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Editorial on the Research Topic
 The NeuroCOVID-19 syndrome: cognitive and psychological profiles, physiopathology, and impact on neurologically vulnerable populations





1 Introduction—From COVID-19 to NeuroCOVID

The Coronavirus Disease 2019 (COVID-19) global pandemic, caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), has led to the identification of a broad range of post-acute COVID-19 neurological symptoms including cognitive impairments, executive dysfunctions, changes in sleep, emotional distress, pain and fatigue (1). Alarmingly, those post-acute sequelae of COVID-19 (PASC) can occur several weeks after infection, arise after severe, mild, or even asymptomatic SARS-CoV-2 infection, and are characterized by the persistence, worsening, or new onset of chronic and debilitating neurological symptoms, which have led to the use of NeuroCOVID syndrome terminology (2, 3).

Despite a global research effort in describing PASC, there are still many research challenges and many open questions, particularly relating to pathophysiology, specific biomarkers, effective treatments (3) and risk factors of cognitive deficits and other neurological manifestations (4).

The goal of this Research Topic was to consolidate and deepen our actual knowledge on cognitive and neuropsychological symptoms in NeuroCOVID syndrome. We highlight below the unique contributions to the Research Topic of 10 articles (seven reviews, one original article, and one case report), and discuss their findings in the broader context of the methodological pitfalls, knowledge gaps and future research needs in post-acute sequelae of COVID-19 (referred interchangeably to post-acute COVID-19 syndrome, PASC or NeuroCOVID in this editorial article).



2 Toward a comprehensive pathological understanding

Li et al. provide a broad perspective on the clinical and basic evidence of cognitive impairment following COVID-19 through an overview of the latest neuropsychological and neuroimaging findings. They then detail the five mechanisms by which COVID-19 may impair cognitive function and lead to memory loss, namely through (1) direct viral damage to the central nervous system (CNS), and indirect mechanisms such as (2) inflammation effects, (3) vascular and hypoxic changes, (4) metabolic impacts, and (5) immune response.

Interestingly, Bouhamdani et al. describe a unique case presentation of Nocardia farcinica cerebral abscess in a male patient with sudden immunodeficiency several months after mild COVID-19. This case strengthens the notion of immunomodulation after COVID-19 and well after the viral infection has cleared, and draws attention to the need for timely consideration of opportunistic infections for patients with a history of COVID-19.

Focusing on inflammation effects, Saucier et al. propose that disturbance of reactive microglia and astroglia potentially contribute to neurological impairment after COVID-19. They further illustrate an indirect pathway, where microglial activation and neuroinflammation are consequential repercussions of systemic inflammation induced by the SARS-CoV-2 virus infection and resulting in the blood-brain-barrier breakdown. They propose that the translocation of peripheral cytokines and immune cells to the CNS culminates in microglial activation and brain neurological damage.

Strikingly, in their original research article, Havdal et al. found no evidence of ongoing neuroinflammation, and neither brain injury biomarkers nor neurocognitive test results that were associated with subjective reported symptomatology. The discrepancy between subjective symptoms and objective findings adds to a growing body of evidence suggesting that PASC may be associated with functional CNS alterations and have origins more related to a combination of biological, psychological and social factors, rather than being solely biomedical in nature.

Even more surprising, they report that the SARS-CoV-2 infection status was not associated with PASC. Indeed, the percentage of PASC in the non-infected and in the infected groups were almost equal, at 47 and 48%, respectively, 6-month after the infection or baseline assessment. While some study limitations might partly explain these findings, Lavin et al. also discuss the possibility that the symptoms of PASC, notably pain, may arise independently of neuronal damage and/or interoceptive afferent signals, referring to published evidence of psychosocial factors as important predictors of persistent symptoms in PASC, at least in a subset of the patient population.

Therefore, it is still to be established whether the subjective experience of neurological and neuropsychological symptoms in PASC correspond with objectively measurable deficits.



