septimiu-Radu S, Ilie AC, Burtic S-R, et al. Assessing the Quality of
Life, Coping Strategies, Anxiety and Depression Levels in Patients with Long-COVID-19 Syndrome: A Six-
Month Follow-Up Study. Diseases [Internet]. 2024; 12(1).

98. Seighali N, Abdollahi A, Shafiee A, Amini MJ, Teymouri Athar MM, Safari O, et al. The global
prevalence of depression, anxiety, and sleep disorder among patients coping with Post COVID-19 syndrome (long
COVID): a systematic review and meta-analysis. BMC Psychiatry. 2024;24(1):105. doi: 10.1186/s12888-023-
05481-6

99. Miskowiak KW, Pedersen JK, Gunnarsson DV, Roikjer TK, Podlekareva D, Hansen H, et al. Cognitive
impairments among patients in a long-COVID clinic: Prevalence, pattern and relation to illness severity, work
function and quality of life. Journal of Affective Disorders. 2023;324:162-9. doi: 10.1016/j.jad.2022.12.122

100. Panagea E, Messinis L, Petri MC, Liampas I, Anyfantis E, Nasios G, et al. Neurocognitive Impairment
in Long COVID: A Systematic Review. Archives of Clinical Neuropsychology. 2025;40(1):125-49. doi:
10.1093/arclin/acae042

101. Takacs J, Dedk D, Seregély B, Koller A. Cognitive Slowing, Dysfunction in Verbal Working Memory,
Divided Attention and Response Inhibition in Post COVID-19 Condition in Young Adults. Life [Internet]. 2025;
15(5).

102. Lopes-Santos LE, de Lacerda Ferreira D, de Angelis G, Foss MP, Trevisan AC, de Lacerda KJCC, et al.
How Mild Is the Mild Long COVID? A Comprehensive Neuropsychological Assessment of Patients with
Cognitive Complaints. Archives of Clinical Neuropsychology. 2025;40(2):302-9. doi: 10.1093/arclin/acae071
103. Gopinath G, Suryavanshi CA, L. C P. Long-term cognitive and autonomic effects of COVID-19 in young
adults: a cross-sectional study at 28 months. Annals of Medicine. 2025;57(1):2453082. doi:
10.1080/07853890.2025.2453082

104. Pacheco-Jaime L, Garcia-Vicente C, Ariza M, Cano N, Garolera M, Carreras-Vidal L, et al. Structural
brain changes in post-COVID condition and its relationship with cognitive impairment. Brain Communications.
2025;7(1):fcaf070. doi: 10.1093/braincomms/fcaf070

105. Charles James J, Schulze H, Siems N, Prehn C, Quast DR, Trampe N, et al. Neurological post-COVID
syndrome is associated with substantial impairment of verbal short-term and working memory. Scientific Reports.
2025;15(1):1695. doi: 10.1038/s41598-025-85919-x

106. Herrera E, Pérez-Sanchez MdC, San Miguel-Abella R, Barrenechea A, Blanco C, Solares L, et al.
Cognitive impairment in young adults with post COVID-19 syndrome. Scientific Reports. 2023;13(1):6378. doi:
10.1038/s41598-023-32939-0

107. McWhirter L, Smyth H, Hoeritzauer I, Couturier A, Stone J, Carson AJ. What is brain fog? Journal of
Neurology, Neurosurgery &amp; Psychiatry. 2023;94(4):321. doi: 10.1136/jnnp-2022-329683

108. Lanz-Luces JR, Aceituno H, Quiroz-Bravo F, Rodriguez-Flores F, Osores-Espinoza M, Rigaud D, et al.
Long-lasting brain fog is related with severity clusters of symptoms in COVID-19 patients. Revista médica de
Chile. 2022;150:1484-92. doi: 10.4067/S0034-98872022001101484

109. Jennings G, Monaghan A, Xue F, Duggan E, Romero-Ortufio R. Comprehensive Clinical Characterisation
of Brain Fog in Adults Reporting Long COVID Symptoms. Journal of Clinical Medicine [Internet]. 2022; 11(12).

40



110. Cataldo SA, Micciulli A, Margulis L, Cibeyra M, Defeo S, Horovitz SG, et al. Cognitive impact and brain
structural changes in long COVID patients: a cross-sectional MRI study two years post infection in a cohort from
Argentina. BMC Neurology. 2024;24(1):450. doi: 10.1186/s12883-024-03959-8

111. Diez-Cirarda M, Yus M, Goémez-Ruiz N, Polidura C, Gil-Martinez L, Delgado-Alonso C, et al.
Multimodal neuroimaging in post-COVID syndrome and correlation with cognition. Brain. 2023;146(5):2142-52.
doi: 10.1093/brain/awac384

112. Stefanou M-I, Panagiotopoulos E, Palaiodimou L, Bakola E, Smyrnis N, Papadopoulou M, et al. Current
update on the neurological manifestations of long COVID: more questions than answers. EXCLI journal.
2024;23:1463. doi: 10.17179/excli2024-7885

113. Heine J, Schwichtenberg K, Hartung TJ, Rekers S, Chien C, Boesl F, et al. Structural brain changes in
patients with post-COVID fatigue: a prospective observational study. eClinicalMedicine. 2023;58. doi:
10.1016/j.eclinm.2023.101874

114. Planchuelo-Gémez A, Garcia-Azorin D, Guerrero AL, Rodriguez M, Aja-Fernandez S, de Luis-Garcia
R. Structural brain changes in patients with persistent headache after COVID-19 resolution. Journal of Neurology.
2023;270(1):13-31. doi: 10.1007/s00415-022-11398-z

115. Besteher B, Rocktidschel T, Garza AP, Machnik M, Ballez J, Helbing D-L, et al. Cortical thickness
alterations and systemic inflammation define long-COVID patients with cognitive impairment. Brain, Behavior,
and Immunity. 2024;116:175-84. doi: 10.1016/j.bbi.2023.11.028

116. Bijsterbosch J, Smith S, Beckmann C. Introduction to Resting State fMRI Functional Connectivity.
Jenkinson M, Chappell M, editors: Oxford University Press; 2017.

117.  Newman AlJ. Research Methods for Cognitive Neuroscience: SAGE Publications Ltd; 2019.

118. De Luca M, Beckmann CF, De Stefano N, Matthews PM, Smith SM. fMRI resting state networks define
distinct modes of long-distance interactions in the human brain. Neurolmage. 2006;29(4):1359-67. doi:
10.1016/j.neuroimage.2005.08.035

119. Carreras-Vidal L, Pacheco-Jaime L, Ariza M, Cano N, Garolera M, Garcia-Vicente C, et al. Functional
brain abnormalities in post COVID-19 condition and their relationship with cognition. Scientific Reports.
2025;15(1):22259. doi: 10.1038/541598-025-00739-3

120. Liu Y, Peng B, Qin H, Zhou K, Lin S, Lai Y, et al. Longitudinal alterations in morphological brain
networks and cognitive function in common-type COVID-19: a 3-month follow-up study. Frontiers in Neurology.
2025;16. doi: 10.3389/fneur.2025.1549195

121. Paolini M, Palladini M, Mazza MG, Colombo F, Vai B, Rovere-Querini P, et al. Brain correlates of
subjective cognitive complaints in COVID-19 survivors: A multimodal magnetic resonance imaging study.
European Neuropsychopharmacology. 2023;68:1-10. doi: 10.1016/j.euroneuro.2022.12.002

122. Voruz P, Cionca A, Jacot de Alcantara I, Nuber-Champier A, Allali G, Benzakour L, et al. Brain
functional connectivity alterations associated with neuropsychological performance 69 months following SARS-
CoV-2 infection. Human Brain Mapping. 2023;44(4):1629-46. doi: 10.1002/hbm.26163

123. Madden D, Stephens TM, Scott J, O’Neal Swann C, Prather K, Hoffmeister J, et al. Functional
connectivity of default mode network in non-hospitalized patients with post-COVID cognitive complaints.
Frontiers in Neuroscience. 2025;19. doi: 10.3389/fnins.2025.1576393

124. Trufanov A, Voznyuk I, Kutkova A, Efimtsev A, Shusharina N, Ovdienko O. Structural and functional
changes in the brain during post-COVID syndrome: neuropsychological and MRI study. The European Physical
Journal Special Topics. 2025. doi: 10.1140/epjs/s11734-024-01448-0

125. Nasir SM, Yahya N, Manan HA. Functional brain alterations in COVID-19 patients using resting-state
fMRI: a systematic review. Brain Imaging and Behavior. 2024;18(6):1582-601. doi: 10.1007/s11682-024-00935-
1

126. Whitaker-Hardin B, McGregor KM, Uswatte G, Lokken K. A Narrative Review of the Efficacy of Long
COVID Interventions on Brain Fog, Processing Speed, and Other Related Cognitive Outcomes. Biomedicines
[Internet]. 2025; 13(2).

127. Bramante CT, Buse JB, Liebovitz DM, Nicklas JM, Puskarich MA, Cohen K, et al. Outpatient treatment
of COVID-19 and incidence of post-COVID-19 condition over 10 months (COVID-OUT): a multicentre,
randomised, quadruple-blind, parallel-group, phase 3 trial. The Lancet Infectious Diseases. 2023;23(10):1119-29.
doi: 10.1016/S1473-3099(23)00299-2

128. McCarthy MW. Metformin as a potential treatment for COVID-19. Expert Opinion on Pharmacotherapy.
2023;24(10):1199-203. doi: 10.1080/14656566.2023.2215385

129. Charfeddine S, Ibnhadjamor H, Jdidi J, Torjmen S, Kraiem S, Bahloul A, et al. Sulodexide Significantly
Improves Endothelial Dysfunction and Alleviates Chest Pain and Palpitations in Patients With Long-COVID-19:
Insights From TUN-EndCOV  Study. Frontiers in Cardiovascular Medicine. 2022;9. doi:
10.3389/fcvm.2022.866113

41



130. Jadhav K, Jariwala P. ‘Ivabradin’ versus ‘Carvedilol’ in the management of Post-COVID-19 palpitation
with sinus tachycardia. Indian Heart Journal. 2020;72:S33. doi: 10.1016/j.1hj.2020.11.092

131. Putilina MV, Mutovina ZY, Kurushina OV, Khalilova DM, Saverskaya EN, Stepanova SB, et al.
Determination of the Prevalence of Postcovid Syndrome and Assessment of the Effectiveness of the Drug Cortexin
in the Treatment of Neurological Disorders in Patients with Postcovid Syndrome. Results of the CORTEX
Multicenter Clinical and Epidemiological Observational Program. Neuroscience and Behavioral Physiology.
2022;52(6):836-41. doi: 10.1007/s11055-022-01307-2

132. Kutashov VA. Actovegin use in patients with cognitive impairment after coronavirus infection (COVID-
19). Neurology, Neuropsychiatry, Psychosomatics. 2021;13(2):65-72. doi: 10.14412/2074-2711-2021-2-65-72
133. Mclntyre RS, Phan L, Kwan ATH, Mansur RB, Rosenblat JD, Guo Z, et al. Vortioxetine for the treatment
of post-COVID-19 condition: a randomized controlled trial. Brain. 2024;147(3):849-57. doi:
10.1093/brain/awad377

134. Sizyakina LP, Zakurskaya VY, Guryanova S. Glucosaminylmuramyl dipeptide efficacy in post-COVID-
19 patient rehabilitation treatment. Infectious diseases: News, Opinions, Training. 2023;12:17-25. doi:
10.33029/2305-3496-2023-12-1-17-25

135. Rathi A, Jadhav SB, Shah N. A Randomized Controlled Trial of the Efficacy of Systemic Enzymes and
Probiotics in the Resolution of Post-COVID Fatigue. Medicines [Internet]. 2021; 8(9).

136. Sanchez-Garcia JC, Reinoso-Cobo A, Piqueras-Sola B, Cortés-Martin J, Menor-Rodriguez MJ, Alabau-
Dasi R, et al. Long COVID and Physical Therapy: A Systematic Review. Diseases [Internet]. 2023; 11(4).

137. Zeraatkar D, Ling M, Kirsh S, Jassal T, Shahab M, Movahed H, et al. Interventions for the management
of long covid (post-covid condition): living systematic review. BMJ. 2024;387:¢081318. doi: 10.1136/bmj-2024-
081318

138. Klok FA, Boon GJAM, Barco S, Endres M, Geelhoed JJM, Knauss S, et al. The Post-COVID-19
Functional Status scale: a tool to measure functional status over time after COVID-19. European Respiratory
Journal. 2020;56(1):2001494. doi: 10.1183/13993003.01494-2020

139. Nopp S, Moik F, Klok FA, Gattinger D, Petrovic M, Vonbank K, et al. Outpatient Pulmonary
Rehabilitation in Patients with Long COVID Improves Exercise Capacity, Functional Status, Dyspnea, Fatigue,
and Quality of Life. Respiration. 2022;101(6):593-601. doi: 10.1159/000522118

140. Compagno S, Palermi S, Pescatore V, Brugin E, Sarto M, Marin R, et al. Physical and psychological
reconditioning in long COVID syndrome: Results of an out-of-hospital exercise and psychological - based
rehabilitation program. IJC Heart & Vasculature. 2022;41:101080. doi: 10.1016/j.ijcha.2022.101080

141. Mooren JM, Garbsch R, Schifer H, Kotewitsch M, Waranski M, Teschler M, et al. Medical Rehabilitation
of Patients with Post-COVID-19 Syndrome—A Comparison of Aerobic Interval and Continuous Training. Journal
of Clinical Medicine [Internet]. 2023; 12(21).

142. Lindenmann J, Porubsky C, Okresa L, Klemen H, Mykoliuk I, Roj A, et al. Immediate and Long-Term
Effects of Hyperbaric Oxygenation in Patients with Long COVID-19 Syndrome Using SF-36 Survey and VAS
Score: A Clinical Pilot Study. Journal of Clinical Medicine [Internet]. 2023; 12(19).

143. Lindenmann J, Smolle C, Kamolz L-P, Smolle-Juettner FM, Graier WF. Survey of Molecular
Mechanisms of Hyperbaric Oxygen in Tissue Repair. International Journal of Molecular Sciences [Internet]. 2021;
22(21).

144. Robbins T, Gonevski M, Clark C, Baitule S, Sharma K, Magar A, et al. Hyperbaric oxygen therapy for
the treatment of long COVID: early evaluation of a highly promising intervention. Clinical Medicine.
2021;21(6):€629-e32. doi: 10.7861/clinmed.2021-0462

145. Hadanny A, Zilberman-Itskovich S, Catalogna M, Elman-Shina K, Lang E, Finci S, et al. Long term
outcomes of hyperbaric oxygen therapy in post covid condition: longitudinal follow-up of a randomized controlled
trial. Scientific Reports. 2024;14(1):3604. doi: 10.1038/s41598-024-53091-3

146. Linnhoff S, Koehler L, Haghikia A, Zaehle T. The therapeutic potential of non-invasive brain stimulation
for the treatment of Long-COVID-related cognitive fatigue. Frontiers in Immunology. 2023;13. doi:
10.3389/fimmu.2022.935614

147. Santana K, Franga E, Sato J, Silva A, Queiroz M, de Farias J, et al. Non-invasive brain stimulation for
fatigue in post-acute sequelae of SARS-CoV-2 (PASC). Brain Stimulation. 2023;16(1):100-7. doi:
10.1016/j.brs.2023.01.1672

148. Thair H, Holloway AL, Newport R, Smith AD. Transcranial Direct Current Stimulation (tDCS): A
Beginner's Guide for Design and Implementation. Frontiers in Neuroscience. 2017;11. doi:
10.3389/fnins.2017.00641

149. Oliver-Mas S, Delgado-Alonso C, Delgado—Alvarez A, Diez-Cirarda M, Cuevas C, Fernandez-Romero
L, et al. Transcranial direct current stimulation for post-COVID fatigue: a randomized, double-blind, controlled
pilot study. Brain Communications. 2023;5(2):fcad117. doi: 10.1093/braincomms/fcad117

42



150. Klirova M, Adamova A, Biackova N, Laskov O, Renkova V, Stuchlikova Z, et al. Transcranial direct
current stimulation (tDCS) in the treatment of neuropsychiatric symptoms of long COVID. Scientific Reports.
2024;14(1):2193. doi: 10.1038/s41598-024-52763-4

151. Bahar-Fuchs A, Barendse MEA, Bloom R, Ravona-Springer R, Heymann A, Dabush H, et al.
Computerized Cognitive Training for Older Adults at Higher Dementia Risk due to Diabetes: Findings From a
Randomized Controlled Trial. The Journals of Gerontology: Series A. 2020;75(4):747-54. doi:
10.1093/gerona/glz073

152. Gavelin HM, Domell6f ME, Leung I, Neely AS, Launder NH, Nategh L, et al. Computerized cognitive
training in Parkinson’s disease: A systematic review and meta-analysis. Ageing Research Reviews.
2022;80:101671. doi: https://doi.org/10.1016/j.arr.2022.101671

153. Zhou Y, Feng H, Li G, Xu C, Wu Y, Li H. Efficacy of computerized cognitive training on improving
cognitive functions of stroke patients: A systematic review and meta-analysis of randomized controlled trials.
International Journal of Nursing Practice. 2022;28(3):¢12966. doi: 10.1111/ijn.12966

154. Ceban F, Ling S, Lui LMW, Lee Y, Gill H, Teopiz KM, et al. Fatigue and cognitive impairment in Post-
COVID-19 Syndrome: A systematic review and meta-analysis. Brain, Behavior, and Immunity. 2022;101:93-135.
doi: 10.1016/j.bbi.2021.12.020

155. Samper-Pardo M, Ledén-Herrera S, Olivan-Blazquez B, Méndez-Lopez F, Dominguez-Garcia M,
Sanchez-Recio R. Effectiveness of a telerehabilitation intervention using ReCOVery APP of long COVID patients:
a randomized, 3-month follow-up clinical trial. Scientific Reports. 2023;13(1):7943. doi: 10.1038/s41598-023-
35058-y

156. Dufiabeitia JA, Mera F, Baro O, Jadad-Garcia T, Jadad AR. Personalized Computerized Training for
Cognitive Dysfunction after COVID-19: A Before-and-After Feasibility Pilot Study. International Journal of
Environmental Research and Public Health [Internet]. 2023; 20(4).

157. Leitner M, Potz G, Berger M, Fellner M, Spat S, Koini M. Characteristics and burden of acute COVID-
19 and long-COVID: Demographic, physical, mental health, and economic perspectives. PLOS ONE.
2024;19(1):¢0297207. doi: 10.1371/journal.pone.0297207

158. Leitner M, Pinter D, Ropele S, Koini M. Functional connectivity changes in long-Covid patients with and
without cognitive impairment. Cortex. 2025;191:74-89. doi: 10.1016/j.cortex.2025.07.005

159. Leitner M, Paletta L, Leal-Garcia M, Fellner M, Koini M. A tablet-based intervention study to alleviate
cognitive and psychological symptoms in patients with post-Covid-19 condition. Frontiers in Psychology.
2025;16. doi: 10.3389/fpsyg.2025.1582742

160. Cohen PA, Hall LE, John JN, Rapoport AB. The Early Natural History of SARS-CoV-2 Infection:
Clinical Observations From an Urban, Ambulatory COVID-19 Clinic. Mayo Clinic Proceedings.
2020;95(6):1124-6. doi: 10.1016/j.mayocp.2020.04.010

161. Menni C, Valdes AM, Polidori L, Antonelli M, Penamakuri S, Nogal A, et al. Symptom prevalence,
duration, and risk of hospital admission in individuals infected with SARS-CoV-2 during periods of omicron and
delta variant dominance: a prospective observational study from the ZOE COVID Study. The Lancet.
2022;399(10335):1618-24. doi: 10.1016/S0140-6736(22)00327-0

162. Schulze H, Bayer W. Changes in Symptoms Experienced by SARS-CoV-2-Infected Individuals — From
the First Wave to the Omicron Variant. Frontiers in Virology. 2022;2. doi: 10.3389/fvir0.2022.880707

163. Wan EYF, Zhang R, Mathur S, Yan VKC, Lai FTT, Chui CSL, et al. Association of COVID-19 with
acute and post-acute risk of multiple different complications and mortality in patients infected with omicron variant
stratified by initial disease severity: a cohort study in Hong Kong. BMC Medicine. 2024;22(1):461. doi:
10.1186/512916-024-03630-6

164. Saréevié Z, Tepavéevié A. Body mass index and comorbidities are associated with the duration of
COVID-19 symptoms in non-hospitalized patients. Journal of International Medical Research.
2022;50(9):03000605221127520. doi: 10.1177/03000605221127520

165. World Health Organization (WHO). Coronavirus disease (COVID-19) [14.10.2025]. Available from:
https://www.who.int/health-topics/coronavirus#tab=tab_3.

166. Centers for Disease Control and Prevention (CDC). Symptoms of COVID-19 2025 [15.10.2025].
Available from: https://www.cdc.gov/covid/signs-symptoms/index.html.

167. Looi M-K. How are covid-19 symptoms changing? BMJ. 2023;380. doi: 10.1136/bmj.p3

168. Branda F, Ciccozzi M, Scarpa F. SARS-CoV-2 XFG: a genomic insight into the new recombinant.
Infectious Diseases. 2025;57(10):1017-20. doi: 10.1080/23744235.2025.2548552

169. Wong MC-S, Huang J, Wong Y-Y, Wong GL-H, Yip TC-F, Chan RN-Y, et al. Epidemiology,
Symptomatology, and Risk Factors for Long COVID Symptoms: Population-Based, Multicenter Study. JMIR
Public Health Surveill. 2023;9:e42315. doi: 10.2196/42315

43



170. Briciu V, Topan A, Calin M, Dobrota R, Leucuta D-C, Lupse M. Comparison of COVID-19 Severity in
Vaccinated and Unvaccinated Patients during the Delta and Omicron Wave of the Pandemic in a Romanian
Tertiary Infectious Diseases Hospital. Healthcare [Internet]. 2023; 11(3).

171. Lunt R, Quinot C, Kirsebom F, Andrews N, Skarnes C, Letley L, et al. The impact of vaccination and
SARS-CoV-2 variants on the virological response to SARS-CoV-2 infections during the Alpha, Delta, and
Omicron waves in England. Journal of Infection. 2024;88(1):21-9. doi: 10.1016/j.jinf.2023.10.016

172. Beigel John H, Tomashek Kay M, Dodd Lori E, Mehta Aneesh K, Zingman Barry S, Kalil Andre C, et
al. Remdesivir for the Treatment of Covid-19 — Final Report. New England Journal of Medicine.
2020;383(19):1813-26. doi: 10.1056/NEJM0a2007764

173. Zong K, Xu L, Luo C, Luo C, Liu B, Chen J, et al. Paxlovid reduces the 28-day mortality of patients with
COVID-19: a retrospective cohort study. BMC Infectious Diseases. 2024;24(1):767. doi: 10.1186/s12879-024-
09482-y

174. Ghosh P, Niesen MJM, Pawlowski C, Bandi H, Yoo U, Lenehan PJ, et al. Case-control study on post-
COVID-19 conditions reveals severe acute infection and chronic pulmonary disease as potential risk factors.
iScience. 2024;27(8). doi: 10.1016/j.is¢i.2024.110406

175. MaY, Deng J, Liu Q, Du M, Liu M, Liu J. Long-Term Consequences of Asymptomatic SARS-CoV-2
Infection: A Systematic Review and Meta-Analysis. International Journal of Environmental Research and Public
Health [Internet]. 2023; 20(2).

176. Adler L, Gazit S, Pinto Y, Perez G, Mizrahi Reuveni M, Yehoshua I, et al. Long-COVID in patients with
a history of mild or asymptomatic SARS-CoV-2 infection: a Nationwide Cohort Study. Scandinavian Journal of
Primary Health Care. 2022;40(3):342-9. doi: 10.1080/02813432.2022.2139480

177. Chan JF-W, Yuan S, Chu H, Sridhar S, Yuen K-Y. COVID-19 drug discovery and treatment options.
Nature Reviews Microbiology. 2024;22(7):391-407. doi: 10.1038/s41579-024-01036-y

178. Oliveira CR, Jason LA, Unutmaz D, Bateman L, Vernon SD. Improvement of Long COVID symptoms
over one year. Frontiers in Medicine. 2023;9. doi: 10.3389/fmed.2022.1065620

179. Demko ZO, Yu T, Mullapudi SK, Varela Heslin MG, Dorsey CA, Payton CB, et al. Two-Year
Longitudinal Study Reveals That Long COVID Symptoms Peak and Quality of Life Nadirs at 6—12 Months
Postinfection. Open Forum Infectious Diseases. 2024;11(3):0fac027. doi: 10.1093/ofid/ofac027

180. Ghali A, Lacombe V, Ravaiau C, Delattre E, Ghali M, Urbanski G, et al. The relevance of pacing
strategies in managing symptoms of post-COVID-19 syndrome. Journal of Translational Medicine.
2023;21(1):375. doi: 10.1186/5s12967-023-04229-w

181. Lee SK, Sun J, Jang S, Connelly S. Misinformation of COVID-19 vaccines and vaccine hesitancy.
Scientific Reports. 2022;12(1):13681. doi: 10.1038/s41598-022-17430-6

182. Fanshawe JB, Sargent BF, Badenoch JB, Saini A, Watson CJ, Pokrovskaya A, et al. Cognitive domains
affected post-COVID-19; a systematic review and meta-analysis. European Journal of Neurology.
2025;32(1):e16181. doi: 10.1111/ene.16181

183. Crivelli L, Palmer K, Calandri I, Guekht A, Beghi E, Carroll W, et al. Changes in cognitive functioning
after COVID-19: A systematic review and meta-analysis. Alzheimer's & Dementia. 2022;18(5):1047-66. doi:
10.1002/alz.12644

184. Ladds E, Darbyshire JL, Bakerly ND, Falope Z, Tucker-Bell 1. Cognitive dysfunction after covid-19.
BMJ. 2024;384:¢075387. doi: 10.1136/bmj-2023-075387

185. Ruck JM, Murriel EC, Fortune Hernandez N, Jefferis AA, McAdams DeMarco M, Vannorsdall TD, et
al. Cognitive dysfunction, psychiatric distress, and functional decline after liver transplantation. Liver
Transplantation. 2025;31(8). doi: 10.1097/LVT.0000000000000569

186. Klinkhammer S, Verwijk E, Geurtsen G, Duits AA, Matopoulos G, Visser-Meily JIMA, et al. Diagnostic
accuracy of the Montreal Cognitive Assessment in screening for cognitive impairment in initially hospitalized
COVID-19 patients: Findings from the prospective multicenter NeNeSCo study. Journal of the International
Neuropsychological Society. 2025;31(1):59-66. doi: 10.1017/S1355617724000675

187. Virgilio E, Ciampana V, Puricelli C, Naldi P, Bianchi A, Dianzani U, et al. Biomarkers of Intrathecal
Synthesis May Be Associated with Cognitive Impairment at MS Diagnosis. International Journal of Molecular
Sciences [Internet]. 2025; 26(2).

188. Bland AR, Barraclough M, Trender WR, Mehta MA, Hellyer PJ, Hampshire A, et al. Profiles of objective
and subjective cognitive function in Post-COVID Syndrome, COVID-19 recovered, and COVID-19 naive
individuals. Scientific Reports. 2024;14(1):13368. doi: 10.1038/541598-024-62050-x

189. Hawellek DJ, Hipp JF, Lewis CM, Corbetta M, Engel AK. Increased functional connectivity indicates
the severity of cognitive impairment in multiple sclerosis. Proceedings of the National Academy of Sciences.
2011;108(47):19066-71. doi: 10.1073/pnas.1110024108

44



190. Meijer KA, Eijlers AJC, Douw L, Uitdehaag BMJ, Barkhof F, Geurts JJG, et al. Increased connectivity
of hub networks and cognitive impairment in multiple sclerosis. Neurology. 2017;88(22):2107-14. doi:
10.1212/WNL.0000000000003982

191. Baggio H-C, Segura B, Sala-Llonch R, Marti M-J, Valldeoriola F, Compta Y, et al. Cognitive impairment
and resting-state network connectivity in Parkinson's disease. Human Brain Mapping. 2015;36(1):199-212. doi:
10.1002/hbm.22622

192. Samanci B, Ay U, Gezegen H, Yorik SS, Medetalibeyoglu A, Kurt E, et al. Persistent neurocognitive
deficits in long COVID: Evidence of structural changes and network abnormalities following mild infection.
Cortex. 2025;187:98-110. doi: 10.1016/j.cortex.2025.04.004

193. Verfaillie SCJ, Pichet Binette A, Vachon-Presseau E, Tabrizi S, Savard M, Bellec P, et al. Subjective
Cognitive Decline Is Associated With Altered Default Mode Network Connectivity in Individuals With a Family
History of Alzheimer’s Disease. Biological Psychiatry: Cognitive Neuroscience and Neuroimaging.
2018;3(5):463-72. doi: 10.1016/j.bpsc.2017.11.012

194. Weber S, Aleman A, Hugdahl K. Involvement of the default mode network under varying levels of
cognitive effort. Scientific Reports. 2022;12(1):6303. doi: 10.1038/s41598-022-10289-7

195. Hillary FG, Roman CA, Venkatesan U, Rajtmajer SM, Bajo R, Castellanos ND. Hyperconnectivity is a
fundamental response to neurological disruption. US: American Psychological Association; 2015. p. 59-75.

196. Hartwigsen G, Baumgaertner A, Price CJ, Koehnke M, Ulmer S, Siebner HR. Phonological decisions
require both the left and right supramarginal gyri. Proceedings of the National Academy of Sciences.
2010;107(38):16494-9. doi: 10.1073/pnas.1008121107

197. Stoeckel C, Gough PM, Watkins KE, Devlin JT. Supramarginal gyrus involvement in visual word
recognition. Cortex. 2009;45(9):1091-6. doi: 10.1016/j.cortex.2008.12.004

198. Seghier ML. The Angular Gyrus: Multiple Functions and Multiple Subdivisions. The Neuroscientist.
2012;19(1):43-61. doi: 10.1177/1073858412440596

199. Farrer C, Frey SH, Van Horn JD, Tunik E, Turk D, Inati S, et al. The Angular Gyrus Computes Action
Awareness Representations. Cerebral Cortex. 2008;18(2):254-61. doi: 10.1093/cercor/bhm050

200. XuJ, Wang J, Fan L, Li H, Zhang W, Hu Q, et al. Tractography-based Parcellation of the Human Middle
Temporal Gyrus. Scientific Reports. 2015;5(1):18883. doi: 10.1038/srep18883

201. Bull DR, Zhang F. Chapter 2 - The human visual system. In: Bull DR, Zhang F, editors. Intelligent Image
and Video Compression (Second Edition). Oxford: Academic Press; 2021. p. 17-58.

202. Bergamino M, Burke A, Sabbagh MN, Caselli RJ, Baxter LC, Stokes AM. Altered resting-state functional
connectivity and dynamic network properties in cognitive impairment: an independent component and dominant-
coactivation pattern analyses study. Frontiers in Aging Neuroscience. 2024;16. doi: 10.3389/fhagi.2024.1362613
203.  Lazarou I, Georgiadis K, Nikolopoulos S, Oikonomou VP, Stavropoulos TG, Tsolaki A, et al. Exploring
Network Properties Across Preclinical Stages of Alzheimer’s Disease Using a Visual Short-Term Memory and
Attention Task with High-Density Electroencephalography: A Brain-Connectome Neurophysiological Study.
Journal of Alzheimer’s Disease. 2022;87(2):643-64. doi: 10.3233/JAD-215421

204. O’Connor A, Ratnakumaran R, Warren L, Pullen D, Errington A, Gracie DJ, et al. Randomized controlled
trial: a pilot study of a psychoeducational intervention for fatigue in patients with quiescent inflammatory bowel
disease. Therapeutic ~ Advances in  Chronic  Disease. 2019;10:2040622319838439. doi:
10.1177/2040622319838439

205. Nguyen LT, Alexander K, Yates P. Psychoeducational Intervention for Symptom Management of
Fatigue, Pain, and Sleep Disturbance Cluster Among Cancer Patients: A Pilot Quasi-Experimental Study. Journal
of Pain and Symptom Management. 2018;55(6):1459-72. doi: 10.1016/j.jpainsymman.2018.02.019

206. D'Hooghe M, Van Gassen G, Kos D, Bouquiaux O, Cambron M, Decoo D, et al. Improving fatigue in
multiple sclerosis by smartphone-supported energy management: The MS TeleCoach feasibility study. Multiple
Sclerosis and Related Disorders. 2018;22:90-6. doi: 10.1016/j.msard.2018.03.020

207. Malouff JM, Thorsteinsson EB, Rooke SE, Bhullar N, Schutte NS. Efficacy of cognitive behavioral
therapy for chronic fatigue syndrome: A meta-analysis. Clinical Psychology Review. 2008;28(5):736-45. doi:
10.1016/j.cpr.2007.10.004

208. Cao S, Geok SK, Roslan S, Qian S, Sun H, Lam SK, et al. Mindfulness-Based Interventions for the
Recovery of Mental Fatigue: A Systematic Review. International Journal of Environmental Research and Public
Health [Internet]. 2022; 19(13).

209. Xie C, Dong B, Wang L, Jing X, Wu Y, Lin L, et al. Mindfulness-based stress reduction can alleviate
cancer- related fatigue: A meta-analysis. Journal of Psychosomatic Research. 2020;130:109916. doi:
10.1016/j.jpsychores.2019.109916

210. Seyedi Chegeni P, Gholami M, Azargoon A, Hossein Pour AH, Birjandi M, Norollahi H. The effect of
progressive muscle relaxation on the management of fatigue and quality of sleep in patients with chronic

45



obstructive pulmonary disease: A randomized controlled clinical trial. Complementary Therapies in Clinical
Practice. 2018;31:64-70. doi: 10.1016/j.ctcp.2018.01.010

211. Wang Y, Yang L, Lin G, Huang B, Sheng X, Wang L, et al. The efficacy of progressive muscle relaxation
training on cancer-related fatigue and quality of life in patients with cancer: A systematic review and meta-analysis
of randomized controlled studies. International Journal of Nursing Studies. 2024;152:104694. doi:
10.1016/j.ijnurstu.2024.104694

212. Moller M, Borg K, Janson C, Lerm M, Normark J, Niward K. Cognitive dysfunction in post-COVID-19
condition: Mechanisms, management, and rehabilitation. Journal of Internal Medicine. 2023;294(5):563-81. doi:
10.1111/joim.13720

213. Weix NM, Shake HM, Duran Saavedra AF, Clingan HE, Hernandez VC, Johnson GM, et al. Cognitive
Interventions and Rehabilitation to Address Long-COVID Symptoms: A Systematic Review. OTJR: Occupational
Therapy Journal of Research. 2025:15394492251328310. doi: 10.1177/15394492251328310

214. Pereira-Morales AJ, Cruz-Salinas AF, Aponte J, Pereira-Manrique F. Efficacy of a computer-based
cognitive training program in older people with subjective memory complaints: a randomized study. International
Journal of Neuroscience. 2018;128(1):1-9. doi: 10.1080/00207454.2017.1308930

215. Bidhendi-Yarandi R, Biglarian A, Karlstad JL, Moe CF, Bakhshi E, Khodaei-Ardakani M-R, et al.
Prevalence of depression, anxiety, stress, and suicide tendency among individual with long-COVID and
determinants: A  systematic review and meta-analysis. PLOS ONE. 2025;20(1):¢0312351. doi:
10.1371/journal.pone.0312351

216. Vallée G, Xi D, Avramovic G, O’Kelly B, Lambert JS. Evaluating the longitudinal physical and
psychological health effects of persistent long Covid 3.5 years after infection. PLOS ONE. 2025;20(6):¢0326790.
doi: 10.1371/journal.pone.0326790

217. Leitner M, Fink A, Fruhwirth V, Hechenberger S, Enzinger C, Pinter D. Navigating life's challenges: A
randomized 6-week online intervention study to enhance resilience in working-age adults. Applied Psychology:
Health and Well-Being. 2025;17(2):¢70023. doi: 10.1111/aphw.70023

218. Joyce S, Shand F, Tighe J, Laurent SJ, Bryant RA, Harvey SB. Road to resilience: a systematic review
and meta-analysis of resilience training programmes and interventions. BMJ Open. 2018;8(6):¢017858. doi:
10.1136/bmjopen-2017-017858

219. Fernandez-Alonso V, Rodriguez-Fernandez S, Secadas-Rincon L, Pérez-Gomez M, Moro-Tejedor MN,
Salcedo M. Resilience After COVID-19: A Descriptive, Cross-Sectional Study. Clinical Nursing Research.
2023;32(3):618-28. doi: 10.1177/10547738231154326

220. Wermelinger Avila MP, Lucchetti ALG, Lucchetti G. Association between depression and resilience in
older adults: a systematic review and meta-analysis. International Journal of Geriatric Psychiatry. 2017;32(3):237-
46. doi: 10.1002/gps.4619

221. Mosheva M, Hertz-Palmor N, Dorman Ilan S, Matalon N, Pessach IM, Afek A, et al. Anxiety, pandemic-
related stress and resilience among physicians during the COVID-19 pandemic. Depression and Anxiety.
2020;37(10):965-71. doi: 10.1002/da.23085

222. Garcia-Leén MA, Pérez-Marmol JM, Gonzalez-Pérez R, Garcia-Rios MdC, Peralta-Ramirez MI.
Relationship between resilience and stress: Perceived stress, stressful life events, HPA axis response during a
stressful task and hair cortisol. Physiology & Behavior. 2019;202:87-93. doi: 10.1016/j.physbeh.2019.02.001
223.  Long-COVID stress symptoms: Mental health, anxiety, depression, or posttraumatic stress [press release].
US: Educational Publishing Foundation2024.

224, Bautista-Rodriguez E, Cortés-Alvarez NY, Vuelvas-Olmos CR, Reyes-Meza V, Gonzalez-Lopez T,
Flores-delosAngeles C, et al. Stress, anxiety, depression and long COVID symptoms. Fatigue: Biomedicine,
Health & Behavior. 2023;11(1):35-54. doi: 10.1080/21641846.2022.2154500

225. Barnett JH, Salmond CH, Jones PB, Sahakian BJ. Cognitive reserve in neuropsychiatry. Psychological
Medicine. 2006;36(8):1053-64. doi: 10.1017/50033291706007501

226. Kesler SR, Adams HF, Blasey CM, Bigler ED. Premorbid Intellectual Functioning, Education, and Brain
Size in Traumatic Brain Injury: An Investigation of the Cognitive Reserve Hypothesis. Applied Neuropsychology.
2003;10(3):153-62. doi: 10.1207/S15324826AN1003 04

227. Cheng S-T. Cognitive Reserve and the Prevention of Dementia: the Role of Physical and Cognitive
Activities. Current Psychiatry Reports. 2016;18(9):85. doi: 10.1007/s11920-016-0721-2

228. Corbo I, Marselli G, Di Ciero V, Casagrande M. The Protective Role of Cognitive Reserve in Mild
Cognitive Impairment: A Systematic Review. Journal of Clinical Medicine [Internet]. 2023; 12(5).

229. Coin A, Devita M, Bizzotto M, Bubola A, Manzato E, Sergi G, et al. The Association between Cognitive
Reserve and Depressive Mood in Older Inpatients: Gender and Age Differences. Experimental Aging Research.
2023;49(2):173-82. doi: 10.1080/0361073X.2022.2041324

46



230. Devita M, Di Rosa E, Iannizzi P, Bianconi S, Contin SA, Tiriolo S, et al. Risk and Protective Factors of
Psychological Distress in Patients Who Recovered From COVID-19: The Role of Cognitive Reserve. Frontiers in
Psychology. 2022;13. doi: 10.3389/fpsyg.2022.852218

231. Panico F, Luciano SM, Sagliano L, Santangelo G, Trojano L. Cognitive reserve and coping strategies
predict the level of perceived stress during COVID-19 pandemic: A cross-sectional study. Personality and
Individual Differences. 2022;195:111703. doi: 10.1016/j.paid.2022.111703

232. Costas-Carrera A, Sanchez-Rodriguez MM, Caiiizares S, Ojeda A, Martin-Villalba I, Primé-Tous M, et
al. Neuropsychological functioning in post-ICU patients after severe COVID-19 infection: The role of cognitive
reserve. Brain, Behavior, & Immunity - Health. 2022;21:100425. doi: 10.1016/).bbih.2022.100425

233. Colombo B, Fusi G, Christopher KB. The Effect of COVID-19 on Middle-Aged Adults’ Mental Health:
A Mixed-Method Case—Control Study on the Moderating Effect of Cognitive Reserve. Healthcare [Internet]. 2024;
12(2).

47



PLOS ONE

Check for
updates

E OPEN ACCESS

Citation: Leitner M, Pétz G, Berger M, Fellner M,
Spat S, Koini M (2024) Characteristics and burden
of acute COVID-19 and long-COVID: Demographic,
physical, mental health, and economic
perspectives. PLoS ONE 19(1): €0297207. https:/
doi.org/10.1371/journal.pone.0297207

Editor: Amina Nasri, Clinical Investigation Center,
TUNISIA

Received: August 26, 2023
Accepted: December 30, 2023
Published: January 22, 2024

Copyright: © 2024 Leitner et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

Funding: This work was supported by the Austrian
Research Promotion Agency FFG (Fast Track
Digital, FFG: F0999887709; https://www.ffg.at/).
The funders had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Characteristics and burden of acute COVID-19
and long-COVID: Demographic, physical,
mental health, and economic perspectives

Manuel Leitner®', Gloria P6tz2, Martin Berger', Maria Fellner?, Stephan Spat?,
Marisa Koini®'*

1 Division of Neurogeriatrics, Department of Neurology, Medical University of Graz, Graz, Austria, 2 digitAAL
Life GmbH, Graz, Austria

* marisa.koini@medunigraz.at

Abstract

Background

COVID-19 infection and its associated consequence, known as long-COVID, lead to a sig-
nificant burden on the global healthcare system and limitations in people’s personal and
work lives. This study aims to provide further insight into the impact of acute and ongoing
COVID-19 symptoms and investigates the role of patients’ gender and vaccination status.

Methods

416 individuals (73.9% female) between the ages of 16 and 80 years (M=44.18, SD =
12.90) with self-reported symptoms of long-COVID participated in an online survey con-
ducted between March and May 2022.

Results

6.0%, 74.3%, and 19.7% of all respondents reported having had an asymptomatic, mild, or
severe acute illness, respectively. Out of all participants, 7.8% required hospitalization. The
most prevalent symptoms during the acute infection (Mdn = 23.50 symptoms, /IQR = 13-39)
included fatigue, exhaustion, cough, brain fog, and memory problems. The median long-
COVID disease duration was 12.10 months (/QR = 2.8—17.4). Among 64 inquired long-
COVID symptoms (Mdn = 17.00 symptoms, /IQR = 9-27), participants reported fatigue,
exhaustion, memory problems, brain fog, and dyspnea as the most common ongoing symp-
toms, which were generally experienced as fluctuating and deteriorating after physical or
cognitive activity. Common consequences of long-COVID included financial losses (40.5%),
changes in the participants’ profession (41.0%), stress resistance (87.5%), sexual life
(38.1%), and mood (72.1%), as well as breathing difficulties (41.3%), or an increased drug
intake (e.g., medicine, alcohol; 44.6%). In addition, vaccinated individuals exhibited a
shorter acute illness duration and an earlier onset of long-COVID symptoms. In general,
women reported more long-COVID symptoms than men.
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Conclusion

Long-COVID represents a heterogeneous disease and impacts multiple life aspects of
those affected. Tailored rehabilitation programs targeting the plurality of physical and mental
symptoms are needed.

Introduction

Since the World Health Organization (WHO) declared the coronavirus disease a global pan-
demic in March 2020, over 770 million confirmed cases [1] of COVID-19 have been recorded
so far (11/2023). Although roughly 80% suffer a mild or moderate illness [2], some are at risk
of a severe disease course, requiring intensive medical attention [3]. During the acute phase of
an infection, symptoms typically encompass, but are not limited to, fever, cough, fatigue, dys-
pnea, or muscle aches [4, 5].

As the rate of infections remains elevated, the number of patients with persisting symptoms
is increasing as well, leading to a significant amount of sickness rates and ongoing health chal-
lenges. Although there is a tremendous amount of heterogeneity in the definition of long-
COVID in interventional studies [6], health experts defined the permanence of symptoms
beyond four weeks after an initial infection subsided as long-COVID [7, 8]. Long-COVID
includes both ongoing symptomatic COVID-19 (4-12 weeks) and the post-COVID-19 syn-
drome (+12 weeks) [9]. As persisting/ongoing symptoms such as cognitive impairment or
fatigue can arise regardless of the initial illness severity [7, 10-12], a considerable number of
individuals might develop long-COVID symptoms, especially if the virus continues to spread
rapidly. These health issues could especially affect women and unvaccinated individuals, as
research suggests a higher risk of long-COVID for women [7, 13, 14] and those without a
COVID-19 vaccination [15]. Among various other risk factors, also a heightened body mass
index [16] and a higher age [17] might increase the risk of developing long-COVID.