3 The search for biomarkers

To determine the incidence of the common neurological abnormalities using magnetic resonance imaging (MRI) in patients with severe COVID-19, Boparai et al. conducted a meta-analysis including 32 studies. They report the incidence of any MRI abnormality to be 55%, with most injuries appearing to be of vascular origin. They note, however, that the presentation of brain injury was diverse among the studies with no substantial pattern of injury emerging. Moreover, their analysis of the association between MRI abnormalities and clinical findings further confirms that there are likely many mechanisms, both direct and indirect, by which brain injury occurs in COVID-19 patients.

Both Okrzeja et al. and Cull et al. reviewed findings obtained with several neuro-imaging modalities to identify NeuroCOVID-specific biomarkers. Okrzeja et al. reviewed neuroanatomical findings from three imaging modalities and their utility in differential diagnoses, namely, magnetic resonance imaging (MRI), positron emission tomography/computed tomography (PET/CT; and more specifically 18F-FDG-PET/CT), and computed tomography (CT). Notably, they highlighted the potential pathophysiological link between PASC and Guillain-Barré syndrome based on MRI findings that needs to be further explored. Cull et al. expanded their review to describe findings obtained with other advanced imaging techniques, such as SPECT imaging, 18F-Amyloid-PET/CT, structural MRI, functional MRI, diffusion MRI, and Susceptibility-weighted imaging.

Both studies highlight the potential of hypometabolism, as revealed by 18F-FDG-PET/CT in a subset of studies, as a quantitative marker of cerebral damage of post-COVID-19 syndrome. However, limitations and inconsistent findings highlighted by those two reviews led both teams to suggest combining different neuro-imaging modalities, from structural imaging to functional and metabolic imaging, to identify more specific and sensitive neurological markers of NeuroCOVID.

Overall, although numerous radiological findings have been reported in PASC patients, few studies have been able to link the brain lesions to the PACS symptoms. Comeau et al. reached similar conclusions from their review of studies using blood, plasma and/or cerebrospinal fluid biomarkers of neuronal injury and of inflammatory processes in PASC patients, stating that usefulness of the liquid biomarkers studied so far remains tenuous because of the heterogeneity of findings and of our insufficient state of knowledge on PASC.



4 The blurred line with neurodegenerative diseases

Complicating the understanding of NeuroCOVID pathophysiology is the symptoms' overlap with other neurological conditions (4).

The review published by Shajahan et al. explores the complex interrelationships between COVID-19 and Alzheimer's disease. They explain that Alzheimer's pathological terrain, such as increased proinflammatory cytokines, NLRP3 activation, and oxidative stress, even during its asymptomatic phase, could be a risk factor for severe neurological impact of SARS-CoV-2 infection. On the other hand, COVID-19 could trigger the onset of Alzheimer's disease by modulating pathological pathways in the brain that are common between both diseases through the direct or indirect mechanisms described by Li et al.



5 Summary and future directions

Through this Research Topic, we hoped to improve the knowledge of the risk factors and physiopathology of the NeuroCOVID cognitive deficits and other neurological manifestations. While there is still much more research that needs to be done to reach that goal, we believe that this Research Topic will initiate discussions on the psychosocial involvement as well as on the predictive value of objective neurological biomarkers in NeuroCOVID research and care.

From this Research Topic, we can draw three main conclusions:

• A complete and clear picture of the NeuroCOVID syndrome is hampered by the non-specific nature of the majority of clinical manifestations in the PASC spectrum, the lack of relevant control groups in most studies, and other methodological issues, such as small sample sizes or heterogeneous samples.

• The development and validation of biomarkers that can be employed for the prediction, diagnosis and prognosis of NeuroCOVID will stem from studies combining multimodal neuroimaging, liquid biomarkers investigation, and a thorough clinical assessment (including medical history, comorbidities and neuropsychological testing).