In general, the most common long-COVID symptoms include fatigue, chest pain, dyspnea,
and cough [18], but also cognitive symptoms such as memory problems and brain fog are
reported frequently [11]. As those symptoms may persist for months, the outbreak of the coro-
navirus disease has led to significant changes in the occupational [19] and personal lives of
those affected. Individuals may need to consider reducing their working hours or are
completely incapable of work [11, 20]. Others might be affected by psychological challenges,
such as an increased level of depression, anxiety, anhedonia, or stress [21-23]. In addition,
changes in peoples’ sex life were observed [7], such as a high prevalence of erectile dysfunction
[24]. Finally, many also experience cognitive/mental limitations, such as global cognitive dys-
function [20], brain fog [25], attention disorders [22, 26] or memory problems [27].

Despite extensive examination of the diverse domains affected by individuals suffering
from long-COVID, detailed information about the variety of symptoms and negative impact
on work-life (e.g., changes in a person’s profession), private-life (e.g., stress, mood, need for
assistance, and sex life), and cognition is scarce [11, 28].

Hence, there is an urgent need to investigate this complex medical condition and raise
awareness regarding the ongoing effects of the COVID-19 pandemic. The current study aims
at (a) describing the disease course, duration, and self-reported severity of participants’ acute
COVID-19 infection, (b) characterizing the frequency and burden of acute and ongoing symp-
toms, (c) analyzing the impact of those symptoms on a variety of domains, including work life,
financial losses, drug/medication intake, stress, mood, breathing, and sexuality, (d)
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investigating differences between vaccinated/unvaccinated individuals as well as between male
and female respondents, (e) and analyzing the relationship between selected risk factors (e.g.,
BMI) and long-COVID symptoms.

Materials and methods
Participants and recruitment

This study represents a cross-sectional online survey available from March 29" to May 3",
2022. All questions were presented in German. The study was approved by the ethics commit-
tee of the Medical University of Graz (34-166 ex 21/22). Informed consent was obtained by
accepting an online data privacy statement, and participants were informed about the objective
and duration of the study. All responses were anonymous and participants were free to with-
draw from the study at any time, without providing reasons and without any negative conse-
quences. Participants were recruited through social media advertisements, press releases, and
information folders distributed in rehabilitation clinics. The online platform “LimeSurvey”
was used to collect the data. ML, BM, GP and MK are specially trained in generating (online)
questionnaires. Before and during the generation of the questionnaire, authors interviewed
long-COVID patients, experts working with COVID patients (such as general doctors, neurol-
ogists, and nurse specialists), family members and the founder of a support group for long-
COVID. Based on this information, we created the questionnaire used in this study and gave it
to three long-COVID patients who evaluated it regarding its comprehensibility and goal-
directedness. Afterwards, the questionnaire was adapted based on the feedback of the patients.

An a priori sample size calculation was conducted to determine the appropriate sample size
for this study. The calculation was performed using the program G*Power (Version 3.1) and
was based on an alpha level of 0.05, a statistical power of 0.80 and an anticipated medium effect
size. The calculation indicated that a minimum of 159 individuals is required to detect the
anticipated effects for all inferential statistical analyses.

The study sample comprised 416 individuals (73.9% female) between the ages of 16 and 80
years (M = 44.18, SD = 12.90) with a median active disease duration of 11-15 days (IQR: 6-
10-16-20 days) and a median long-COVID disease duration of about 12 months (IQR: 2.77-
17.36). As it was not mandatory to answer all questions provided, the sample size varies
among questions. The majority reported being from Austria (91.1%), holding a university
degree (26.3%), and reported working as an employee (70.2%). Detailed demographic infor-
mation is provided in Table 1. Additionally, information regarding pre-existing health condi-
tions was gathered and depicted in Table 2. There were no exclusion criteria in this study.
However, the survey only targeted individuals with self-reported symptoms of long-COVID.
Those with implausible values (e.g., year of birth “2022”) were excluded from the analyses.

Procedure

The online survey assessed several domains, including demographic characteristics, pre-exist-
ing health conditions, duration of the initial COVID-19 illness, course of the disease, hospitali-
zation rates, frequency and burden of acute (“which symptoms did you experience during the
acute COVID-19 infection and how burdensome were these symptoms for you?”) and ongo-
ing/long-COVID (“what long-COVID symptoms do you experience and how burdensome are
these symptoms for you?”) symptoms (assessed utilizing a Likert Scale ranging from 1 to 5),
the onset and relation between long-COVID symptoms, medical examinations, utilization of
long-COVID therapies, changes in long-COVID symptoms, changes in breathing, stress, or
mood, need for support, substance abuse, sexual alterations, financial changes and changes in
the participants’ occupation due to long-COVID, information about the participants’
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Table 1. Demographic characteristics.

N (total) % M+ SD Range

Total n 416
Age, years 317 44.18 +12.90 16-80
Gender 333

Female 246 73.9

Male 87 26.1
Origin 338

Austria 308 91.1

Germany 24 7.1

Switzerland 4 1.2

Netherlands 1 0.3

France 1 0.3
Height, cm 328 171.09 £9.22 123-200
Weight, kg 333 76.33 +21.41 43.0-178.0
BMI, kg/m2 327 25.96 + 6.56 15.4-62.5
Education, years 164 14.55 £ 4.12 6.5-25.0
Education 335

Lower secondary school 2 0.6

Compulsory schooling 9 2.7

Apprenticeship 65 19.4

High school diploma 79 23.6

College 24 7.2

University degree 88 26.3

University of applied sciences 30 9.0

Pedagogical university 16 4.8

Others 22 6.6
Work 363

Employee 255 70.2

Student 22 6.1

Pupils 5 1.4

Retiree 23 6.3

Unemployed 7 1.9

Self-employed 29 8.0

Other 22 6.1

https://doi.org/10.1371/journal.pone.0297207 1001

vaccination status and administered vaccines, training opportunities, and training motivation.
Data was collected using single-choice and multiple-choice questions, which could be
answered on a computer, mobile phone, or tablet. Participants had the option to provide addi-
tional information to specific questions by using text fields in the survey. The online survey
took approximately 10 to 15 minutes to be completed.

Statistical analysis

The data were analyzed using the statistics software SPSS (Version 29.0). We used descriptive
statistics to describe the data. Chi-square or Fisher’s exact tests were computed to examine the
relationship between categorical variables. Non-parametric tests (e.g., Mann-Whitney-U,
Kruskal-Wallis) were applied to ordinal data or skewed continuous variables. Finally, univari-
ate comparisons for continuous variables were performed using analyses of variance
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Table 2. Pre-existing health conditions.

Pre-existing conditions (n = 217) Frequency Percentage (%)
Specification 151
Dementia 0 0
Parkinson 0 0
Epilepsy 0 0
Multiple Sclerosis 0 0
Stroke 2 1.3
Hypertension 30 19.9
Diabetes 10 6.6
Chronic obstructive pulmonary disease 4 2.7
Cardiac insufficiency 5 3.3
Cancer 6 4.0
Other™ 94 62.3

*Other pre-existing conditions include, for instance, allergies, asthma, depression, gastrointestinal disorders or

hypo-/hyperthyroidism
https://doi.org/10.1371/journal.pone.0297207.t1002

(ANOVAs) and corresponding post-hoc tests. We computed Spearman correlation coeffi-
cients to analyze relations between not normally distributed continuous or ordinal scaled vari-
ables, otherwise Pearson correlations were performed. A significance level of o0 = .05 was used.
Effect sizes (e.g., Cohen’s d, npz, ¢o OR, r) were calculated and specified in the corresponding
analyses. All research data used in this study can be accessed in the S1 File (https://doi.org/10.
3886/E196861V1).

Results
Acute COVID-19 infection: Symptoms and burden

Individuals with self-reported symptoms of long-COVID and stating to have had a COVID-19
infection between February 2020 and May 2022 were included in the subsequent analyses. A
graphic illustration of the infection frequency as a function of time is depicted in Fig 1. The
duration of participants’ acute illness was positively skewed with a median of 11-15 days (IQR:
6-10-16-20 days) (Fig 2). Out of 299 respondents, the majority (74.3%) reported having had a
mild course of disease (1 = 222), while 6.0% (n = 18) had an asymptomatic or severe (19.7%, n
= 59) disease course, respectively. Detailed information is presented in Table 3. Moreover,
7.8% stated they were admitted to the hospital. Of those dependent on hospital care due to the
severity of their symptoms during the acute illness (n = 23), 60.9% were treated on a COVID-
19 ward, while 17.4% were admitted to an ICU or did not further specify their hospital admis-
sion (21.7%). The median length of hospitalization was 0-10 days (IQR: 0-10-21-30 days) and
only one respondent reported a hospitalization duration exceeding one month (Table 4).

The participants experienced a median number of 23.5 different symptoms (IQR: 13-39
symptoms) during the acute phase of their illness. The most common initial symptoms
included fatigue (93.4%), tiredness/exhaustion (84.4%), dry cough (76.2%), cognitive dysfunc-
tion (e.g., brain fog; 75.5%), poor memory (75.2%), a runny nose (73.8%), headache or head-
ache-associated symptoms (72.5%), loss of appetite (72.5%), fever (72.2%), sweating or chills
(71.9%), muscle aches (71.9%), and dyspnea (71.2%). A comprehensive list of symptoms can
be found in Fig 3 and S1 Table.

The subjective burden of those symptoms during the acute and ongoing phase was assessed
using a 5-point Likert Scale (1 = very mild to 5 = very strong). Exhaustion (M = 4.13, SD =
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Fig 1. Infection frequency of survey respondents as a function of time.

https://doi.org/10.1371/journal.pone.0297207.9001

0.94), an altered sense of taste and smell (M = 3.97, SD = 1.31), fatigue (M = 3.96, SD = 1.02),
discomfort after physical exertion (M = 3.82, SD = 1.04), headache or headache-associated
symptoms (M = 3.76, SD = 1.18), and dyspnea (M = 3.59, SD = 1.22) were reported to be

the most significant burdens during the acute illness (S1 Table). In general, respondents expe-
rienced a very mild (26.4%) or mild (15.4%) burden caused by their symptoms, while the
majority reported a moderate (22.1%), strong (20.0%), or very strong (16.1%) burden,
respectively.

401

301

Percent

: ]

0-5d 6-10d 11-15d 16-20 d 21-25d 26-30d >1m >2m Other
Duration of the acute COVID-19 infection

Fig 2. Duration of participants’ acute COVID-19 illness. d = days, m = months.
https://doi.org/10.1371/journal.pone.0297207.g002
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Table 3. Detailed information about the duration and severity of participants’ acute infection.

Duration of acute infection (n = 299) Frequency Percentage (%)
0-5 days 27 9.0
6-10 days 103 34.5
11-15 days 69 23.1
16-20 days 33 11.0
21-25 days 18 6.0
26-30 days 13 4.4
> 1 month 17 5.7
> 2 months 9 3.0
Other* 10 3.3
Disease severity (n = 299)

Asymptomatic 18 6.0
Mild 222 74.3
Severe 59 19.7

*Other information includes, for example, a still continuing infection

https://doi.org/10.1371/journal.pone.0297207.t003

Long-COVID: Symptoms and burden

A median number of 17.0 (IQR: 9-27) symptoms that persisted or were developed after the
acute COVID-19 infection were reported. The most prevalent were fatigue (97.4%), exhaustion
(83.8%), poor memory (82.7%), cognitive dysfunction (e.g., brain fog; 77.1%), dyspnea
(70.5%), discomfort after physical exertion (63.8%), chest discomfort (62.4%), dizziness
(62.0%), headache or headache-associated symptoms (59.0%), insomnia (56.1%), breathing
difficulties (55.4%), and muscle aches (49.8%). Detailed information about the frequency and
burden of all long-COVID symptoms is depicted in S2 Table and Fig 4.

The most significant burden was found to be associated with symptoms such as fatigue (M
=4.12, SD = 0.99), exhaustion (M = 4.03, SD = 0.96), discomfort after physical exertion (M =
3.92, SD = 0.94), sleep alterations (M = 3.44, SD = 1.16), an altered sense of taste and smell (M
=3.44, SD = 1.46), and cognitive dysfunction (e.g., brain fog; M = 3.43, SD = 1.21) (S2 Table).
In general, participants experienced a very mild (18.6%), mild (19.4%), moderate (26.1%),
strong (20.2%) or very strong (15.7%) burden by their long-COVID symptoms, respectively.

About half of the study participants (49.8%, n = 132/265) reported the onset of their long-
COVID symptoms within the initial two weeks after the acute infection. 18.9% (n = 50) stated

Table 4. Duration of hospitalization during the acute illness.

Hospitalization (n = 296) n Percentage (%)
Yes 23 7.8
No 273 92.2
Duration of hospitalization*
0-10 days 12 66.7
11-20 days 2 11.1
21-30 days 3 16.7
31-60 days 0 0.0
> 2 months 1 5.5

*Duration is given for those hospitalized and providing further information (n = 18)

https://doi.org/10.1371/journal.pone.0297207.t1004
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Fig 3. Percent of COVID-19 symptoms during the acute phase of the illness.
https://doi.org/10.1371/journal.pone.0297207.9g003

that their symptoms emerged between the third- and fourth-week post-infection, while 15.8%
(n = 42) of the respondents experienced the appearance of ongoing symptoms two- or three
months post-infection. A further 15.5% (n = 41) reported ongoing symptoms immediately
after their infection, after vaccination, or later than three months post-acute infection.

Extramural examination of long-COVID symptoms

62.3% (n = 162/260) underwent medical examinations to clarify their symptoms. These evalua-
tions encompassed pulmonary function tests (72.8%, n = 118), X-rays (53.1%, n = 86), neuro-
logical assessments (41.4%, n = 67), MRI scans (38.3%, n = 62), CT scans (35.2%, n = 57),
neuropsychiatric evaluations (25.9%, n = 42), and other tests such as ECG (electrocardiogram)
or blood tests (18.5%, n = 30). A long-COVID outpatient clinic was visited by 17.7% (n = 46/
260) of all respondents. In addition, 21.9% reported having visited a specialized long-COVID
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https://doi.org/10.1371/journal.pone.0297207.9004

rehabilitation clinic due to their long-COVID symptoms. Numerous study respondents (n =
152) further reported connections between their symptoms, for instance, a simultaneous
occurrence of anxiety and dyspnea, exhaustion and concentration difficulties, memory prob-
lems and headache or between physical exhaustion and cognitive symptoms (e.g., concentra-
tion difficulties, or trouble with finding the correct words).

Alteration of long-COVID symptoms

We further asked all participants about alterations in their long-COVID symptoms by using
several multiple-response questions. The majority reported that their symptoms got worse
after physical (70.2%, n = 186) or mental (52.1%, n = 138) activity, while 53.6% (n = 142)
described them as fluctuating. However, some even reported an improvement in their symp-
toms after physical (8.3%, n = 22) or mental (4.5%, n = 12) activity. Moreover, 26.0% (1 = 69)
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Table 5. Alterations in long-COVID symptoms (1 = 265).

Symptoms. . . n Percentage (%)
are getting worse after physical activity 186 70.2
are getting worse after mental activity 138 52.1
are fluctuating 142 53.6
are getting better after physical activity 22 8.3
are getting better after mental activity 12 4.5
are improving in general 69 26.0
are getting worse in general 21 7.9
are unchanged since their onset 75 28.3

Percent do not add up to 100% as multiple answers were permitted.

https://doi.org/10.1371/journal.pone.0297207.1005

experienced an overall improvement in their symptoms, while 7.9% (n = 21) reported a sub-
stantial deterioration of their long-COVID symptoms. A further 28.3% (n = 75) described
their symptoms as unchanged since their onset. The findings are summarized in Table 5.

To alleviate the negative impact of long-COVID, participants reported engaging in move-
ment (59.0%, n = 138), breathing (53.4%, n = 125), and cognitive exercises (36.8%, n = 86).
Nonetheless, about a quarter (27.4%, n = 64) stated having not attempted any exercises yet,
although many consider that breathing (65.4%), movement (80.4%), and cognitive exercises
(72.1%) could potentially mitigate their symptoms. The participants mentioned a possible
enhancement of their overall health as a crucial motivational factor for starting a training
program.

Impact of long-COVID on participant’s professional life

A total of 41.0% (n = 133 of 324 respondents) experienced work-related changes since the
onset of their long-COVID symptoms. Of those, 9.0% stated to now be unable to work, 23.3%
had to reduce working hours, 57.9% went on sick leave, and 25.6% reported other changes in
their work routine, such as termination or the requirement for rehabilitation. The median
number of work-related sick days was 16 days (IQR: 10-42 days). In addition, substantial
financial losses were reported by 40.5% of all study participants.

Impact of long-COVID on participants’ physical and mental health

Regarding breathing difficulties among the survey participants (n = 242), 58.7% reported hav-
ing complete control over their breathing during the day, while the remaining 41.3% stated
that control over their breathing is situational. A few (1.1%, n = 3) even require oxygen therapy
at home. Further, some (23.3%) depend on help from relatives or external organizations in
order to perform daily tasks such as cooking, cleaning, childcare responsibilities, or lifting
heavy loads.

Additionally, nearly half of all respondents (44.6%, n = 116/260) reported a significant
increase in substance or medication intake (e.g., alcohol, medication, drugs), and more than a
third experienced noticeable changes in their sexual life (e.g., loss of libido; 38.1%, n = 88/231).
One factor driving these changes was fatigue, as those who experienced substantial changes in
their sexual life (MR = 130.80, Mdn = 5.00) experienced a higher burden of fatigue as com-
pared to those who did not report any sexual alterations (MR = 99.29, Mdn = 4.00) (U =
4188.00, z = -3.82, p < .001, r = -0.26).

Finally, the impact of long-COVID extends beyond physical limitations and encompasses
substantial psychological alterations as well. 87.5% (n = 231/264) reported a modification in
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their stress load capacity, as most of these individuals experienced a considerable deterioration
(97.0%). Further, mood changes were reported in about 72.1% (n = 189/262). Of those, the
majority (91.5%) experienced a worsening of their mood since their COVID-19 infection and
the associated long-COVID symptoms.

Vaccination status

134 out of 296 individuals (45.3%) stated to have received a COVID-19 vaccine before their
SARS-CoV-2 infection. However, as many study participants got infected prior to the public
availability of COVID-19 vaccines in Austria, we further assessed their vaccination status after
their infection (when they completed the online survey). 85.2% (n = 138/162) of those unvacci-
nated at the time of their infection got vaccinated after their illness, while 14.8% (n = 24)
declined to receive a COVID-19 vaccine up to the point of our data collection. The most com-
mon vaccine at the first vaccination (n = 111) was Comirnaty (BioNTech Pfizer; 60.4%, n =
67), followed by Vaxzevria (AstraZeneca; 33.3%, n = 37) and Spikevax (Moderna; 6.3%, n = 7).
A comparable pattern was observable for participants’ second and third vaccination.

Differences between vaccinated and unvaccinated individuals

Participants who had received at least one dose of the COVID-19 vaccine at the time of their
infection (n = 128) experienced a significantly shorter acute illness duration (MR = 113.72,
Mdn = 6-10 days) compared to those who were not vaccinated (n = 156) prior to their infec-
tion (MR =166.11, Mdn = 11-15 days; U = 6300.50, z = -5.52, p < .001, r = -.33). However,
there was no difference between the groups in terms of their self-reported disease course/ill-
ness severity (n = 289,)(2(2) =3.04, p = .219, ¢. = .10) or hospitalization rates (n = 191,)(2(1) =
0.01, p =.904, OR = 1.05, 95% CI (0.45, 2.49), ¢. = .01).

With respect to work absence, no differences in sick leave days were found between vacci-
nated (n = 115) and unvaccinated (n = 127) individuals (U = 6364.00, z =-1.73, p = .084, r =
-.11). Furthermore, both groups (n = 257) did not differ in the frequency of needing support
from family, friends, or caregivers (1) = 0.50, p = .479, OR = 1.24, 95% CI (0.69, 2.23), ¢. =
.04). However, those unvaccinated at the time of their COVID-19 infection more frequently
reported having visited a rehabilitation clinic than vaccinated participants (y*(1) = 36.11, p <
.001, OR = 14.06, 95% CI (4.90, 40.36), ¢, = .37).

Also, the onset of long COVID symptoms (time until new symptoms emerged after the
infection) was found to be significantly earlier in vaccinated (n = 99, MR = 91.85, Mdn = after
1-2 weeks) than in unvaccinated (n = 122, MR = 126.54, Mdn = after 3—4 weeks) participants
(U=4143.00, z = -4.52, p < .001, r = -.30). Finally, there was no significant difference between
the groups regarding the number of their acute (n = 295, U= 10168.50, z = -0.85, p = .396, r =
-.05) or ongoing COVID-19 symptoms (n = 265, U = 8055.50, z = -0.86, p = .388, r = -.05).

Differences between male and female respondents

We did not find any statistically significant differences between men and women in the dura-
tion of their acute COVID-19 infection (n = 284, U = 7586.50, z = -0.64, p = .521, r = -.04),
self-reported disease course/illness severity (n = 289, 1*(2) = 0.60, p =.740, . = .05), or hospi-
talization rates (n = 291, y*(1) = 3.72, p = .054, OR = 2.30, 95% CI (0.86, 5.98), ¢. = .11). How-
ever, the hospitalization analyses indicated a possible trend towards higher hospitalization
rates for men (13.0%) compared to women (6.1%).

Further, no differences in the number of sick leave days (n = 244, U= 4821.00, z=-1.72, p
= .086, r = -.11), the frequency of needing support from family, friends, or caregivers (y*(1) =
1.20, p = .273, OR = 1.47,95% CI (0.74, 2.91), ¢. = .07), the frequency of having visited a
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rehabilitation clinic (y*(1) = 0.09, p =.767, OR = 0.91, 95% CI (0.47, 1.75), ¢. = .02), or the
onset of long-COVID symptoms (n = 220, U = 5336.00, z = 1.74, p = .081, r = .12) were
observed.

Concerning the frequency of symptoms during the acute phase of the illness, no significant
difference was observed between men and women as well (U = 8247.50, z = -0.34, p = .731, r =
—.02). However, in general, women (MR = 141.39, Mdn = 18 symptoms) reported signifi-
cantly more ongoing COVID-19 (long-COVID) symptoms compared to men (MR = 110.98,
Mdn = 13 symptoms) (U = 5242.50, z = -2.83, p = .005, r = -.17).

Possible risk factors associated with acute COVID-19 and long-COVID
symptoms

Next, we were interested in possible risk factors (BMI, age, and hypertension) associated with
participants’ acute infection and ongoing symptoms. A higher BMI (M = 26.19, SD = 6.73)
was associated with a longer duration of illness during the initial COVID-19 infection (r, = .13,
p =.025).

Further analyses confirmed that individuals with different self-reported disease courses
(asymptomatic (n = 17), mild (n = 210), severe (n = 56)), on average, differed in their body
mass index (F(2, 280) = 5.50, p = .005, npz =.038). We found significant differences between
individuals with a mild (M = 25.46 kg/mz, SD = 6.55) and severe (M = 28.71 kg/mz, SD =7.29)
illness (Mg = 3.25 kg/m?, p = .004), while no differences to asymptomatic individuals (M =
27.15 kg/m?, SD = 5.37) were observable (asymptomatic vs. mild: p = .675; asymptomatic vs.
severe: p =.778).

In addition, no age differences between individuals with different disease courses (asymp-
tomatic (n = 17), mild (n = 202), or severe (n = 57)) were found in this data (F(2, 273) = 1.90, p
=.151,m,> =.014), but our analyses revealed a positive relationship between age (M = 44.69,
SD = 12.81) and participants’ illness duration during their acute infection (r, = .23, p < .001).
However, age was not associated with the frequency of acute COVID-19 symptoms (r = .02, p
=.713) and long-COVID symptoms (r = .03, p = .627).

Among 340 participants that made a statement about their blood pressure, 8.8% (n = 30)
suffered from hypertension. Participants with heightened blood pressure (MR = 159.25, Mdn
= 11-15 days) did not statistically differ in the duration of their acute illness from normoten-
sive participants at the time of completing the survey (MR = 143.47, Mdn = 11-15 days) (n =
289, U =4053.00, z = 0.98, p = .327, r = .06). In addition, no statistically significant differences
between those with and without hypertension were found regarding their self-reported illness
severity (asymptomatic, mild, severe; n = 294, ¥*(2) = 5.59, p = .061, @ = .14), the frequency of
symptoms during their acute illness (U = 3959.00, z = -1.35, p = .178, r = -.07) or ongoing
symptoms (U = 4329.50, z = -0.63, p = .531, r = -.03), and the time until the occurrence of
long-COVID symptoms (U = 2274.00, z = -1.09, p = .275, r = -.07).

Discussion

The findings of the present online study offer valuable insight into the various domains
impacted by individuals suffering from long-COVID. Symptoms such as fatigue, exhaustion,
and considerable cognitive deficits (e.g., brain fog or memory problems) were predominant in
both the acute and ongoing phases of their illness. This clinical presentation is consistent with
other studies, indicating that long-COVID symptoms affect multiple organ systems, with cog-
nitive dysfunction and fatigue being among the most frequent ongoing symptoms [20].
Although those symptoms were already reported in other studies [11, 20], our findings suggest
that they were experienced as a significant burden for those affected, which might lead to
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serious mood disorders such as depression or anxiety [29]. Thus, highlighting the burden and
impact of long-COVID and focusing on tailored rehabilitation opportunities represents a sig-
nificant challenge for future research on this topic. We could further confirm a shorter acute
illness duration and an earlier onset of long-COVID symptoms in vaccinated compared to
unvaccinated individuals, as well as a higher number of long-COVID symptoms in women
than in men. The key findings of the present study are summarized in the following section
and compared to the current state of knowledge.

Acute COVID-19 illness

Consistent with one of the earliest studies investigating the course of a coronavirus infection
[2], reporting about 81% of mild and 19% of severe/critical cases, most participants in the pres-
ent study stated to have experienced a mild (74.3%), severe (19.7%) or asymptomatic (6.0%)
infection. In line with Menni et al. [30], the acute illness of most individuals did not exceed
about two weeks. Symptoms affecting the respiratory tract (e.g., cough, dyspnea, chest tight-
ness) as well as fatigue/exhaustion, fever, headache, or cognitive dysfunction were present as
typical signs of an acute COVID-19 infection [11, 31, 32]. Our results further suggest that both
a higher body mass index and a higher age are associated with a longer-lasting illness during
the acute infection. A higher BMI, on average, was further present in those with a more signifi-
cant illness severity [33, 34]. In addition, diverging illness characteristics of vaccinated (45.3%)
and unvaccinated (54.7%) individuals (at the time of their infection) were present, as not being
vaccinated was associated with a longer-lasting acute infection. Finally, although belonging to
the male sex was found to be associated with an increased risk of hospitalization in previous
studies [35], no significant gender differences in hospitalization rates were present in the cur-
rent study. Nonetheless, we found indications that men were hospitalized about twice as often
as women (13.0% vs. 6.1%).

Long-COVID

In the majority (49.8%), ongoing or newly developed symptoms emerged already in the first
two weeks post-infection. Common symptoms included fatigue, exhaustion, memory prob-
lems, cognitive dysfunction, and dyspnea. Consequently, numerous participants reported an
adverse impact regarding their profession (41.0%), financial losses (40.5%), and changes in
their ability to cope with stress (87.5%). Those affected encountered changes in their work life
such as sick leave, loss of income, and reduced working hours or were even incapable of work
which also aligns with prior literature [11, 20]. Ziauddeen et al., for instance, reported a loss of
income in 37.6% of all study participants [11], comparable to a high number of 40.5% of par-
ticipants in the current study.

Furthermore, long-COVID symptoms such as cognitive dysfunction or brain fog [20, 36,
37] might interfere with demands in the work and private life of those affected, as those symp-
toms were often described as fluctuating and deteriorating after physical or cognitive activity
[11]. Consequently, reducing working hours has been a common outcome for those suffering
from long-COVID [11, 20]. A gradual reintegration into the labor market as well as adjusted
working hours might be advisable to prevent prolonged sick leave or early retirement.

It is concerning to note that a considerable number of participants in the current study
experienced changes in their mood (72.1%), had problems with their breathing control
(41.3%), were dependent on help from organizations or relatives (23.3%) or suffered from
changes in their sexual life (38.1%). Alterations in the sexual life (e.g., erectile dysfunction) of
patients living with long-COVID had also been reported in previous studies [24], which might
lead to significant distress. Psychological distress and depressive symptoms were found to be
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prevalent in more than 25% of individuals three months after the acute phase of infection [38],
suggesting that the risk of mood disorders such as depression or anxiety in COVID-19 survi-
vors is high [39]. Comprehensive mental health care and clinical strategies for individuals with
long-COVID are therefore needed.

Regarding the influence of COVID vaccines on the emergence of long-COVID or its symp-
toms, studies consistently show an association between vaccinations and reduced odds and
risk of developing long-COVID [40, 41]. Consequently, ongoing research proposes that
COVID-19 vaccines could offer both protective and therapeutic benefits against long-COVID
[42]. Although numerous studies provided evidence that the risk of developing long-COVID
is lower among vaccinated individuals than in those without a vaccination [14, 15, 43], there
seems to be no difference regarding the number of long-COVID symptoms between both
groups according to the results found in this study. However, with respect to gender differ-
ences, we did observe a higher number of long-COVID symptoms in women compare to men,
which aligns with the findings of a previous study by Jensen et al. [44].

Despite the range of symptoms and adverse impact on various domains, most individuals
did not seek help in long-COVID outpatient clinics (82.3%) or rehabilitation facilities (78.1%),
which might result in a significant economic burden on the worldwide healthcare system and
the well-being of those affected.

Limitations

The current study used a convenience non-probability sampling approach, whereby subjects
were chosen not randomly from the population but rather based on their geographical prox-
imity and availability at a given time. In addition, the majority were female and reported a
high educational status. Nonetheless, studies have demonstrated that long-COVID occurs
more frequently in women, which makes it reasonable for a higher representation of women
in long-COVID studies [45]. Given that this study was conducted online, it might not have
been accessible to all individuals living with long-COVID in the population. Consequently, the
generalization of our results to the total population is limited.

Due to economic reasons, the length of the survey was as short as possible in order to
recruit a large number of participants with a little drop-out rate of unanswered questions.
Therefore, some parameters (e.g., the Post-COVID-19 functional status [46]) were not col-
lected and should be included in future studies as they might add valuable information to this
research topic. In addition, the current study may be affected by two possible sources of bias:
Firstly, participants may have had difficulty correctly recalling their symptoms, burden, or the
length of their acute illness, especially if their initial infection occurred several months before
completing the online survey. In addition, individuals with more severe symptoms might have
been more likely to participate in a long-COVID online survey, again compromising the gen-
eralizability of the results.

Also, despite enquiring the duration of the acute disease, and the timepoint of the first
long-COVID symptoms, we cannot guarantee that all participants meet the current definition
of long-COVID with persistence of symptoms being present for at least four weeks following
the acute infection. Finally, this study did not provide guidelines for categorizing individuals
into “asymptomatic”, “mild”, and”severe” disease courses. Therefore, participants could indi-
cate a severe disease course, for instance, regardless of whether they were hospitalized or not.

Implications for future research

Future studies should raise awareness concerning the effects of COVID-19 tailored rehabilita-
tion possibilities. However, as general treatment for patients is scarce or unavailable [7],
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multidisciplinary teams need to specialize in rehabilitating the various symptoms associated
with this condition. As fatigue (ongoing and constant exhaustion in mental and physical
aspects that does not improve with resting/sleeping) and exhaustion (short-term lack of energy
that improves after taking a rest), for instance, emerged among the most prevalent symptoms
reported, future research should focus on validating the use of techniques such as psychoedu-
cation [47], energy management [47], training based on cognitive-behavioral-therapy [48, 49],
mindfulness [50] or relaxation exercises [51] in ameliorating fatigue in patients suffering from
long-COVID. In addition, cognitive deficits like memory problems, trouble finding the correct
words, and planning-oriented thinking [52, 53] are common long-COVID symptoms and
require tailored cognitive rehabilitation programs. Future research on long-COVID should
also examine the implications and consequences due to insufficient, incomplete, or discontin-
ued treatment in the acute phase, since a variety of consequences might be associated with it.

Conclusion

Long-COVID represents a highly heterogeneous disease, encompassing a variety of symptoms
such as fatigue, cognitive dysfunction, or dyspnea. The impact of this prolonged illness is not
yet fully understood, as symptoms can affect multiple domains, including an individuals’ pro-
fessional and personal life. Multidisciplinary teams and treatments are needed to develop indi-
vidually tailored rehabilitation approaches, enabling individuals to ameliorate their symptoms
and better cope with the substantial burden of long-COVID in the future.
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Long-Covid is associated with cognitive deficits in memory, attention, or executive func-
tion. However, the associated cerebral structural and functional changes are insufficiently
studied to date. We investigated 39 long-Covid patients with (n = 16) and without (n = 23)
cognitive impairment. Impairment was defined by a pronounced deficit (—1.5 SD) in at least
one cognitive domain including memory, attention, executive function, and verbal fluency.
All participants underwent structural and functional resting-state magnetic resonance
imaging (MRI). We assessed differences in resting-state networks (within and between
networks) between both groups as well as structural differences in total gray matter and
subcortical volumes. Both groups did not differ in demographic or disease-related char-
acteristics. Patients with cognitive deficits showed higher functional connectivity (FC) be-
tween the default mode network (DMN) and parts of the posterior supramarginal gyrus,
angular gyrus and posterior-occipital part of the middle temporal gyrus, compared to those
cognitively unimpaired. In addition, inter-network analyses indicated a stronger connec-
tivity between the visual and ventral stream network in those with cognitive impairment.
We found no volumetric differences between the two groups. Our results indicate that
altered FC with the DMN as well as a stronger connectivity between the visual and ventral
stream network in cognitively impaired long-Covid patients are associated with worse
cognitive performance and therefore suggests a maladaptive functional change.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Although there is no unified definition for long-Covid (Munblit
et al., 2022), the World Health Organization (WHO) defines

symptoms 3 months after the initial SARS-CoV-2 infection,
with these symptoms lasting for at least 2 months with no
other explanation” (WHO, 2022). The global prevalence of long-
Covid (also known as Post-Covid-19 condition, PCC) was esti-
mated to be around 10-20% of individuals who were ever

long-Covid as “the continuation or development of new
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infected with SARS-CoV-2 (Altmann, Whettlock, Liu,
Arachchillage, & Boyton, 2023; Ballering, van Zon, Olde
Hartman, Rosmalen, & Lifelines Corona Research, 2022;
Davis, McCorkell, Vogel, & Topol, 2023; WHO, 2022). Addition-
ally, studies indicate that approximately 18—22% of individuals
ever infected with Covid-19 specifically suffer from various
cognitive symptoms as part of their condition (Ceban et al.,
2022; Han, Zheng, Daines, & Sheikh, 2022). However, due to
the loose definition of long-Covid (Regunath, Goldstein, &
Guntur, 2023), estimating the prevalence of this complex con-
dition is challenging, resulting in varying estimates across
populations [e.g., higher prevalence in women compared to
men and for unvaccinated compared to vaccinated individuals
(Hastie et al., 2023)]. These symptoms include, but are not
limited to, brain fog (Graham et al., 2021; Jennings, Monaghan,
Xue, Duggan, & Romero-Ortuno, 2022; Lanz-Luces et al., 2022;
Leitner, Potz, et al., 2024; McWhirter et al., 2023), concentra-
tion difficulties (Byambasuren, Stehlik, Clark, Alcorn, &
Glasziou, 2023; Fleischer et al., 2022; Kim, Bae, Chang, & Kim,
2023; Ruzicka et al., 2024; Seessle et al., 2022; Wong et al,,
2023; Ziauddeen et al., 2022), attention disorders (Cipolli
et al., 2023; Crivelli et al., 2022; Graham et al., 2021; Guillen
et al., 2024; Hadad et al., 2022; Herrera et al., 2023; Kozik et al.,
2023; Krishnan, Miller, Reiter, & Bonner-Jackson, 2022; Lauria
et al., 2023; Lopez-Leon et al., 2021; Martin et al., 2024; Nicotra
et al., 2023), executive dysfunction (Ariza et al., 2022; Cipolli
et al., 2023; Dacosta-Aguayo et al.,, 2024; Godoy-Gonzalez
et al.,, 2023; Hadad et al., 2022; Hampshire et al., 2024; Herrera
et al., 2023; Kozik et al., 2023; Krishnan et al., 2022; Nicotra
et al, 2023), and memory problems (Ariza et al., 2022;
Byambasuren et al., 2023; Chen et al., 2022; Cipolli et al., 2023;
Dacosta-Aguayo et al.,, 2024; Fleischer et al., 2022; Godoy-
Gonzalez et al., 2023; Hampshire et al., 2024; Kim et al., 2023;
Kozik et al., 2023; Laskovski, Felcar, Fillis, & Trelha, 2023;
Lauria et al., 2023; Leitner, Potz, et al., 2024; Martin et al.,
2024; Nicotra et al., 2023; Ruzicka et al., 2024; Scardua-Silva
et al., 2024; Ziauddeen et al., 2022), often lasting for several
months or even years (Herrera et al., 2023). In addition, several
risk factors have been identified such as female sex (Cohen &
van der Meulen Rodgers, 2023; Fernandez-de-Las-Penas et al.,
2022; Largent et al., 2023; Nalbandian, Desai, & Wan, 2023;
Subramanian et al., 2022; Sudre et al., 2021; Sylvester et al.,
2022; Tan et al.,, 2024; Tene, Bergroth, Eisenberg, David, &
Chodick, 2023; Thompson et al., 2022; Tsampasian et al,,
2023; Vanichkachorn et al., 2021), older age (Abdelrahman,
Abd-Elrahman, & Bakheet, 2021; Bonfim et al., 2024; Largent
et al., 2023; Sudre et al,, 2021; Tene et al., 2023; Thompson
et al., 2022; Tsampasian et al., 2023), smoking (Barthelemy
et al.,, 2022; Subramanian et al., 2022; Tene et al.,, 2023,
Tsampasian et al, 2023), pre-existing comorbidities
(Subramanian et al., 2022; Tsampasian et al., 2023), and an
elevated body mass index (Subramanian et al., 2022; Sudre
et al., 2021; Thompson et al., 2022; Tsampasian et al., 2023).
Until today, the exact cause of the development of long-Covid
remains unclear (Liu, Gu, Li, Zhang, & Xu, 2023). However, the
large number of neurological and cognitive symptomsled to an
increasing number of studies that focused on structural and
functional alterations within the brain.

Studies on post-acute Covid-19 patients reported
decreased gray matter (GM) volumes or shape differences in

olfactory-related regions (Campabadal et al., 2023), the left
thalamus (Heine et al., 2023; Jin, Cui, Xu, Ren, & Zhang, 2024),
putamen (Heine et al., 2023), pallidum (Heine et al., 2023),
parahippocampal gyrus (Douaud et al., 2022), orbitofrontal
cortex (Douaud et al., 2022), and cerebellar areas (Diez-Cirarda
et al.,, 2023). One study also reported a greater age-dependent
increase in WMH (white matter hyperintensity) volumes in
hospitalized long-Covid patients compared to a healthy con-
trol group (Atik et al., 2025).

In addition to structural imaging, resting-state functional
magnetic resonance imaging (rs-fMRI) could serve as a func-
tional marker for diseases (Bijsterbosch, Smith, & Beckmann,
2017; Tanashyan, Kuznetsova, Morozova, Annushkin, &
Raskurazhev, 2024). These markers might be used for the
early detection of diseases, disease progression or to indicate
treatment response (Bijsterbosch et al., 2017), therefore help-
ing us to better understand the development and progression
of the long-Covid disease and its association with cognitive
impairment. The current literature on functional connectivity
(FC) changes in long-Covid patients reports various findings,
including hypo-connectivity between the left and right para-
hippocampal areas, as well as between bilateral orbitofrontal
and cerebellar areas (Diez-Cirarda et al., 2023), FC alterations in
the right pallidum and left putamen (Zhao et al., 2024) or lower
temporal and subcortical FC in long-Covid patients compared
to controls (Churchill et al., 2023). In one of our previous
studies, we further found decreased FC from the thalamus to
mainly motor areas in fatigued long-Covid patients compared
to long-Covid patients without fatigue (Leitner, Opriessnig,
et al., 2024).

Finally, a variety of studies reported alterations in large
resting-state network connectivity following a Covid-19
infection and in long-Covid (Muccioli et al., 2023; Nasir,
Yahya, & Manan, 2024; Paolini et al., 2023). These network
alterations include, for instance, the salience network
(Carreras-Vidal et al., 2025; Paolini et al., 2023), the dorsal
attention network (Liu et al., 2025; Paolini et al., 2023; Voruz
et al.,, 2023), the default mode network (Carreras-Vidal et al.,
2025; Madden et al., 2025; Paolini et al., 2023; Trufanov et al.,
2025; Voruz et al, 2023), the executive control network
(Carreras-Vidal et al., 2025), and the sensorimotor network
(Voruz et al., 2023). In one recently published study, the au-
thors found an increased inter- and intra-network functional
connectivity of cognitively relevant networks, including the
DMN, compared to healthy controls (Carreras-Vidal et al.,
2025). However, both hyper- and hypo-connectivity between
resting-state networks and between parts of those networks
have been reported in a recently published systematic review
(Nasir et al., 2024).

Most importantly, the brain alterations reported in the
literature are associated with cognitive dysfunction in long-
Covid patients (Diez-Cirarda et al., 2023; Heine et al., 2023;
Muccioli et al., 2023; Paolini et al., 2023; Serrano del Pueblo
et al., 2024; Voruz et al., 2023). Impaired short-term memory
has been linked to volume loss in subcortical brain structures
(Heine et al., 2023), while altered connectivity of WM regions
has been associated with impairments of episodic memory,
attention, verbal fluency and overall cognitive function
(Serrano del Pueblo et al., 2024). In addition, functional con-
nectivity changes were found to be associated with learning
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and recall performance (Diez-Cirarda et al., 2023), as well as
memory and executive functions (Voruz et al., 2023). The most
recent studies on long-Covid and cognition also indicate that
patients with long-Covid show increased FC between the
caudate and the left precentral gyrus, with these alterations
negatively related to the severity of cognitive impairment
(Troll et al., 2025). These studies also provide evidence that the
DMN plays an important role in the cognitive abilities of long-
Covid patients. Samanci and colleagues (Samanci et al., 2025)
found an increased DMN and visual network connectivity in
patients with neurocognitive deficits (brain fog) compared to
healthy controls, while others found a positive correlation
between DMN connectivity and cognitive performance in non-
hospitalized patients with long-Covid (Madden et al., 2025).

In this study, we aim to explore resting-state networks and
the volume of subcortical brain structures in long-Covid pa-
tients and their association with cognition. We hypothesize
that long-Covid patients with impaired cognition differ from
those with intact cognition in their resting-state functional
connectivity within and between different brain networks
such as the default-mode network, and networks related to
cognition, including the fronto-parietal network or the
salience network. As previous literature reported both in-
creases (Esposito et al., 2022; Niroumand Sarvandani et al.,
2023; Zhang, Chung, Wong, Hung, & Mak, 2022) and de-
creases (Churchill et al., 2023; Diez-Cirarda et al., 2023) in FC
among patients with long-Covid, we aim to test our hypoth-
eses in both directions to avoid missing any relevant alter-
ations. Therefore, all statistical tests were conducted two-
sided. Additionally, we explore the association between
cognition and the shape and volume of subcortical brain
structures.

2. Methods
2.1. Participants and recruitment

Forty-two long-Covid patients participated in the study con-
ducted as part of the “Cogni Reha project” between October
10th 2022 and February 2nd 2023. This study was carried out
by the Medical University of Graz to validate a tablet-based
training program aimed at alleviating cognitive and psycho-
logical problems in patients suffering from long-Covid. All
participants from this umbrella study were included for this
MRI study as well. We defined the following inclusion criteria
before the commencement of the study: a) ongoing or newly
developed symptoms 3 months after a positive Covid-19
infection, b) with these symptoms lasting for at least 2
months with no other explanation (WHO, 2022), c) symptoms
leading to a new health impairment (self-report), or d) dete-
rioration of a pre-existing disease (self-report), e) none of the
following pre-existing diseases: dementia, multiple sclerosis,
Parkinson’s disease, stroke, and f) no current participation in
any other pharmacological or psychological training study
aimed at improving cognitive or psychological complaints. As
part of the study, all participants had a comprehensive neu-
ropsychological assessment and both a structural and func-
tional magnetic resonance imaging (MRI) scan on the same
day. Three individuals were excluded from the study because

they were either unable to undergo the MRI (e.g., metal frag-
ments in the eye) or voluntarily withdrew from the study (e.g.,
claustrophobia, refusal). Hence, the final sample was
composed of 39 individuals (months since disease onset:
M =18.08, SD = 10.42). The majority were female (84.6%), aged
between 36 and 71 years (M = 49.97, SD = 8.63), and had a
university degree (30.8%; years of education: M = 14.06,
SD = 3.10). 20 individuals (51.3%) reported that they were
vaccinated before their Covid-19 infection (Table 1). Self-
reports of brain fog (87.2%), memory problems (87.2%) and
fatigue (38.5%) emerged as the most prevalent symptoms in
our final sample.