• The state of knowledge on NeuroCOVID lags behind the increasing care needs for patients experiencing PASC because of the varied factors impacting the clinical trajectories of both acute and long COVID-19 (clinical, Sociodemographic, genetic, psychosocial, environmental, ect.).

Large scale and multidisciplinary studies adequately designed to stratify the PASC population in subgroups of PASC symptoms profiles could help to better refine the risk factors associated with each of those different COVID-19 trajectories. Those subgrouping efforts could eventually guide the development of precision medicine and precision public health for the management of this post-COVID-19 clinical reality and of future pandemics.
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Post COVID-19 syndrome is determined as signs and symptoms that appear during or after an infection consistent with SARS-CoV-2 disease, persist for more than 12 weeks and are not explained by an alternative diagnosis. This review presents the neuropathological findings and imaging findings in Post COVID-19 Neurological Syndrome: the focal point is on the manifestations of involvement evident on brain and spine imaging.
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Introduction

The quickly developing coronavirus disease 2019 (COVID-19) pandemic was caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). Furthermore, the first cases of this illness were reported in Wuhan, Hubei Province, China (2). SARS-CoV-2 is typically connected with pulmonary infection which results in pneumonia, but recent studies indicate that other organs may be affected e.g., in the cardiovascular, immune, gastrointestinal and nervous systems (3).

Due to its strong affinity for the human angiotensin-converting enzyme 2 (ACE2) receptor, SARS-CoV-2 might infect the nervous system directly. This receptor is also present in neuronal and glial cells which might explain the observed neurological symptoms including: anosmia, peripheral neuropathy, and cerebrum disorders. In post-mortem studies, particles of SARS-CoV-2 were identified in the cerebrospinal fluid (CSF) and in the cytoplasm of hypothalamus and neocortex cells. Other findings in post-mortem studies were e.g., neuronal degeneration and death, oedema, cellular infiltration, and hyperplasia of the glial cells. An animal model research revealed that SARS-CoV-2 enters the central nervous system (CNS) via the olfactory bulb, expanding to nearby regions of the brain and causing significant perivascular inflammatory reaction and meningitis (4).



Case definitions

Post COVID-19 syndrome is defined by the World Health Organization (WHO) as “condition which occurs in individuals with a history of probable or confirmed SARS CoV-2 infection, usually 3 months from the onset of COVID-19 with symptoms and that last for at least 2 months and cannot be explained by an alternative diagnosis” (5).

Furthermore, it has been suggested that in treated individuals, coronavirus stays latent in the CNS for an extended period of time, capable of reactivating and causing neurological problems (4). Post COVID-19 Neurological Syndrome (PCNS) might comprise symptoms associated to residual inflammatory reaction, organ failure, and the influence on pre-existing diseases (6). Secondary hypoxia, cytokine-related dysfunction, and retrograde transit via the olfactory nerve and bulb are factors which could cause reactivation of SARS-CoV-2 (7).

Another point is that the pandemic numbers underline the importance of thorough and constant follow-up of all people with COVID-19, including those who are initially asymptomatic patients in the acute stage of the disease, with routine screening for possible long-term neurological effects. Such situations also need continuous contact between primary care physicians and neurologists in order to appropriately document and analyze them (8). A literature search was carried out in PubMed for this review to identify studies that included neuroimaging and neuropathological examinations of patients with PCNS. The keywords used to carry out this search were: (1) “COVID-19,” “Post COVID-19,” “Post COVID-19 syndrome,” and “Post COVID-19 Neurological Syndrome” for the PCNS; (2) “neuropathology,” “autopsy,” “post-mortem,” “neuropathological,” “neuroimaging,” “brain,” “MRI,” “magnetic resonance imaging,” “PET,” “positron emission tomography,” “neuroradiology,” and “vasculitis” for the neuroimaging/neuropathological findings. All article entries resulting from the initial search were screened to identify publications reporting original data, with no restrictions on the type of manuscript. The objective of this review is to describe radiological features which can be found in many cases of PCNS. It might be helpful for physicians and neurologists diagnosing PCNS.