2.2. Assessments

To evaluate the participants' attentional performance/pro-
cessing speed, the ‘Digit Span Forward’ and the ‘Digit Span
Backward’ subtests from the German version of the Neuro-
psychological Assessment Battery [NAB (Petermann, Jancke, &
Waldmann, 2013)] as well as the Trail Making Test A [TMT-A
(Reitan, 1958)] were used. The ‘Planning’ and ‘Categories’
subtests of the NAB (Petermann et al., 2013) and the Trail
Making Test B [TMT-B (Arbuthnott & Frank, 2000)] were used
to assess executive functions of patients. Memory perfor-
mance was evaluated using the ‘Word List Learning’ subtests
of the NAB (Petermann et al., 2013). To assess word fluency, we
used the Regensburger Word Fluency Test [RWT
(Aschenbrenner, Tucha, & Lange, 2001)], focusing on formal-
lexical and semantic word fluency (subtests “S-words” and
“animals”). Finally, we used the Montreal Cognitive Assess-
ment (MoCA) as a cognitive screening test to detect global
cognitive deficits (Nasreddine et al., 2005).

We further assessed a variety of psychological domains,
including subjective cognitive complaints [German trans-
lation of the Le Questionnaire de Plainte Cognitive (Thomas-
Antérion, Ribas, Honore-masson, Million, & Laurent, 2004)],
anxiety [Hospital Anxiety and Depression Scale (Herrmann-
Lingen, Buss, & Snaith, 2018)], depression [Hospital Anxiety
and Depression Scale (Herrmann-Lingen et al., 2018), General
Depression Scale (Hautzinger, Bailer, Hofmeister, & Keller,
2012)], fatigue [German version of the Fatigue Impact Scale
(Hauser, Almouhtasseb, Muthny, & Grandt, 2003)] as well as
grip strength using a hand strength measurement instrument
(Preston, n.d.).

2.3. Group formation

We allocated patients into two groups (cognition impaired
versus unimpaired) using general population-based diag-
nostic cut-offs [T-scores (T) and percentile ranks (PR)] in the
domains attention, executive function, memory, and word
fluency. We defined patients with cognitive deficits (n = 16)
when they scored significantly below the population norm
(T < 35, PR < 10) as defined in the manuals of the assessments
in at least >1 cognitive domain, as this approach aligns with
various previous studies in different populations
(Klinkhammer et al., 2025; Ruck et al., 2025; Virgilio et al.,
2025). Hence, long-Covid patients who performed worse
than 1.5 standard deviations below the mean of individuals in
the healthy population, respectively, in one or more of the
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Table 1 — Group differences in demographic and disease-related characteristics.

Total (n =39) Cognition not impaired (n = 23) Cognition impaired (n = 16) Significance
M SD M SD M SD
Age [years] 4997  8.63 50.13 8.34 49.75 9.31 t(37) = .13, p = .894
BMI [kg/m?] 2811 519 28.01 4.72 28.26 5.94 t(37) = —.15, p = .883
Education [years] 14.06 3.10 14.48 3.15 13.47 3.03 t(37) = 1.00, p = .324
Mdn Mdn MR Mdn MR
Disease duration [m] 20.27 10.71 19.04 21.74 21.38 U = 206.00, p = .530
Acute infection [d] 1 [6—10 days] 1 18.61 1.50 22.00 U = 216.00, p = .346
Functional status 2 0 18.48 2 22.19 U = 219.00, p = .260
Symptom count [acute]® 8 7 17.41 10 23.72 U = 124.50, p = .090
Symptom count [post]” 5 5 18.04 5 22.81 U = 139.00, p = .207
n % n %
Sex [male/female] 6/33 4/19 17/83 2/14 12/88 Fisher’s test: p > .999
Vaccination® [no/yes] 19/20 10/13 43/57 97 56/44 13(1) = .62, p = 433
Hospitalization [no/yes] 37/2 22/1 96/4 15/1 94/6 Fisher’s test: p > .999
Pre-existing condition [no/yes] 15/24 10/13 43/57 5/11 31/69 %%(1) = .60, p = .440
Alcohol intake [no/yes]? 20/19 9/14 39/61 11/5 69/31 %2(1) = 3.31, p = .069

Note.

& Symptom count reported with regards to the acute Covid-19 illness.

> Number of symptoms reported with respect to long-Covid.
¢ Vaccination before infection.

4 Only individuals who never drink alcohol were classified as “no”. m. = months. d. = days. M = mean, SD = standard deviation, Mdn = Median,
MR = Mean rank. Significance tests compare patients with and without assessed cognitive impairment.

evaluated domains, were classified as “cognitively impaired”
for the purpose of this study. Those who performed T > 35 and
PR > 10 compared to a healthy norm were classified as
“cognitively unimpaired”. This decision was made because,
given the relatively small sample size, it is only possible to
identify relatively large effects by forming extreme groups.
Overall (including patients showing impairments in more
than one domain), 15.4% of all individuals exhibited impair-
ments in attention/processing speed (n = 6) or executive
functions (n = 6), 7.7% had a memory impairment (n = 3), and
20.5% showed impairments in word fluency (n = 8). Finally, as
we previously conducted a study with this cohort (Leitner,
Opriessnig, et al., 2024), we want to highlight that this publi-
cation provides novel and also non-overlapping insights,
which we ensured by a) investigating different research
questions, b) applying distinct statistical analyses and neu-
roimaging methods, c) comparing different subgroups, and d)
reporting entirely new findings that were not part of the pre-
vious publication. Individuals with and without cognitive
impairment do not significantly differ in their self-reported
fatigue [x2(1) = 3.63, p = .057] or in their fatigue scores ob-
tained from a fatigue questionnaire (Table 2). These results
highlight that the present study offers novel insights beyond
those reported in our previous work.

2.4. Brain MRI data acquisition

MRI was performed on a 3-T scanner (Prisma, Siemens
Healthcare, Erlangen, Germany) using a 20-channel head coil.
High-resolution structural 3D images were acquired using a
T1l-weighted sequence with .8 mm isotropic resolution
(TI = 1100 msec, TR = 2560 msec, TE = 4.1 msec, 224 slices).
Resting-state functional magnetic resonance imaging (rs-

fMRI) data were acquired with a single-shot echo planar im-
aging sequence with 3 x 3 x 3 mm resolution (TR = 3000 msec;
TE = 30 msec; 150 volumes, field of view read = 192 mm,
matrix = 64 x 64, 36 slices, slice thickness = 3 mm, acquisition
time = 7.5 min). For rs-fMRI, participants were asked to close
their eyes. For the identification of white matter hyper-
intensities, a 3D  T2-weighted FLAIR sequence
(TR = 5000 msec, TE = 393 msec, TI = 1800 msec, number of
slices = 176, slice thickness = 1 mm, in-plane
resolution = 1 mm x 1 mm x 1 mm) was used.

2.5.  Analysis of structural MRI data

We used the FMRIB Software Library (FSL Version 6.0.7.11,
Oxford, UK) for the analysis of structural MRI data (Jenkinson,
Beckmann, Behrens, Woolrich, & Smith, 2012; Smith et al.,
2004; Woolrich et al., 2009). FSL FAST (FMRIB’s Automated
Segmentation Tool) was used to segment each individual’s
high-resolution T1-weighted brain image into different tissue
types [cerebrospinal fluid (CSF), white matter (WM), gray
matter (GM)], while also correcting for spatial intensity vari-
ations (Zhang, Brady, & Smith, 2001). Subsequently, the indi-
vidual total GM volume in cm?® was calculated. Next, we used
FSL FIRST [FSL’s tool for automatic segmentation of subcor-
tical structures (Patenaude, Smith, Kennedy, & Jenkinson,
2011)] to segment subcortical brain structures (i.e., nucleus
accumbens, amygdala, caudate nucleus, hippocampus, globus
pallidus, putamen, and thalamus) in both hemispheres (i.e.,
left and right) and calculated the volumes of the different
subcortical structures. The quality of the automated seg-
mentation was assessed visually for all participants, and no
major segmentation errors were observed. More information
on FIRST can be found in the publication of Patenaude
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Table 2 — Differences in cognition, psychological questionnaires and grip strength between individuals with and without

cognitive impairment.

Domain Subtest Cognition not impaired (n = 23) Cognition impaired (n =16) U p
Mdn MR Mdn MR
Global cognition MoCA 29.00 24.46 28.00 13.59 81.50 .002
Attention/Processing speed Digit span forward 9.00 23.67 6.50 14.72 99.50 .015
Digit span backward 6.00 25.00 3.50 12.81 69.00 <.001
TMT-A (time) 29.83 18.02 3341 22.84 229.50 .194
Executive function Planning 10.00 23.80 7.00 14.53 96.50 .006
Categories 32.00 25.02 22.50 12.78 68.50 <.001
TMT-B (time) 57.00 14.91 76.65 27.31 301.00 <.001
Memory Immediate recall (list A) 31.00 24.65 27.00 13.31 77.00 .002
Immediate recall (list B) 7.00 23.54 5.00 14.91 102.50 .018
Short-delayed recall 11.00 21.80 10.50 17.41 142.50 .219
Long-delayed recall 11.00 21.37 11.00 18.03 152.50 .345
Word fluency Formal-lexical (S-words) 26.00 24.33 18.00 13.78 84.50 .004
Semantic (animals) 43.00 24.98 34.50 12.84 69.50 .001
Subjective cognitive complaints QPC 6.00 20.28 6.00 19.59 117.50 .850
Anxiety & depression HADS-A 5.00 19.37 6.00 20.91 198.50 .675
HADS-D 6.00 21.43 4.00 17.94 151.00 .344
ADS-L 16.00 19.37 17.50 20.91 198.50 .678
Fatigue Total 78.00 19.83 73.50 17.91 150.50 .592
Cognitive 21.50 19.55 22.50 19.44 175.00 .976
Physical 19.00 19.76 20.50 20.34 189.50 .875
Psychosocial 32.00 20.39 29.50 18.28 156.50 .564
Grip strength [kg] Left hand 27.15 19.30 27.20 21.00 200.00 .648
Right hand 28.10 19.15 30.23s 21.22 203.50 .578

Note. Significant results are highlighted in bold. ADS = Allgemeine Depressionsskala (General Depression Scale), HADS = Hospital Anxiety and
Depression Scale, Mdn = Median, MoCA = Montreal Cognitive Assessment, MR = Mean Rank, QPC = Le Questionnaire de Plainte Cognitive

(German translation), TMT = Trail-Making-Test.

(Patenaude et al., 2011). In a next step, we used these seg-
mentations to create deformable surface meshes of the
structures of interest using vertex analysis implemented in
FIRST, allowing us to investigate how a structure may differ in
shape between two groups. Finally, white matter hyper-
intensities (WMH) were assessed and graded (grade 0—3) by a
single blinded rater (SS) using the Fazekas score (Fazekas,
Chawluk, Alavi, Hurtig, & Zimmerman, 1987).

2.6. Analysis of resting state fMRI data

2.6.1. Within-network differences

We used the FMRIB’s Software Library (FSL Version 6.0.7.11,
Oxford, UK) for fMRI data pre-processing and analyses. The
images were first reoriented in order to match the orientation
of the standard template images (MNI152) and cropped to
remove the neck and lower head. Subsequently, brain
extraction was performed (Smith, 2002). To start the pre-
processing steps, motion correction (MCFLIRT), temporal
filtering (high-pass filter cut-off .01 Hz), and spatial smoothing
using a Gaussian kernel of full width and half-maximum
(FWHM) of 5 mm was applied with the Melodic (Multivariate
Exploratory Linear Optimized Decomposition into Indepen-
dent Components) GUI. The functional images were then
boundary-based registered (BBR) to the individual high-
resolution T1-weighted images.

Subsequently, we ran single-subject independent compo-
nent analyses (ICA) with automatic dimensionality estimation
and variance-normalized time courses. The resulting com-
ponents were then hand-classified into “good” components (i.

e., signal) and “bad” components (i.e., noise) by evaluating
their spatial maps, time courses and power spectra in 20 out of
39 individuals. The flowchart, presented by Griffanti and col-
leagues (Griffanti et al.,, 2017) was used to standardize the
classification algorithm. Ambiguous components were clas-
sified together with a second, independent researcher (MK).
Subsequently, we used FSL FIX (Griffanti et al., 2014; Salimi-
Khorshidi et al., 2014) as an automated classification algo-
rithm that uses the hand-labelled training data to train a
multi-level classifier and to classify the components in the
remaining 19 individuals. Finally, all noise components were
automatically regressed out of the data in order to obtain
clean (denoised) functional data using a non-aggressive
approach. The cleaned functional data were further regis-
tered into standard MNI152 space.

We used MELODIC to decompose the cleaned rs-fMRI data
into 20 components (Beckmann & Smith, 2004). We correlated
our networks with those provided by Smith and colleagues in
order to ensure consistency (Smith et al., 2009). The set of
spatial maps from the group-average analysis was used to
generate subject-specific versions of the spatial maps, and
associated time series, using dual regression (Beckmann,
Mackay, Filippini, & Smith, 2009; Filippini et al., 2009). First,
for each subject, the group-average set of spatial maps is
regressed (as spatial regressors in a multiple regression) into
the subject’s 4D space-time dataset. This results in a set of
subject-specific time series, one per group-level spatial map.
Next, those time series are regressed (as temporal regressors,
again in a multiple regression) into the same 4D dataset,
resulting in a set of subject-specific spatial maps, one per



CORTEX 191 (2025) 74—89 79

group-level spatial map. We then tested for group differences
using FSL’s randomise permutation-testing tool (Beckmann,
Mackay, Filippini, & Smith, 2009; Filippini et al., 2009). An in-
dependent samples t-test design within the General linear
model (GLM) framework was used, controlling for age, edu-
cation and gender. We demeaned all covariates before
entering them into the GLM model. Randomized voxelwise
nonparametric permutation testing (5000 permutations) was
used as a method for estimating and thresholding the p-value.
Results were corrected for multiple comparisons across space
using a threshold free cluster enhancement (TFCE). The
resulting files (all corrected for multiple comparisons) were
subsequently inspected for significance (pcorr. < .05). Brain
region labeling was conducted using the Harvard—Oxford
Atlas. Only clusters with more than 30 voxels were consid-
ered relevant. In a last step, we extracted functional connec-
tivity values from the area of difference between both groups.
We therefore created a binary mask out of the largest cluster
of significance from the between-group comparison and used
this mask to extract functional connectivity values (values
represent Z-statistics, normalized by the within-subject
noise).

2.6.2. Between-network differences

FSLNets (Version .8.5) was used to perform network modelling
from fMRI time series data. We defined the resting-state net-
works identified by the group-ICA performed earlier as our
nodes and extracted the individual time series from these
nodes by running a dual regression to obtain the stage 1 out-
puts for each component (i.e., subject-specific component
time series for each group component). We inspected all
subjects' time series data, examined their power spectra and
removed components' (nodes’) time series that corresponded
to artefacts. An aggressive cleaning approach was used and
the good components (i.e., signal) were used for further ana-
lyses. In a next step, a network matrix was calculated for each
subject [full correlation and partial correlation (regularization
parameter: .1 to obtain a less noisy estimate)]. To obtain a
mean network matrix across all subjects, the simple average
of network matrices across all subjects and a one-sample t-
test (at each edge) were calculated. Finally, we tested whether
the network matrices (the regularized partial network
matrices were used as the input matrix) differed between
patients with and without cognitive impairment by perform-
ing a two-sample t-test. The design was created with the GLM
GUI. We used randomise from within fslipython (IPython
Version 8.24.0, Python Version 3.11.8) with 5000 permutations
for each contrast.

2.7. Statistical analysis

Statistical analyses were carried out using SPSS (Version 29)
and graphical illustrations were created using RStudio. Since
the sample size (specifically per group) is relatively small, we
carefully checked the data for normal distribution. Non-
normally distributed variables were analyzed using non-
parametric statistical methods (e.g., Mann—Whitney U test),
while normally distributed variables were analyzed using

parametric methods (e.g., t-test). Chi-square tests were used
to analyze group differences in categorical variables. Fisher’s
exact test was used as an alternative when the expected fre-
quencies in more than 20% of the cells in the contingency
table were less than 5.

2.8. Ethical approval

The present study received approval from the ethics com-
mittee of the Medical University of Graz (34-206 ex 21/22).
Study recruitment was carried out through advertisements in
newspapers and social networks, managed by the company
“Probando GmbH”. All eligible patients provided written
informed consent for data recording and agreed to the study
procedures. All data were pseudonymized (assignment of a
subject code) and only the authors of the manuscript have
access to the subject code. Hence, no identification of indi-
vidual participants is possible for others. Participants had the
right to withdraw from the study at any time without
providing reasons, and without any disadvantage to them. In
general, patients did not receive compensation for partici-
pating in the study; however, their travel expenses to and
from the study site (Medical University of Graz) were
reimbursed.

2.9. Data availability

Data that support the findings of this study are available
under: doi: 10.17632/k3r47sp27r.3 (Leitner, 2025).

3. Results
3.1 Differences in neuropsychological assessments

Both groups (cognitively impaired versus unimpaired) did not
differ in any demographic or disease-related characteristics
(Table 1), nor in their self-reported symptoms of memory
problems (Fisher’s exact test, p = .631), brain fog (Fisher’s
exact test, p = .631) or fatigue [x*(1) = 3.63, p = .057].

With respect to patients’ cognitive performance, those
categorized as having cognitive impairment (n = 16) and those
without (n = 23) differed significantly in several cognitive do-
mains, including global cognition (MoCA, p = .002), attention
(digit span forward: p = .015 and backward task: p < .001),
executive functions (planning: p = .006 and categories task:
p < .001, TMT-B: p < .001), short-term memory (immediate
recall A: p = .002 and B tasks: p = .018), and word fluency [both
formal-lexical (S-words task: p = .004), and semantic (animals
task: p = .001) word fluency]. However, no differences were
found in long-term memory performance, psychological fac-
tors and grip strength (Table 2).

3.2. Differences in within-network resting-state
functional connectivity

We identified 12 common functional resting-state networks.
These networks included the 1) medial visual network, 2) a
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Table 3 — Cluster size and anatomic region corresponding to the area of difference in FC.

Cluster Voxels
Index

Max 1-p-value MaxX Max¥Y MaxZ
(TFCE-corrected) (MNI) (MNI) (MNI)

Anatomic region

1 216 .995 42 —46 16

Supramarginal gyrus (posterior), angular gyrus, middle temporal gyrus
(temporo-occipital part)

Note. TFCE = Threshold-Free Cluster Enhancement.

network corresponding to the occipital pole, 3) the default
mode network, 4) the dorsal attention network, 5) the pre-
cuneus network, 6) the fronto-parietal right and 7) left net-
works, 8) the sensory-motor network, 9) the ventral stream,
10) the salience network, 11) the cerebellar network, and a 12)
frontal network (Supplementary Fig. 1).

Group comparisons revealed a significant difference in
functional connectivity between both groups with respect to
the Default Mode Network (DMN). Patients defined as
cognitively impaired had significantly higher functional
connectivity between the DMN and a) the right posterior
supramarginal gyrus, b) the angular gyrus and c) the right
temporo-occipital part of the middle temporal gyrus. In
total, this area of difference consisted of a cluster containing
216 voxels [peak: X = 24, Y = 40, Z = 44, peak MNI co-
ordinates: (42, —46, 16), Table 3]. Fig. 1 displays the DMN
within all patients (A.) as well as the area of difference

between both groups (B). The DMN-specific maps for each
group separately are presented in Supplementary Fig. 2. We
did not observe any group differences in other resting-state
networks.

In line, both groups highly differed in the connectivity
values from the cluster of difference, as indicated by the large
effect size [t(37) = —7.39, p < .001, d = —2.41]. Fig. 2 illustrates
the FC values (Z-statistics) from the area of difference (AoD)
for both groups, showing, on average, a positive connectivity
between the AoD and the DMN in individuals with cognitive
impairment, while the connectivity values within the unim-
paired group are centered around zero.

Additionally, a post-hoc power analysis based on these
results (FC difference between both groups, d = —2.41)
suggests that the likelihood of detecting the observed dif-
ference with samples of this size is virtually certain
(power = .99). However, it is important to note that this

©
=

z=44

AoD: right supramarginal gyrus; angular gyrus; right

Peak MNI coordinates: [42, -46, 16]

temporo-occipital part of the middle temporal gyrus

Fig. 1 — Mean functional connectivity map of the DMN (A). The group difference in functional connectivity with respect to the
default mode network (DMN) is displayed in B. Note. The left hemisphere of the brain corresponds to the right side in this
image. The DMN is shown in red-orange; the area of difference (AoD; impaired > unimpaired) is displayed in green (arrow).
The AoD [peak MNI coordinates: (42, —46, 16)] indicates that long-Covid patients with cognitive deficits had higher FC
between the DMN and the AoD (covering the right posterior supramarginal gyrus, the angular gyrus, and the right temporo-
occipital part of the middle temporal gyrus) as compared to the unimpaired group.
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unimpaired

impaired

[ 1
FC (Z-statistics) between DMN and AoD

Fig. 2 — Functional connectivity between the DMN and the AoD (Z-statistics) for both groups with and without impaired
cognition. Note. Green = unimpaired group, blue = impaired group. Violin plots illustrate the distribution of the data.

Boxplots represent median, IQR, and min/max values.

effect size was calculated based on statistically significant
FC differences, which may lead to an overestimation of the
true effect.

3.3. Differences in between-network resting-state
functional connectivity

Our between-network resting-state functional connectivity
analyses revealed a significant difference in patients with and
without cognitive impairment with respect to two networks:
the visual network [occipital pole (Smith et al., 2009)] and the
ventral stream network (Veer et al., 2010) (Supplement Fig. 1).
The mean z-transformed edge strength across all groups was
+2.02, indicating a positive association between both net-
works overall. However, patients assigned to the cognitively
impaired group showed, on average, higher edge strength
between these networks compared to those without cognitive

impairment, indicating a stronger functional association in
cognitively impaired long-Covid patients [t(37) = 3.51,
Peorr = .037].

3.4. Structural brain measures

We found no significant differences in total grey matter vol-
ume nor in any of the subcortical brain regions examined
between groups (Table 4). In addition, the vertex analyses
performed for each subcortical structure yielded no signifi-
cant results (all p > .05), indicating that structures did not
differ significantly in shape between the two groups.

3.5. White matter hyperintensity (WMH) rating

Overall, 20 participants showed a Fazekas score of 1 (20 par-
ticipants in deep white matter, including 5 participants with

Table 4 — Differences in total GM and subcortical volumes between patients with impaired and intact cognition.

Brain area Cognition not impaired (n = 23) Cognition impaired (n = 16) Significance
Mdn MR Mdn MR () P
Total GM volume 535.35 19.65 541.53 20.50 176.00 .832
Nucleus accumbens Left 0.475 21.04 0.489 18.50 160.00 .507
Right 0.417 20.83 0.417 18.81 165.00 .601
Amygdala Left 1.157 18.65 1.257 21.94 153.00 .388
Right 1.325 21.22 1.229 18.25 156.00 437
Caudate nucleus Left 3.304 20.13 3.282 19.81 181.00 944
Right 3.380 19.35 3.463 20.94 169.00 .682
Hippocampus Left 3.542 21.04 3.474 18.50 160.00 .507
Right 3.717 19.57 3.802 20.63 174.00 775
Globus pallidus Left 1.636 20.74 1.638 18.94 167.00 .641
Right 1.647 20.35 1.638 19.50 176.00 .832
Putamen Left 4.254 20.70 4.272 19.00 168.00 .662
Right 4.434 19.74 4.603 20.38 178.00 .877
Thalamus Left 7.195 20.48 7.100 19.31 173.00 .767
Right 7.151 21.48 6.960 17.88 150.00 .343

Note. Units: cm®, GM = gray matter, Mdn = Median, MR = Mean rank.
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periventricular WMHS). All other patients had a Fazekas score
of 0. There was no significant difference [x*(1) = 1.37, p = .242]
with respect to the rating of WMHs in patients with noticeable
cognitive impairment (n = 10, 62.5%) and those without
(n = 10, 43.5%).

4, Discussion

In this study, we examined within- and between-network
resting-state functional connectivity alterations and differ-
ences in subcortical brain volumes and shape between long-
Covid patients with and without cognitive impairment. We
observed functional connectivity changes with respect to the
DMN. Long-Covid patients with cognitive impairment
exhibited higher functional connectivity between the DMN
and the posterior supramarginal gyrus, the angular gyrus and
the temporo-occipital part of the middle temporal gyrus as
compared to those without cognitive impairment. Between-
network analyses showed that patients assigned to the
cognitively impaired group had, on average, a higher edge
strength (correlation) between the visual network (occipital
pole) and the ventral stream network. In contrast, no differ-
ences in WMH ratings, or in the volumes or shapes of
subcortical brain structures were found.

With respect to the DMN functional connectivity differ-
ences, our results show increased connectivity values in the
cognitively impaired group. Hence, we interpret these
changes in functional connectivity to be maladaptive. Addi-
tionally, other studies found that FC of the DMN, which
emerged as a key network in our analyses, is associated with
neurocognitive performance in different patient populations,
such as patients with Parkinson’s disease (Baggio et al., 2015)
and in patients suffering from long-Covid (Madden et al., 2025;
Samanci et al.,, 2025). Similar results were found in three
previously conducted studies. Research on people suffering
from multiple sclerosis (MS) found that an increased func-
tional connectivity with and within the DMN was associated
with cognitive impairments (Hawellek, Hipp, Lewis, Corbetta,
& Engel, 2011; Meijer et al., 2017). In patients with WMH-
related cognitive impairment, alterations in the functional
connectivity within the DMN (e.g., increased DMN FC in the
medial frontal gyrus) indicated worse cognitive performance
(Chen et al., 2019). Finally, heightened intra-network FC
within the DMN was observed in long-Covid patients
compared to healthy controls, with this FC being correlated
with general cognition (Carreras-Vidal et al., 2025). This
increased DMN connectivity could be an unsuccessful attempt
by the brain to compensate for cognitive deficits. Also, in
general, the DMN is deactivated during cognitive tasks in
order to focus on relevant processes. If DMN connectivity is
increased, it could suggest a failure to efficiently suppress its
activity, which may indicate impaired cognitive performance.

In the current study, the increased DMN FC was found in
connection with brain areas important for phonological de-
cisions and reading (Hartwigsen et al., 2010; Stoeckel, Gough,
Watkins, & Devlin, 2009), memory retrieval, inhibition, and
higher-order motor control (Farrer et al., 2008; Seghier, 2013)

or language processing and semantic cognition (Xu et al.,
2015). In general, hyperconnectivity was found to be a com-
mon response to neurological disruption and may be observed
across different brain regions (Hillary et al., 2015). Therefore,
we think that the higher connectivity with areas mainly
outside of the DMN component in our sample could suggest
that the normal default-mode network dynamics are dis-
rupted in individuals with cognitive impairment. Hence, this
increased connectivity of brain regions with the DMN might
indicate a maladaptive process.

Although we found differences in the connectivity of brain
areas with the DMN, we did not find any differences related to
other networks, such as the fronto-parietal networks or the
salience network (SN), as we hypothesized. It is possible that
the magnitude of the deficits found in the impaired group was
not large enough to detect differences in these networks, or
that the effects are only small and could not be detected in this
specific sample (i.e., low power). In addition, effects might
have emerged when building groups based on impairments in
more specific domains (e.g., comparing individuals with
attention deficits to those without).

Our results regarding between network differences high-
light that patients with cognitive impairment have a higher
functional connectivity between the occipital pole and the
ventral stream network, as compared to those without
cognitive impairment. Although this has not been previously
reported in the literature, this higher connectivity could again
indicate maladaptive processing due to the brain’s unsuc-
cessful attempt to cope with cognitive impairment. When
higher-order cognitive networks (e.g., the DMN) are not
functioning properly, it might be possible that lower-level
sensory systems (such as the networks described above)
may become hyperactive as an attempt to compensate. The
visual network and the ventral stream are both involved in the
recognition of objects and perception of shapes (Bull & Zhang,
2021). One previous study reported an association between the
visual network (VN) and cognition (Bergamino et al., 2024),
pointing into the same direction as our study, which suggests
that visual network regions might be involved in cognitive
impairments such as visual attention and memory deficits
(Lazarou et al., 2022). Although not investigated in this study,
one preliminary study found evidence that visual perception
may be impaired in Covid-19 (Coco-Martin et al., 2023). This
result could therefore suggest problems with the integration
of visual information with memory or other higher-order
functions. However, the ventral stream network in our study
is a large network, which also includes frontal areas (inferior
frontal gyrus, frontal pole) and parts of the middle temporal
gyrus, the superior temporal gyrus, and the temporal pole,
and therefore areas that are responsible for various tasks and
processes. This increased connectivity between networks
could be a sign of maladaptive changes within the brain, as it
was observed in the cognitively impaired group. However,
possible impairments in long-Covid patients and the associ-
ated changes between the networks found in this study still
need to be investigated.

We could not detect any structural differences in total GM
volume or subcortical volumes of various brain structures,
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and did not find any group differences with respect to white
matter hyperintensities, which contrasts with previous liter-
ature (Campabadal et al., 2023; Diez-Cirarda et al., 2023;
Douaud et al., 2022; Heine et al., 2023; Jin et al., 2024). Diez-
Cirarda and colleagues (Diez-Cirarda et al., 2023) found an
association between GM volume loss and cognition, which we
could not replicate in our study. Heine et al. (2023) described
decreased volumes of the left thalamus, putamen, and pal-
lidum in fatigued patients with long-Covid compared to a
healthy control group. Additionally, increased cortical thick-
ness in several brain areas was shown to be negatively asso-
ciated with working memory performance in patients with
long-Covid (Pacheco-Jaime et al., 2025). However, to our
knowledge, most of the previously conducted studies
compared post-acute Covid-19 infections or long-Covid pa-
tients to a healthy control group, which differs from the aim of
this study. Moreover, we did not find a single study that
directly compared long-Covid patients with and without
cognitive deficits in terms of their cognitive impairments,
making our study one of the first studies to conduct this direct
comparison. In addition, a recently published review on the
effects of Covid-19 on cognition and brain health demon-
strated that cognitive symptoms might also occur in the
absence of neuroimaging changes (Zhao, Toniolo, Hampshire,
& Husain, 2023). It is also possible that functional changes
become visible before structural changes occur, which could
be an explanation for our results.

Finally, vertex analyses, assessing how structures differ in
shape between the two groups, did not yield any significant
differences in our sample. This partially contrasts with a
study on structural brain changes in patients with post-Covid-
19 fatigue, reporting shape deformations in subcortical re-
gions such as the thalamus, pallidum, and putamen (Heine
et al.,, 2023). However, to our knowledge, our study is the
first one that investigated shape differences/deformations in
long-Covid patients with and without impaired cognition.

This study has some limitations: First, the study has a
relatively small sample size and the allocation into the
groups ‘cognitively impaired’ and ‘cognitively unimpaired’
could be considered a somewhat arbitrary approach, as
different classification methods are possible. For instance,
due to the relatively small sample size, groups were not
built based on deficits in a specific domain (e.g., individuals
with attention deficits versus individuals without attention
deficits), but rather on a broader basis (i.e., individuals with/
without deficits in any cognitive domain). Focusing on a
more specific domain might yield FC differences in net-
works that are related to specific cognitive tasks (e.g.,
attention) and should be investigated in future studies.
However, we have tried to address this limitation by build-
ing groups according to population-based, normative data
and by trying to build extreme groups to achieve higher
statistical power. In addition, this study represents a cross-
sectional study. However, to make causal statements, lon-
gitudinal studies should be conducted to examine the pro-
gression of long-Covid and cognitive abilities. Additionally,
this study does not include a healthy control group, as the
MRI data were obtained within another study focusing on
improving cognition in long-Covid patients through tablet-

based training, making it impossible to compare the func-
tional changes to individuals without persistent Covid-19
symptoms. We also want to state a general limitation of
resting-state paradigms, namely the fact that it is impos-
sible to monitor what patients were thinking about during
the resting-state scan, as well as if participants fell asleep or
not. However, all participants were instructed to remain
awake with their eyes closed and not to think about any-
thing specific. Also, potential differences in spontaneous
mental imagery are unlikely to have systematically biased
the present results, especially because both groups were
comparable regarding their demographic characteristics.

Future studies should include a healthy control group to
establish whether the observed connectivity patterns repre-
sent deviations from normal brain function or are specifically
related to cognitive impairment within the context of long-
Covid. In addition, they should explore the role of structural
and functional brain changes and other psychological do-
mains, such as fatigue, depression, and anxiety. Previous
research indicates that structural and diffusion imaging
markers are associated with fatigue (Heine et al., 2023),
depression (Khodanovich et al., 2024), anxiety, and perceived
stress in these patients (Liang et al., 2023). Further investiga-
tion of these brain changes is of great importance, as long-
Covid encompasses a wide range of symptoms, and under-
standing which brain alterations occur is important for
developing future therapies.

Finally, as long-Covid is associated with various cognitive
impairments across different domains, intervention studies
to alleviate these symptoms are highly needed (Vakani, Ratto,
Sandford-James, Antonova, & Kumari, 2023).

5. Conclusion

Cognitive deficits are among the most frequently observed
symptoms of long-Covid. In this study, comparing long-Covid
patients with and without objectively assessed cognitive im-
pairments, a difference in functional connectivity between
the angular gyrus, supramarginal gyrus, and middle temporal
gyrus with the DMN was observed. These results lead us to
assume that the changes might be maladaptive. In addition,
we found stronger connectivity between the occipital pole and
the ventral stream in cognitively impaired long-Covid pa-
tients. Both results might indicate a disrupted/maladaptive
network dynamic/change in individuals with cognitive im-
pairments. Importantly, the findings presented in our study
are among the first highlighting functional connectivity al-
terations in cognitively impaired long-Covid patients and
therefore provide initial evidence for future research. Future
studies are needed to validate these results in order to provide
a reliable resting-state marker for long-Covid cognitive
impairment.
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Background: Cognitive impairment and psychological complaints are among
the most common consequences for patients suffering from Post-Covid-19
condition (PCC). As there are limited training options available, this study
examined a longitudinal tablet-based training program addressing cognitive and
psychological symptomes.

Methods: Forty individuals aged between 36 and 71 years (M = 49.85, SD = 8.63;
80% female) were randomly assigned to either an intervention group (n = 20)
or a waitlist control group (n = 20). The intervention group received a three-
month tablet-based training program involving cognitive exercises, relaxation
techniques, and physiotherapy exercises. Additionally, both groups underwent
a thorough neuropsychological assessment (attention, memory, executive
functions, word fluency, subjective cognitive complaints, fatigue, depression,
anxiety, and quality of life) before the training, after 3 months of training, and
after 6 months in order to assess long-term effects.

Results: Pre-post comparisons revealed that individuals assigned to the
intervention group (n = 18 after dropout), as compared to the control group
(n = 16 after dropout), showed a reduction in subjective cognitive complaints
(b < 0.001) as well as in depressive symptoms (p < 0.001). Additionally, their
MoCA Memory Index Score remained stable (p = 0.496), while it declined
significantly in the wait-list control group (p = 0.008). However, the training
had no effect on the other domains assessed and not all training-related effects
were stable over time. Finally, a higher number of post-Covid symptoms was
negatively correlated with attention and memory capabilities (all p < 0.05), with
a longer disease duration further amplifying the negative impact of post-Covid
symptoms on memory performance.

Conclusion: Tablet-based training programs can help improve subjective
complaints, depressive symptoms, and memory and may serve as an additional
therapy option. Further studies are needed to investigate the stability of these
effects.

KEYWORDS

post-Covid-19 condition, long-Covid, tablet-based intervention, cognition, subjective
cognitive complaints, depressive symptoms, mental health, psychological well-being
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Introduction

Since the onset of the coronavirus pandemic in March 2020,
the World Health Organization (WHO) reported more than 777
million confirmed cases of Covid-19 and over 7 million deaths
until December 2024 (World Health Organization [WHO], 2024).
The majority of individuals infected with SARS-CoV-2 are dealing
with symptoms such as fever, cough, and fatigue during their
acute illness (Carfi et al,, 2020; Grant et al, 2020; Ziauddeen
et al., 2022), which typically lasts up to 14 days after the symptom
onset (O'Mahoney et al., 2023). However, an increasing number
of individuals report persistent or newly emerging symptoms after
their initial infection subsided (Carfi et al., 2020; Ferndandez-de-
Las-Penas et al., 2021; Sykes et al., 2021; van Kessel et al., 2022).
These symptoms can be grouped under the umbrella term “Long-
Covid or Post-Covid-19 condition (PCC).” PCC is defined as the
“continuation or development of new symptoms 3 months after
the initial SARS-CoV-2 infection, with these symptoms lasting for
at least 2 months with no other explanation” (Lippi et al., 2023;
World Health Organization [WHO], 2022). However, as there are
several definitions used for this complex condition (Ferndndez-
de-Las-Penas et al., 2023), PCC remains vaguely defined and no
agreement on a standardized definition has been made yet (Munblit
et al, 2022). Consequently, this resulted in great heterogeneity
with respect to the PCC definitions used in interventional studies
(Fernandez-de-Las-Pefas et al., 2022; Haslam et al., 2023). In this
study, we follow the aforementioned and universally acknowledged
definition of PCC (long-Covid), as suggested by the WHO (Lippi
et al., 2023; World Health Organization [WHO], 2022).

The prevalence of post-Covid will remain high (Boufidou et al.,
2023) and studies indicate that globally approximately 10%-20%
(Altmann et al., 2023; Ballering et al., 2022; Davis et al., 2023; World
Health Organization [WHO], 2022) of individuals are affected
by PCC, with about 18%-22% particularly experiencing cognitive
symptoms (Ceban et al., 2022; Han et al.,, 2022). In addition, several
risk factors have been identified that include, for instance, female
sex (Fernandez-de-Las-Penas et al., 2022; Hedberg et al., 2023; Tene
et al,, 2023), older age (Abdelrahman et al., 2021; Thompson et al.,
2022; Bonfim et al., 2024), smoking (Barthélémy et al., 2022; Tene
et al., 2023; Tsampasian et al, 2023), preexisting comorbidities
(Subramanian et al., 2022; Tsampasian et al., 2023) and an elevated
body mass index (Subramanian et al., 2022; Sudre et al, 20215
Thompson et al., 2022; Tsampasian et al, 2023). In contrast,
being vaccinated prior to a SARS-CoV-2 infection was shown to
reduce the risk of developing PCC (Byambasuren et al., 2023;
Krishna et al., 2023; Wong et al., 2023), suggesting that vaccination
might be a protective factor against the development of persistent
Covid-19 symptoms.

Abbreviations: ANOVA, analysis of variance; ANCOVA, analysis of
covariance; ADSL, Allgemeine Depressionsskala - Langform (General
Depression Scale); BL, baseline; CG, control group; CRT, cognitive
remediation therapy; FIS, fatigue impact scale; FU, follow-up; HADS,
hospital anxiety and depression scale; |G, intervention group; MIS, memory
index score; MoCA, Montreal Cognitive Assessment; MRI, magnetic
resonance imaging; NAB, neuropsychological assessment battery; PCC,
post-Covid-19 condition; QolL, quality of life; RWT, Regensburger word
fluency test; SARS-CoV-2, severe acute respiratory syndrome coronavirus
2; SCC, subjective cognitive complaints; TMT, trail making test; WHO, World
Health Organization.
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It is important to note that persistent symptoms can occur
regardless of whether individuals were hospitalized during their
acute illness or not (O’Mahoney et al., 2023; Leitner et al., 2024;
Nalbandian et al., 2023), that means regardless of their illness
severity (Di Gennaro et al., 2023; Vanichkachorn et al., 2021). Until
today, over 200 different symptoms have been identified (Davis
et al., 2023), including fatigue (Scardua-Silva et al., 2024; Torrell
etal, 2024; Zhang et al., 2024), cough, or loss of sense of smell/taste
(Byambasuren et al., 2023). Additionally, Covid-19 infection can
cause long-term effects on the cognitive function and psychological
well-being of those affected (Gonzalez-Fernandez and Huang, 2023;
Jaywant et al., 2024; Moller et al., 2023), which leads to impairments
such as brain fog (McWhirter et al., 2023; Lanz-Luces et al., 2022;
Jennings et al., 2022), concentration difficulties (Ziauddeen et al.,
2022; Ruzicka et al, 2024; Kim et al,, 2023), attention disorders
(Cipolli et al., 2023; Kozik et al., 2023; Guillén et al., 2024), executive
dysfunction (Dacosta-Aguayo et al., 2024; Hampshire et al., 2024;
Godoy-Gonzalez et al., 2023), memory problems (Hampshire et al.,
2024; Fleischer et al., 2022; Martin et al., 2024), anxiety (Seighali
etal, 2024; Wong et al,, 2023; Goodman et al., 2023) or depression
(Seighali et al., 2024; McLaughlin et al., 2023; Kim et al., 2023).
These symptoms may last for several months or years (Herrera
et al., 2023) and manifest not only as objective deficits but also as
subjective cognitive complaints (Miskowiak et al., 2021), causing
substantial burden for those affected.

Although both the infection rates and the incidence of PCC
remain high (Di Gennaro et al., 2023), general treatment options
are limited (Davis et al., 2023; Koczulla et al., 2021; Mueller et al.,
2023; Veronese et al,, 2022), especially concerning the treatment of
cognitive deficits (Yong, 2021). Notably, one in five individuals will
exhibit cognitive impairments three or more months after receiving
a Covid-19 diagnosis (Ceban et al., 2022; Moller et al, 2023).
A previous study by Jebrini et al. (2024) used cognitive training and
group psychotherapy to increase verbal memory and visuo-spatial
construction skills in patients with long-Covid (Jebrini et al., 2024).
Further study protocols have been designed to improve cognitive
performance in patients through either brain stimulation-assisted
cognitive training (Thams et al, 2022) or Goal Management
Training (Hagen et al., 2022). However, fatigue represents a major
challenge, as it was reported as one of the most common long-
Covid symptoms (Joli et al., 2022; Leitner et al., 2024), limiting
the opportunity to take part in such rehabilitation programs.
Finally, the rehabilitation progress of patients is complicated by the
heterogeneous clinical picture of this disease, which highlights the
need for a tailored and multidisciplinary rehabilitation approach
(Nice, 2020; Krishna et al., 2023; Nurek et al., 2021).

One opportunity to address cognitive deficits involves the
use of tablets and computers. Computerized cognitive training
programs have been tested in various populations, including
patients with diabetes (Bahar-Fuchs et al., 2020), Parkinson’s
disease (Gavelin et al., 2022), or stroke (Zhou et al., 2022) and can
often be applied in familiar environments (e.g., one’s own home).
A pilot study conducted among individuals with self-reported
cognitive dysfunction for more than 3 months after an infection
with the coronavirus suggested that computerized cognitive
training may be effective in improving cognitive impairments
(Dunabeitia et al., 2023). However, the authors concluded that
future studies including a control group are necessary to draw
reliable conclusions. Similar results were found in a case-control
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FIGURE 1

Study procedure to evaluate the effect of a three-month tablet-based intervention in patients with post-Covid-19 condition. Thorough
neuropsychological assessments were conducted at each time point (BL, FU1, FU2, FU3), i.e., every 3 months. A waiting period was included to

study among seventy-three Covid-19 survivors with cognitive
impairment (Palladini et al., 2023). The authors of the study used
a cognitive remediation therapy (CRT) which showed positive
results on cognitive functioning. These results support CRT as
an effective treatment option targeting cognitive impairments in
patients suffering from PCC (Palladini et al.,, 2023).

In general, only a small number of therapeutic intervention
options are available for the treatment of cognitive and mental
deficits in patients with long-Covid (Davis et al., 2023; Koczulla
et al., 2021; Mueller et al., 2023; Veronese et al., 2022). Therefore,
this study aims to improve these symptoms by using a three-month
tablet-based training program that includes a variety of cognitive
exercises (e.g., to train attention, memory and executive functions)
as well as relaxation and physiotherapy exercises (see “Tablet-
based intervention” in the Methods section). These trainings
offer the advantage of being conducted from home (i.e., location
independent) and allow individuals to practice at their own
pace (self-paced). In addition, long travel times, which could be
challenging for some patients, can be eliminated.

Primary hypotheses: We hypothesize that participating in
our training program alleviates cognitive symptoms associated
with PCC in various domains, such as memory, attention,
or executive functions. In addition, we hypothesize that
the intervention will reduce subjective cognitive complaints
and psychological symptoms, including fatigue and negative
emotions such as anxiety and depression, as well as improve the
quality of life of those affected by PCC. Exploratory analyses:
In exploratory analyses, we further investigate the association

between post-Covid symptom count and cognition, and the

impact of disease duration on this correlation.

Materials and methods

Recruitment, participants and procedure

The recruitment was carried out by the company “Probando
GmbH,” which recruited patients through newspaper articles and
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online posts. Forty-two patients with self-reported symptoms of
PCC (i.e., persistent symptoms or newly emerged symptoms after
the resolution of an acute Covid-19 infection) were invited to
undergo a comprehensive neuropsychological assessment as well
as structural and functional MRI at the Medical University of
Graz, Austria between October 2022 and November 2023. Inclusion
criteria were (a) ongoing or newly developed symptoms 3 months
after a positive Covid-19 infection, (b) with these symptoms lasting
for at least 2 months with no other explanation (World Health
Organization [WHO], 2022), and (c) symptoms leading to either
a new health impairment (self-report) or deterioration of a pre-
existing disease (self-report), and (d) none of the following pre-
existing diseases: dementia, multiple sclerosis, Parkinson’s disease,
stroke, and (e) no participation on any other pharmacological
or psychological training study aiming to improve cognitive or
psychological complaints. Due to significant impairment (high
Post-COVID-19 functional status (Klok et al., 2020) combined with
high levels of fatigue), two individuals were excluded from further
study participation although initially meeting inclusion criteria
(after extensive discussion, these individuals were deemed unable to
adequately complete the training over the 3-month duration). The
remaining 40 participants were randomly (block randomization,
block size = 6) assigned to either an intervention (n = 20) or a wait-
list control group (n = 20) by MK after completing a baseline (BL)
testing. The person who conducted the cognitive assessment (ML)
was blinded to the subjects’ group allocation (intervention group
vs. control group). However, due to the study design, blinding of the
participants was not possible. Therefore, participants knew whether
they were receiving the intervention or not. Individuals assigned
to the intervention group received a free tablet-based training
program and had three on-site neuropsychological examinations
with 3 months between each examination period to assess both
a post-training effect [BL to follow up 1 (FU1)] as well as the
stability of this effect (FUI to FU2). Those who were assigned to
the control group received no training or treatment as usual (since
no validated treatment existed at the time the study was conducted)
for the first three assessments (BL-FU1-FU2) but they received the
same training after a six-month waiting period in order to assess
their post-training effect (FU2-FU3) as well (Figure 1). Finally, in
exploratory analyses, both groups were combined to assess pre-post
effects in a larger sample.
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FIGURE 2

Flow chart illustrating the recruitment process of patients with post-Covid-19 condition and associated dropouts between October 2022 and
November 2023. This study utilized a longitudinal design to observe changes over time. Reasons for dropouts included, for instance, loss of
motivation in the training program or rejection of any further thorough neuropsychological assessments.

Due to the longitudinal study design, there were occasional
dropouts during the examination period (Figure 2). All dropouts
occurred due to patients who terminated their participation
in the study. Participants who ceased participation did not
differ from those who continued the study in sex, fatigue, or
cognition (p > 0.05). At each time point, a comprehensive
neuropsychological test battery (see assessments section) was
administered along with questionnaires to assess cognition and
psychological parameters such as depression or anxiety. We
additionally gathered data on symptoms during the acute Covid-19
illness as well as still persistent symptoms at each visit. Participants
were explicitly asked to provide only symptoms that have not
occurred prior to the illness (e.g., if they had memory problems
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before their Covid-19 infection, they were asked to not report them
as a consequence of the infection). The entire study procedure took
about 2 h at each assessment.

Assessment

We collected information on the following variables: age, sex,
highest level of education completed, marital status, height, weight,
date of Covid-19 diagnosis, duration of acute infection, vaccination
status, initial symptoms, current symptoms, hospitalization,
functional status [Post-COVID-19 Functional status scale (Klok
et al, 2020)], pre-existing conditions, as well as psychiatric
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disorders. In addition, we administered a comprehensive
neuropsychological assessment battery and questionnaires on
fatigue, depression, anxiety, subjective cognitive complaints
and quality of life to all participants. The following domains

were assessed:

Global cognitive impairment

We used the Montreal Cognitive Assessment (MoCA) as a
cognitive screening test, aiming to detect global cognitive deficits
(Nasreddine et al., 2005). Higher scores indicate better cognitive
performance. The memory index score (MIS) was used to assess
memory performance in a simple memory task (recollection of five
previously read words).

Attention

To assess the attentional performance of participants, the
subtests “Digit Span Forward” and “Digit Span Backward” from
the German version of the Neuropsychological Assessment Battery
(NAB) were used. Higher values indicate better attentional
performance (Petermann et al, 2013). Additionally, the Trail
Making Test A (TMT-A) was used to measure attention.
A shorter processing time indicates better attentional performance
(Reitan, 1958).

Executive function

The subtests “Planning” and “Categories” from the NAB were
utilized to assess executive functions of patients. Higher scores
represent a better performance in executive tasks (Petermann
et al, 2013). Additionally, the Trail Making Test B (TMT-
B) can be utilized as a tool for assessing executive functions
(Arbuthnott and Frank, 2000). A shorter processing time reflects
better executive functions.

Memory

For the assessment of memory performance, the subtest “Word
List Learning” of the NAB was administered. Participants are
required to remember as many words as possible out of a word list
(12 words). Higher scores indicate a better memory performance
(Petermann et al., 2013).

Word fluency

We used the Regensburger Word Fluency Test (RWT) to
assess formal-lexical and semantic word fluency. In this task,
individuals are required to verbally generate as many words
as possible either starting with a specific letter (formal-lexical)
or belonging to a particular category (semantic) within 2 min.
Higher scores correspond to better performance in word fluency
(Aschenbrenner et al., 2001).

Subjective cognitive complaints

To assess subjective cognitive complaints (SCC), a translated
version of the Questionnaire de Plainte Cognitive (Thomas-
Antérion et al., 2004) was utilized. This questionnaire had already
been translated into English (Markova et al., 2017) and was further
translated (and back-translated) into German by independent
translators. Participants are asked to respond with “Yes” or
“No” and indicate whether they have perceived any changes in
themselves in the last 6 months (e.g., “Have you experienced any
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memory change during the last 6 months?”). The maximum score is
10 points. A score of 3 or higher is considered clinically significant
(Thomas-Antérion et al., 2004).

Fatigue

The German version of the Fatigue Impact Scale (FIS-D) was
used to assess fatigue (Hauser et al, 2003). It consists of 40
questions, answered on a 5-point scale from “never” (0) to “very
often” (4). A higher total score corresponds to a higher level
of fatigue.

Depression and anxiety

The extent of depression was assessed using two questionnaires,
namely the General Depression Scale in its 20-item long form
(Hautzinger et al., 2012) and the German version of the Hospital
Anxiety and Depression Scale (Herrmann-Lingen et al., 2018). The
General Depression Scale (ADS, Allgemeine Depressionsskala) is
a self-assessment tool used to evaluate the impact of depressive
symptoms experienced in the past week. While completing the
HADS, patients need to report the extent of anxiety and depressive
symptoms experienced in the past week. Higher scores indicate a
higher level of depression and/or anxiety.

Quality of life

The German version of the WHOQoL-BREF (World Health
Organization Quality of Life) in its short form (26 items) was used
to assess patients’ quality of life (Angermeyer et al., 2000) during
the past 2 weeks. The subscales for physical and psychological
well-being were used for analyses.

Tablet-based intervention

The program was developed by DigitAAL Life GmbH, a
company that designed cognitive training programs for different
populations, such as patients with Alzheimer’s disease and those
with long-Covid/post-Covid-19 condition. Before the patients
were provided with the tablet and the installed training, each
patient received individual on-site instruction, during which
all participants became familiar with the technology and the
exercises. Using the tablet required no specific technical knowledge.
The intervention combined relaxation exercises [Jacobson muscle
relaxation (Jacobson, 1938)], physiotherapy exercises and cognitive
training. As the training was conducted asynchronously and from
home, we were able to offer a location-independent training
program, allowing patients to train as often as they wanted
and at flexible times. The cognitive part included tasks such
as remembering and recalling sequences (visual memory; e.g.,
remembering a sequence of fields and then clicking them in the
same order), attention/reaction time exercises (e.g., participants
had to click on the screen as fast as possible whenever they saw
a number appear anywhere on it, in order to train their sustained
attention), calculation tasks (e.g., solving mathematical calculation
tasks), exercises to train executive functions (e.g., exercises with
inhibition tasks), as well as playful activities such as the game
“memory” or quiz tasks (to train short- and long-term memory).
In addition, relaxation exercises, such as progressive muscle
relaxation (PMR) according to Jacobson, were integrated into
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the training, and simple physiotherapy exercises were performed.
These included, for example, exercises with balls or resistance
bands, in which patients had to carry out physical exercises
simultaneously with cognitive tasks. Both the physiotherapy and
relaxation exercises were delivered to the patients via videos, in
which they were instructed to follow the exercises. In PMR, for
instance, patients learned to tense and then release the muscles in
different areas of their body, which is known to foster relaxation.
It was recommended to train at least three times a week for at least
30 min each session, with more frequent training being encouraged.
Additionally, various difficulty levels were implemented to adapt
the tasks to the cognitive abilities of the participants. Patients were
contacted by phone every 2 weeks to ensure they continued training
and to receive feedback. They could contact the study authors at any
time if problems occurred.

Sample size calculation

Prior to the commencement of the study, a power analysis with
G*Power was conducted to calculate the required sample size for
the study design ( ). Two meta-analyses investigating
the effects of computerized cognitive training programs on
cognitive impairment ( ; ), as well as a
study examining personalized computerized training for cognitive
dysfunction after Covid-19 ( ), found at least
medium-sized effects with respect to cognitive outcomes. As the
primary focus of our study was to compare both groups (CG, IG)
across three time points (BL, FU1, FU2), a power analysis fora2 x 3
analysis of variance (ANOVA) was performed. 28 individuals (14
per group) are needed to detect a medium-sized effect (n}% = 0.06)
with 80% power (1- B) at a significance level of a = 0.05. Due to
potential dropouts, we exceeded the calculated minimum sample

size with a total of n = 40 individuals (n = 20 per group).

Statistical analysis

Statistical analyses were performed with SPSS (Version 29.0).
The figures were created using RStudio (R version 4.2.2). For all
variables, normality was checked by using Shapiro-Wilk tests as
well as histograms and Q-Q-plots. To examine the effect of the
tablet-training on the improvement in cognitive and psychological
symptoms, 2 x 3 analyses of variance were conducted. Hence,
group (levels: control group, intervention group) represented the
between-subjects factor and time (levels: BL, FU1, FU2) was
the within-subjects factor. To statistically control for potential
confounders such as age, sex, and education, these were included
as covariates in the analyses, if the assumptions were met (1.
homogeneity of regression slopes, 2. no group differences in
the covariates). If an assumption was violated, the covariate was
dropped from the model. Since the interaction effects of the
individual 2 x 3 analyses may not be significant, even though a
difference from baseline to follow-up 1 in the intervention group
(compared to the control group) might be present, additional 2 x 2
analyses of variance (with covariates) were calculated. This could
especially be the case if the effect (e.g., improvement in cognition
in the intervention group from baseline to follow-up 1) declines
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until the next visit (follow-up 2), or when the control group shows
spontaneous improvement between the time points. Significant
interaction effects were further examined using post hoc tests to
assess whether the groups differed at specific time points and
whether changes were observable within each group.

The assumption of homogeneous variances between the
groups was tested by using Levenes tests for the respective
outcome variable at each time-point. To test whether the observed
covariance matrices of the respective dependent variables are equal
across groups, the Box’s M test was used. Mauchly’s test of sphericity
was used to assess the assumption of sphericity in the 2 x 3 analyses.
In case of a violation of sphericity, Greenhouse-Geisser correction
was applied. Bonferroni correction was applied to all p-values.

In further exploratory analyses, individuals from the waitlist
control group, after completing the training as well, were
merged with the original intervention group to form a combined
intervention group (including all individuals who successfully
completed the training), and pre-post comparisons were then
conducted (pre values for intervention group: baseline; pre values
for control group: follow-up 2; post values for intervention group:
follow-up 1; post values for control group: follow-up 3). Hence, we
performed a pre-post comparison of all individuals who eventually
received the training. This approach was chosen to increase
statistical power. Paired ¢-tests for each outcome were calculated for
this purpose. To avoid bias in the results (e.g., significant reduction
in pre-post comparison due to familiarity with the test material or
spontaneous improvements), results were only interpreted if there
were no familiarity effects or spontaneous changes in the original
control group. Therefore, and due to the small sample size when
considering only the original control group, Friedman tests were
performed for the data of the control group. Finally, significant
t-tests were interpreted only if the original control group did not
exhibit a significant change over time. This approach helped us rule
out spontaneous symptom improvements or familiarity effects as
explanations for the significant changes in the paired ¢-tests.

For correlation analyses (e.g., analyzing the relationship
between the number of post-Covid symptoms and cognition),
Pearson correlation coefficients (controlled for age, sex, and
education) were computed. In addition, we examined whether
patients’ disease duration moderated the association between post-
Covid symptom count and cognition. Therefore, we performed
moderation analyses by using the PROCESS SPSS Makro [Version
41, (
interpretation of main effects, variables that define the product

)] which is available online!. To enhance the

term/interaction term (i.e., the predictor and moderator) were
mean centered prior to the analyses. Additionally, moderation
analyses were controlled for age, sex, and education. To counteract
an alpha error inflation due to heteroscedasticity, robust standard
errors of type HC3 (Davidson-MacKinnon) were used. Significant
results were plotted for three specific values of the moderator (—1
SD, M, + 1 SD).

Finally, to assess the prevalence of cognitive impairments and
psychological symptoms, we used the criteria outlined in the
specific test manuals. Values more than one standard deviation
below the mean (T < 40) and percentile ranks below 16 were
considered indicative of impairment.
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Ethical considerations

This study received approval from the ethics committee of the
Medical University of Graz (34-206 ex 21/22). Study recruitment
was carried out through advertisements in newspapers and social
networks, managed by the company “Probando GmbH.” All
eligible patients provided written informed consent for data
recording and agreed to the study procedures. All data were
pseudonymized (assignment of a subject code) and only the authors
of the manuscript have access to the subject code. Hence, no
identification of individual participants is possible for others.
Participants had the right to withdraw from the study at any time
without providing reasons, and without any disadvantage to them.
In general, patients did not receive compensation for participating
in the study; however, their travel expenses to and from the study
site (Medical University of Graz) were reimbursed.

Results

The final sample consisted of 40 eligible individuals (80.0%
female) aged between 36 and 71 years (M = 49.85, SD = 8.63).
The majority held a university degree (27.5%), completed a general
higher secondary school (17.5%) or middle school without a high
school diploma (15.0%). All patients met the diagnosis criteria
for PCC (Lippi et al., 2023; World Health Organization [WHO],
2022). A detailed description of participants’ demographic and
disease-related characteristics at baseline is provided in Table 1. No
significant differences between the control and intervention group
were observable at baseline. An overview of symptoms during
the acute illness phase and at the different visits is provided in
Supplementary Table 1. In addition, the frequency of cognitive and
mental impairments for all participants at baseline as assessed by
means of the test manuals’ norm scores is presented in Figure 3.

10.3389/fpsyg.2025.1582742

Training evaluation

In the 2 x 3 ANCOVAs, we observed a significant group
x time interaction only for the digit span forward task of the
Neuropsychological Assessment Battery (NAB). We therefore
performed Bonferroni-corrected follow-up analyses, showing that
the groups differed already at baseline (p = 0.016), but not at FU1
(p = 0.757) and FU2 (p = 0.272). Therefore, there was neither a
significant improvement in the IG from BL to FU1 (p = 0.345) nor
from FU1 to FU2 (p = 1.000), nor in the CG (BL-FU1: p = 0.593,
FU1 to FU2: p = 0.313). The results of all analyses are presented in
Supplementary Table 2.

As a non-significant interaction effect may occur in the 2 x 3
analyses even if differences between groups from baseline to follow-
up 1 are observable, we subsequently calculated 2 x 2 ANCOVAs.
These analyses yielded significant group x time interaction effects
in the following tests: digit span forward task (p = 0.032),
MoCA memory index score (p = 0.017), subjective cognitive
complaints (p = 0.022), and depression (ADS-L; p = 0.025).
No significant effects (ie., no significant differences in the
slopes of the groups from BL to FU1l) were observed for the
other domains tested (p > 0.05). The results are summarized
in Table 2.

Regarding the digit span forward task, both groups did
differ significantly at baseline (McG.agg = 8:50, SEcg = 0.44,
MiGag = 694, SEig = 041; p = 0.015), but not at FUI
(MCG.adj =7.77,SEcg =0.42, MIG‘adj =7.65, SE1G = 0.40; p = 0.847).
However, neither the CG (p = 0.121) nor the IG (p = 0.113)
significantly increased their ability in the task.

There was no significant difference between the CG and
the IG in terms of their MoCA memory index score at
baseline (MCG.adj = 14.06, SEcG = 044, MiG.g = 12.84,
SEiG = 0.41; p = 0.053) and FUL (Mg a4 = 12.63, SEcg = 0.50,
MG agj = 13.16, SE1g = 0.47; p = 0.451). However, while the MoCA

TABLE 1 Baseline demographic and clinical characteristics of post-Covid-19 patients assigned to the control group (CG) and intervention group (IG).

Parameter Total (n = 40)

CG (n =20)

Difference

IG (n = 20)

Age [years] 49.85 8.63 50.15 9.64 49.55 7.73 Maig = 0.60, p = 0.829
Height [cm] 167.65 7.49 167.50 7.82 167.80 7.35 Mgig = —0.30, p = 0.901
Weight [kg] 79.54 15.05 80.06 13.71 79.02 16.62 Mg = 1.04, p = 0.830
BMI [kg/mz] 28.29 5.09 28.61 5.06 27.98 5.24 Mgig = 0.63, p=0.701

| Mdn . Mdn | MR | Mdn | MR | |
Education [years] 13.25 13.25 19.08 13.50 21.93 U =228.50, p = 0.436
Disease duration [m] 20.60 22.74 2243 15.61 18.58 U =161.50, p =0.298
Duration acute infection 1 [6-10 days] 1 18.93 1.50 22.08 U =168.50, p = 0.379
Functional status 2 2 23.65 0 17.35 U =137.00, p =0.052
T e oot | %
Sex [female] 32 80.0 16 80.0 16 80.0 x(df =1) =0.00, p = 1.000
Vaccination® [yes] 20 50.0 10 50.0 10 50.0 x(df =1) =0.00, p = 1.000
Hospitalization [yes] 2 5.0 0 0.0 2 10.0 Fisher’s exact test: p = 0.487
Pre-existing condition [yes] 24 60.0 15 75.0 9 45.0 x(df=1) =3.75, p = 0.053

#Vaccination before infection. Significance tests compare the control group (CG) against the intervention group (IG). m, months; M, mean; SD, standard deviation; Mdn, median;

MR, mean rank.
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FIGURE 3

Percent of cognitive and psychological impairments of post-Covid-19 patients at baseline, evaluated according to the criteria outlined in the
respective manuals or self-report (fatigue).

TABLE 2 Results of the 2 x 2 ANCOVAs. Presented is the significance of the group (2 levels: control group, intervention group) x time (2 levels: BL, FU1)
interaction effect to evaluate the efficacy of a three-month tablet-based training program for post-Covid-19 patients.

Domain Subtest n F df Error df ‘ p Ylf, ‘
Attention Digit span forward® 34 5.10 1 29 0.032 0.150
Digit span backward® 34 0.00 1 30 0.970 0.000
TMT-AC 34 0.12 1 30 0.731 0.004
Executive function Planning® 34 3.74 1 30 0.062 0.111
Categories® 34 2.12 1 29 0.156 0.068
TMT-B4 34 0.10 1 30 0.758 0.003
Memory Immediate recall (A)* 34 0.19 1 29 0.669 0.006
Immediate recall (B)? 34 2.93 1 29 0.098 0.092
Short-delayed recall® 34 0.24 1 29 0.630 0.008
Long-delayed recall® 34 0.02 1 29 0.890 0.001
Word fluency Formal-lexical® 34 0.71 1 29 0.406 0.024
Semantic? 34 2.05 1 29 0.163 0.066
Global cognition MoCA? 34 2.16 1 29 0.153 0.069
MoCA Memory Index* 34 6.40 1 29 0.017 0.181
Subjective cognitive complaints FSKB [QPC]* 34 5.83 1 29 0.022 0.167
Fatigue FISD total® 31 0.06 1 26 0.810 0.002
Depression ADSLP 34 5.57 1 30 0.025 0.157
HADS-DP 34 0.98 1 30 0.331 0.031
Anxiety HADS-A? 34 1.07 1 29 0.311 0.035
Quality of life WHOQoL-Physical® 34 1.65 1 29 0.209 0.054
WHOQOL—PsychologiCalb 34 0.14 1 30 0.710 0.005

2all covariates included as assumptions were met, beducation excluded as a covariate, “sex excluded as a covariate, dage excluded as a covariate. Bonferroni correction was applied to all
follow-up analyses. Significant results are highlighted in bold.

memory index score in the control group declined significantly Looking at changes in subjective cognitive complaints, both
over the three-month period (p = 0.008), the values in the  groups did not differ at baseline (Mcg.adj = 6.07, SEcg = 0.46,
intervention group remained, on average, stable (p = 0.496)  MjG.agj = 6.22, SEiG = 0.44; p = 0.811) or at FU1 (Mcg.agj = 5.54,
(Figure 4A). SEcg = 0.69, Mjgaqj = 3.69, SEig = 0.65 p = 0.065).
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FIGURE 4
Changes in MoCA memory index score (A), subjective cognitive complaints (B) and depression (C) for both the intervention and control group from
baseline to follow-up 1. Light gray bars, control group; dark gray bars, intervention group. MoCA MIS, Montreal Cognitive Assessment Memory Index
Score, ADSL, Allgemeine Depressionsskala (General Depression Scale). Means are adjusted for covariates (age, sex, and/or years of education). Error
bars represent 95% confidence intervals (Cl). *p < 0.05, **p < 0.01, ***p < 0.001.

Nevertheless, while subjective cognitive complaints in the control
group remained unchanged on average (p = 0.387), a significant
improvement was observed in individuals assigned to the
intervention group (p < 0.001) (Figure 4B).

Finally, we found no group differences in depressive symptoms
between the groups, neither at baseline (Mcgag = 16.02,
SEcG = 2.33, MiG.adj = 18.59, SEig = 2.19; p = 0.431) nor FU1
(McGag = 14.34, SEc = 240, My 4 = 1181, SEig = 2.26;
p = 0.452). However, while the intervention group was able
to reduce their depressive symptoms from baseline to FU1
(p < 0.001), the depressive symptoms for the control group, on
average, remained unchanged between the assessment time points
(p=0.328) (Figure 4C).

After all individuals who completed the training were merged
to form a combined intervention group (n = 31), exploratory pre-
post comparisons were conducted (pre values for intervention
group: baseline; pre values for control group: follow-up 2; post
values for intervention group: follow-up 1; post values for control
group: follow-up 3), and the results are presented in Table 3.

We found significant improvements in the digit span forward
and digit span backward tasks, the TMT-A and TMT-B tasks, the
categories task, the immediate recall of list B, subjective cognitive
complaints, fatigue, depression, anxiety and quality of life (physical
and psychological domain) after the training compared to before
the training (Table 3). However, as discussed later, it cannot be ruled
out that significant pre-post changes may have also occurred due

TABLE 3 Results of the pre-post comparisons in all patients before and after completing the three-month tablet-based training.

Domain Subtest t ol p d M % SD (BL) M £ SD (FU) ‘
Attention Digit span forward —3.22 30 0.003 —0.58 7.19 &+ 1.66 8.26 + 1.86
Digit span backward —3.00 30 0.005 —0.54 5.06 +1.93 6.26 +2.34
TMT-A [time] 3.56 30 0.001 0.64 31.75 £ 10.55 26.15410.26
Executive function Planning —1.22 30 0.230 —0.22 8.42 1 2.64 9.13 +2.16
Categories —6.64 30 <0.001 -1.19 30.00 £ 8.99 38.71 £9.92
TMT-B [time] 4.07 30 <0.001 0.73 63.25 +18.12 52.71£17.20
Memory Immediate recall (A) 1.23 30 0.229 0.22 29.69 +4.21 28.90 + 4.42
Immediate recall (B) —2.98 30 0.006 —0.54 6.03 +2.04 7.42 +2.05
Short-delayed recall 1.25 30 0.057 0.36 10.52 + 1.96 9.90 £2.14
Long-delayed recall 0.68 30 0.502 0.12 10.42 +2.26 10.16 +2.15
Word fluency Formal-lexical 1.16 30 0.257 0.21 22.13+1.22 20.13 +1.43
Semantic —1.56 30 0.130 —0.28 30.26 £11.26 34.45 £7.69
Global cognition MoCA —1.48 30 0.150 —0.27 28.26 = 1.55 28.74 +1.24
MoCA memory index —1.68 30 0.103 —0.30 12,97 + 1.74 13.58 +1.88
SCC FSKB [QPC] 4.61 30 <0.001 0.83 5424223 3.55+2.34
Fatigue FISD total 2.61 27 0.015 0.49 67.96 & 29.40 56.29 £ 31.98
Depression ADSL 7.69 30 0.001 0.63 16.81 4 9.90 11.94 +8.91
HADS-D 2.39 30 0.024 0.43 5.71 £ 4.74 419+ 3.35
Anxiety HADS-A 2.47 30 0.020 0.44 4.90 +3.28 4.00 +2.92
Quality of life WHOQoL-Physical —2.94 30 0.006 —0.53 24.84 + 5.51 26.84 +5.44
WHOQoL-Psychological —2.77 30 0.010 —0.50 22.65 £ 3.56 23.71 & 3.84

SCC, Subjective cognitive complaints. Significant results (pre-post changes) are highlighted in bold.
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FIGURE 5

Moderating effect of post-Covid-19 disease duration on the association between the number of reported post-Covid symptoms and short-delayed
recall ability. All variables that define the product term (i.e., predictor, moderator) were mean-centered. For individuals with a disease duration
(months) one standard deviation below the mean (M = 18.26, SD = 10.31) in this sample (-1 SD below the mean; 7.95 months), no significant
association between the number of post-Covid symptoms (BL) and their short-delayed recall ability was observed (b = 0.03, SE(HC3) = 0.16, t = 0.18,
p = 0.855). However, for those with an average disease duration, there was a significant negative correlation between symptom count and their
short-term memory (b = —-0.26, SE(HC3) = 0.10, t = —2.66, p = 0.012). This negative effect is further intensified in individuals with a longer disease
duration (+ 1 SD above the mean; 28.57 months) (b = —0.56, SE(HC3) = 0.08, t = —=6.74, p < 0.001). Analyses are adjusted for age, sex, and education.

to training effects (increased familiarity with the test material) or
temporal improvement (symptom improvement over time on its
own). Therefore, we performed a plausibility check and examined
the course of the mean values of the original control group in all
significant domains (from baseline to follow-up 2) in order to check
if training effects or temporal improvement occurred without a
training provided. Friedman tests were used to assess whether there
were changes in the respective domains and subtests that occurred
in a group without training (e.g., training/familiarity effects, or
improvements over time in the control group).

After doing so, we can confirm reliable effects for the subtests
Digit Span Backward (attention; p = 0.178), TMT-A (attention;
p = 0.607), TMT-B (executive functions; p = 0.135), immediate
recall wordlist B (memory; p = 0.390), FSKB [QPC] (subjective
cognitive complaints; p = 0.083), FISD (fatigue; p = 0.052),
ADSL (depression; p = 0.635), HADS-A (anxiety; p = 0.174)
and WHOQoL quality of life (physical: p = 0.383, psychological:
p = 0.794). As can be seen from the p-values, there were only
negligible and non-significant changes between the time points
(BL-FU1-FU2) in these domains in the original control group,
suggesting that significant results from the paired t-tests in these
domains (Table 3) can likely be attributed to a real intervention-
related effect. As familiarity effects can never be ruled out with
certainty, these results should be interpreted with caution, as
discussed later. In addition, significant changes in the original
control group, even without a training, where observed in the
other domains (digit span forward: p = 0.030, categories: p = 0.002,
HADS-D depression: p = 0.018).
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Association between symptom count
and cognition

Furthermore, we were interested in exploring the correlation
between the number of acute symptoms (symptoms reported
during the initial Covid-19 illness) and cognition. We also
investigated the same relationship for the number of persistent
symptoms (post-Covid symptoms) reported by patients at baseline.
The number of symptoms experienced during the initial Covid-
19 infection was significantly positively correlated with the time
needed to complete the NAB planning task (r = 0.43, p = 0.010),
and negatively correlated with the immediate recall (A) score
(r=—0.34, p = 0.038), the short-delayed recall (A) score (r = —0.34,
p =0.037), and the MoCA total score (r = —0.40, p = 0.015), while
controlling for age, sex, and education.

Additionally, we found that the number of post-Covid
symptoms at baseline was significantly associated with the NAB
digit span forward task (r = —0.44, p = 0.006), the immediate
recall (A) score (r = —0.46, p = 0.004), the short-delayed recall
(A) score (r = —0.46, p = 0.005), and the long-delayed recall (A)
score (r = —0.39, p = 0.017), while controlling for age, sex, and
education. The latter two abilities (short- and long-delayed recall)
were further moderated by participants’ disease duration, as can
be seen in Figures 5, 6 and Tables 4, 5. With increases in disease
duration, the negative association between the number of post-
Covid symptoms and patients’ short delayed-recall ability increases
(gets even more negative), which indicates that a longer disease
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FIGURE 6

Moderating effect of post-Covid-19 disease duration on the association between the number of reported post-Covid symptoms and long-delayed
recall ability. All variables that define the product term (i.e., predictor, moderator) were mean-centered. For individuals with a disease duration
(months) one standard deviation below the mean (M = 18.26, SD = 10.31) in this sample (-1 SD below the mean; 7.95 months), no significant
association between the number of post-Covid symptoms (BL) and their long-delayed recall ability was observed (b = 0.04, SE(HC3) = 0.18, t = 0.24,
p = 0.812). Also, for those with an average disease duration, there was a visible, but non-significant correlation between symptom count and
long-term memory (b = =0.25, SE(HC3) = 0.12, t = —2.04, p = 0.050). This negative effect is further intensified and statistically significant in
individuals with a longer disease duration (+ 1 SD above the mean; 28.57 months) (b = —=0.55, SE(HC3) = 0.13, t = —4.35, p < 0.001). Analyses are
adjusted for age, sex, and education.

TABLE 4 Moderating effect of post-Covid-19 disease duration on the association between post-Covid symptom count and short-delayed recall ability
in patients suffering from post-Covid-19 condition.

| Coefficient (b) | SE (HC3) | t p LLCI uLcr
Constant 8.09 2.43 3.33 0.002 3.15 13.02
Ongoing symptom count —0.26 0.10 —2.66 0.012 —0.47 —0.06
Disease duration [months] —0.06 0.03 —-1.93 0.062 —0.12 0.003
Interaction [P x M] —0.03 0.01 —3.62 0.001 —0.04 —0.01

To enhance the interpretability of main effects, all terms that define the interaction (i.e., predictor [P] and moderator [M]) were mean centered. Analyses are adjusted for age, sex, and
education. In addition, robust standard errors of type HC3 (Davidson-MacKinnon) were used. Model: R? = 0.47, F(6, 33) = 12.76, p < 0.001; Interaction (symptoms x disease duration):
b=—0.03 (SE=0.01), t = —3.62, p = 0.001.

TABLE 5 Moderating effect of post-Covid-19 disease duration on the association between post-Covid symptom count and long-delayed recall ability
in patients suffering from post-Covid-19 condition.

| Coefficient (b) | SE (HC3) | t p LLCI uLcr
Constant 6.66 321 2.08 0.046 0.13 13.19
Ongoing symptom count —0.25 0.12 —2.04 0.050 —0.50 —0.001
Disease duration [months] —0.07 0.03 —2.11 0.042 —0.14 —0.003
Interaction [P x M] —0.03 0.01 —3.16 0.003 —0.05 —0.01

To enhance the interpretability of main effects, all terms that define the interaction (i.e., predictor [P] and moderator [M]) were mean centered. Analyses are adjusted for age, sex, and
education. In addition, robust standard errors of type HC3 (Davidson-MacKinnon) were used. Model: R? = 0.41, F(6, 33) = 5.28, p < 0.001; Interaction (symptoms x disease duration):
b=—0.03 (SE=0.01), t = —3.16, p = 0.003.
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duration worsens the impact of post-Covid symptoms on memory.
Equivalently, this applies to the long-delayed recall ability.

There was no significant association between disease duration
and post-Covid symptom count (r = —0.12, p = 0.486), as well as
between disease duration and cognition (all p-values > 0.05), after
controlling for age, sex, and education.

Finally, subjective cognitive complaints (FSKB [QPC] score) at
baseline were not correlated with any cognitive or psychological
domain assessed in this study (all p-values > 0.05; correlations with
cognitive variables were adjusted for age, sex, and education).

Discussion

Post-Covid-19 condition (PCC) represents a debilitating illness
for affected individuals, characterized by a variety of physical,
psychological, and cognitive symptoms (Li et al., 2023; Bonfim
et al, 2024; Moller et al., 2023). However, there is still no
gold standard for treating these symptoms (Mueller et al., 2023),
and only a few studies have tested the efficacy of tailored and
multidisciplinary training programs. To overcome the lack of
interventional studies and to follow the advice of a previous
review, suggesting digital interventions for patients with PCC
to better manage their symptoms (Rinn et al., 2023), this study
investigated (1) the efficacy of a three-month tablet-based training
program, aiming to improve cognitive and mental symptoms,
(2) the frequency of persistent symptoms of Covid-19 as well
as the incidence of cognitive and mental deficits, and (3) the
association between post-Covid symptoms and disease duration
with cognition.

Efficacy of a three-month tablet-based
training program

Our findings revealed significant improvements in the
intervention group compared to the control group regarding
subjective cognitive complaints and depression. Furthermore, we
observed that the MoCA Memory Index Score (MIS) did not
deteriorate in the intervention as compared to the control group,
suggesting a potential preservation of cognitive functions. These
results suggest that the training had positive effects on the mental
and emotional well-being of our patients. This aligns with positive
effects of previous training studies in other populations, such as
patients with Parkinson’s disease (Gavelin et al., 2022), or stroke
(Zhou et al., 2022). We believe that the combination of relaxation
exercises, which are known to be beneficial to improve mental
health (e.g., depression) (Jia et al., 2020) and the cognitive training
led to a decrease in subjective cognitive complaints of patients,
which subsequently might have resulted in a decrease of depressive
symptoms. As a result of cognitive training (especially memory
exercises of the training), patients in the intervention group, as
compared to those in the wait-list control group, showed no decline
in the MoCA memory index score. As we know from previous
literature that symptoms are fluctuating over time (Ziauddeen
et al, 2022), being part of the intervention group might have
counteracted a fluctuation in memory performance. However, in
the relatively small sample of this study, our training did not
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yield significant improvements in other domains such as attention
or executive functions, suggesting that the training may have
limitations in targeting these specific cognitive domains or that the
intervention duration was insufficient to yield measurable changes.
This might have been due to small, but possibly meaningful effects
which were not detectable. Additionally, the training intensity (i.e.,
the number of session participants completed per week) might have
been insufficient. Another reason might be task specificity, meaning
that the cognitive exercises may have focused more on memory and
subjective complaints and less on executive functioning and other
domains. Moreover, the absence of long-term effects indicates the
necessity for more intensified interventions to achieve sustainable
effects. Therefore, future research should explore strategies to
prolong the effects of such interventions. Additionally, the training
program needs to be adjusted in order to also induce improvements
in other domains (e.g., executive functions, attention, or fatigue).
For example, planning tasks could be incorporated, in which
patients plan a daily schedule or a shopping list, or tasks that
specifically target the subdomains of attention (e.g., divided
attention, selective attention, sustained attention). Notably, we
also found no effects with respect to fatigue, although fatigue
represents one of the most common symptoms in PCC (Leitner
et al., 2024). This negative finding highlights the need for future
studies to develop interventions targeting fatigue. In addition, the
impact of significant training effects on patients’ daily functionality
could be further assessed through quantitative (e.g., questionnaires
on activities of daily living) and qualitative interviews (e.g.,
focus groups) in future studies, which provide an extension to
quantitative research findings. Finally, no negative side-effects were
reported by patients.

Although the training had a significant effect on the domains
mentioned above, it is further essential to note that participants
in the intervention group either showed a decline in performance
again after stopping the training (FU1 - FU2), or the control group
improved from FU1 to FU2 even without training. This would
suggest that effects achieved through the training are not stable and
further, longer training periods are needed, or that training leads to
quicker improvement in specific domains, but these improvements
also occur spontaneously over time. A spontaneous improvement
of post-Covid symptoms over time was also reported by previous
studies (Derksen et al., 2023; Jason et al., 2021; Oliveira et al., 2022),
although not necessarily for neurocognitive symptoms (Jason et al.,
2021). Troscher et al. (2024), for instance, reported that around
three-quarters of patients showed an improvement of symptoms
after approximately 18 months (Troscher et al, 2024). This
gives hope to patients currently suffering from lingering Covid-
19 symptoms. Nonetheless, as persistent symptoms following a
SARS-CoV-2 infection can be significantly debilitating and lead to
limitations in the work and private life of those affected (Leitner
et al., 2024; Walker et al.,, 2023; Ziauddeen et al., 2022), training
options thatlead to a faster improvement of symptoms are essential,
especially since not all patients seem to recover spontaneously.
A faster improvement of symptoms might help individuals in times
of uncertainty regain their quality of life, reduce the risk of anxiety
and depression, and allow them to return to work earlier.

After all individuals, including those in the waitlist control
group, completed the tablet training, we merged both groups to
form a combined intervention group. This allowed us to increase
statistical power (the likelihood of detecting even small effects if
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they exist) by enlarging the sample size for further exploratory
analyses. We found significant improvements in attention (3/3
tests), executive functions (2/3 tests), memory (1/4 tests), subjective
cognitive complaints (1/1 test), fatigue (1/1 test), depression
(2/2 tests), anxiety (1/1 test), and quality of life (2/2 tests).
Although these results are remarkable, we cannot definitively
rule out a practice/training effect. Therefore, we subsequently
examined only those domains in which the original control group
(before combining the groups) did not show any improvements
during the period in which they did not receive training (BL
- FU2). We found a significant improvement in some tests of
the aforementioned domains, as the initial control group (before
combining the groups) did not show any improvements (indicating
that practice/familiarity effects or spontaneous improvements are
unlikely). However, it is important to note that these findings
are preliminary and should be validated in larger studies to
definitively rule out familiarity effects or spontaneous improvement
of symptoms over time. Additionally, seasonal variations and
effects such as regression to the mean could not be controlled
in this scenario.

As cognitive deficits might even persist for more than 2 years
post-infection ( ), and roughly 1 in 5 might
not be able to work at all due to their symptoms (

), effective tabled-based interventions need to be incorporated
into the treatment plan of patients with PCC ( ).
Trainings should take specific care for patients that are suffering
from severe fatigue, as physical or psychological exhaustion is
reached easily, which might lead to negative consequences. In
addition, future studies should investigate cognitive and mental
training in larger samples in order to substantiate the effectiveness
of such programs and address the issue of how long training
sessions should last to achieve sustainable effects.

Frequency of cognitive and mental
deficits

In our study, individuals suffering from post-Covid reported

a variety of different symptoms, including cognition-related
symptoms such as memory problems (85.0%) or brain fog (87.5%),
as well as symptoms such as fatigue (40.0%) and muscle pain
(27.5%). At baseline, almost all individuals reported subjective
cognitive complaints (97.5%). However, this might be attributed to
a sampling bias, as recruitment for the study specifically focused
on individuals with cognitive and mental deficits in the context
of post-Covid. In addition, although we asked patients explicitly
to provide only symptoms that have not occurred already prior
to the illness, we cannot rule out that some symptoms occurred
due to cognitive decline which is commonly observed in the
aging population. Furthermore, we found attention deficits in
17.5% of all participants, memory problems in 12.5%, as well as a
high rate of psychological symptoms including depression (up to
30.0%), anxiety (22.5%), or reduced quality of life across various
domains (up to 36.1%). These results are in line with a number
of previously published studies, indicating a high amount of
cognitive ( ; ), psychological
( ) and physical symptoms (
) in PCC. Although the number of patients with
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subjective cognitive complaints was substantial, these perceived
deficits were interestingly not correlated with cognition as assessed
during comprehensive neuropsychological testing. Findings like
these are not unusual, as previous research indicated that subjective
cognitive complaints are not necessarily associated with actual
cognitive deficits in different populations such as those with bipolar
disorders ( ) or traumatic brain injury (

). Also, in a recently published study on patients
with PCC, a high number of patients reported memory and
concentration problems but showed no difference in cognition
). This might
suggest that some individuals may have difficulties in accurately

compared to healthy controls (

assessing their cognitive abilities, although these complaints are
representing a significant burden for those affected. Finally, and in
line with , although there was a high prevalence
of deficits in specific domains, severe cognitive impairment was
relatively rare in our study sample. The absent of severe cognitive
impairment was particularly visible when focusing on global

screening instruments such as the MoCA ( ).

Association between acute/post-Covid
symptoms and disease duration with
cognition

Finally, we could validate that PCC is associated with
objectively measurable cognitive deficits ( ;
s ). The
number of symptoms experienced during a patients’ acute Covid-
19 illness was negatively associated with the performance in tests
assessing executive functions, memory, and general cognition
(MoCA) at the baseline assessment. This result is significant, as
it illustrates that the number of acute symptoms correlates with
cognitive performance in these domains, even though the acute
infection occurred months ago. A similar result emerged when
focusing on persistent (post-Covid) symptoms. The number of
post-Covid symptoms at baseline was associated with a decrease
in attention and memory abilities. The relationship between the
amount of post-Covid symptoms with short and long-delayed recall
abilities was further amplified by patients’ disease duration. For
individuals with a relatively short duration of post-Covid illness,
there was no correlation between symptom count and memory
performance (i.e., regardless of how many or few symptoms were
present, there was no effect on performance in memory tests). In
contrast, for individuals with a relatively long duration of post-
Covid illness, a higher number of post-Covid symptoms led to
poorer short- and long-term memory performance. These results
are a first indicator which suggests that training may be most
beneficial when offered early in the course of the illness, as the
impact of symptoms appears to become more prominent over time.
However, it is important to note that further research is needed to
confirm the optimal timing for long-Covid interventions.

In addition, post-Covid disease duration was not associated
with post-Covid symptom count. This contrasts previous studies,
suggesting that most symptoms show a decreasing prevalence
over time (i.e., with increasing disease duration) (

; ). However, it is likely that symptoms are

fluctuating or relapsing over time ( ) and
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that the prevalence (increase or decrease of symptoms over time)
depends on the type of symptoms (Tran et al., 2022).
Limitations

of the
comprehensive neuropsychological testing and the longitudinal

Despite numerous strengths study, such as
study design, it is important to note some limitations as well.
The impact of tablet-based interventions may mainly consist
of smaller effects, which can only be detected in larger samples
(hence requiring greater statistical power). The relatively small
sample size per group [as the study design focused on medium
to large effects (see power analysis)] could account for some
non-significant effects that might be detected in studies with a
larger sample size. Future studies should consider using more
conservative effect size assumptions and recruiting larger samples
to improve the generalizability of their findings. We also suggest
an exact recording of how often and for how long participants
perform the exercises to obtain a clearer picture of retention and
adherence. Another point to consider is that while we found more
effects after merging both groups into a single intervention group,
we cannot rule out the possibility that these effects arose due to
familiarity with the test material or spontaneous remission over
time. Also, seasonal variations and phenomena such as regression
to the mean could not be controlled in these exploratory analyses.
These results should therefore not be overinterpreted. Therefore,
future studies should focus on a similar training design with a
larger sample size to examine smaller but meaningful effects that
can be achieved through tablet-based interventions. In this regard,
we recommend that future studies also consider differences in
depressive symptoms between groups (as they can affect cognition)
and include an active control group in their study design. This
active control group should receive an alternative intervention
that is comparable in effort and duration but does not include
the active component of the main intervention (e.g., exercises to
improve cognitive functioning). This approach could significantly
improve the generalizability of the results. For recruitment, we
recommend ensuring that all age groups, races, and genders
have equal opportunities to participate in future studies. Another
general limitation of tablet-based interventions, as conducted in
this study, is the fact that the patients could not be blinded to
the treatment and therefore knew whether they belonged to the
intervention or control group. We also want to acknowledge that
this study was only registered retrospectively and not prospectively,
which we encourage future studies to do. A final limitation of the
study concerns the transferability of the effects into the daily
life, as it remains unknown whether the training also improved
participants’ everyday functioning.

Conclusion

Our study suggests that home- and tablet-based cognitive
and mental training may be partially effective in improving
specific symptoms associated with Post-Covid-19 condition (PCC).
Participants in the intervention group showed a significant
reduction in subjective cognitive complaints and depressive
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symptoms compared to a control group. Additionally, their MoCA
Memory Index Score remained stable, while it declined significantly
over time in the wait-list control group. From a clinical perspective,
such interventions could provide a valuable and flexible option to
support cognitive and psychological recovery in patients suffering
from PCC. Finally, we found preliminary evidence that the negative
association between the number of post-Covid symptoms and
participants’ memory performance becomes more pronounced
with increased disease duration. This is a first indicator which
suggests that training should be provided early in the course of
the illness. Future studies with larger sample sizes should include
an active control group and focus more on the transferability of
effects into patients’ daily lives. Overall, our findings suggest that
tablet-based training programs could be considered an additional
add-on therapy to improve cognition and mental health in patients
suffering from post-Covid-19 symptoms.
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