Neuropathological findings after COVID-19

The most common neuropathologies of brain discovered in COVID-19 patients' autopsies are dispersed ischaemic/hypoxic damage, acute and subacute infarcts which could be big or slight—sometimes with a hemorrhagic constituent, vascular congestion that might be related to the hemodynamic lesions caused by the infection, and dispersed and focal microglial activation with destruction of neurons by phagocytic cells mainly localized in the lower part of brainstem (9, 10). It is not certain that all these lesions were caused by SARS-CoV-2, because some of the individuals were chronically ill and it is impossible to confirm whether all examined patients died of COVID-19 (9). Furthermore, neuronal injury and death in the lower part of brainstem might result in a variety of clinical manifestations, such as: abnormal cardiorespiratory regulation, lethargy, insomnia, and other clinical signs (9). Therefore, it is probable that associations between neurons and microglia were rather secondary to hypoxic/ischaemic damage, in the context of a systemic inflammatory response, than to a direct reaction to SARS-CoV-2 infection of nerve cells (9). Moreover, there was little T cell infiltration and no indication of acute vascular wall injury (9) (Figure 1).


[image: Figure 1]
FIGURE 1
 Inflammatory pathology in COVID-19 brains. (A) Section of the hypoglossal nucleus shows several motor neurons and a microglial module (arrow). (B) An adjacent section stained for CD68, showing clustered microglia in the nodule. Inset: Microglia in close apposition to a hypoglossal neuron (CD68). (C) An adjacent section stained for CD3, showing scattered T cells in the tissue and associated with the microglial nodule. (D) An adjacent section stained for CD8 showing that many of the T cells are CD8 +. (E) The locus coeruleus contains a microglial nodule with a degenerating neuron in the center, identified by its residual neuromelanin (arrow). (F, G) Neurons of the dorsal motor nucleus of the vagus surrounded by CD68 + microglia. (H, I) Microglial nodules in the dentate nucleus (arrows in H), neuron in the middle of a nodule (arrow in I), CD68. Scale bar in (D) = 200 μm for (A–D); in (E) = 10 μm; (F, G) = 50 μm; (H) = 100 μm; (I) = 50 μm. Adapted from Thakur et al. (9) (License Number 5472500477340).


The ability of SARS-CoV-2 to infect and replicate within the human brain has been demonstrated beyond a shadow of a doubt by the detection of genomic RNA and subgenomic RNA through polymerase chain reaction (PCR), numerous imaging methods presenting SARS-CoV-2 RNA and protein within cells of the CNS, and sequencing in the CNS (10) but quantitative real time-PCR (RT-PCR) on multiple frozen cerebral samples from many cerebrums revealed low or undetectable amounts of RNA of SARS-CoV-2. While there is significant heterogeneity among brain regions, the comparatively low concentrations of viral RNA imply that SARS-CoV-2 has weak CNS tropism (9). Interestingly, studies have shown that SARS-CoV-2 can occur in most regions of the nervous system, including both hemispheres, brainstem, thalamus, sciatic nerves, except the dura mater (9, 10).



Neurological and neuropsychiatric manifestations of Post COVID-19 Neurological Syndrome

The impact of the acute phase of COVID-19 on the nervous system should be discussed to highlight the differences between acute phase of COVID-19 and PCNS. Even though some neurological consequences in COVID-19 patients have been found, the exact association between the infection and the nervous system diseases is unclear. In clinical studies conducted in Wuhan (China) 36.4% of the COVID-19 patients had CNS symptoms and 8.9% had peripheral nervous system (PNS) symptoms (11). Neurological symptoms may not usually indicate a direct infection of the CNS or PNS, but can be the result of a strong systemic response to a COVID-19 outside the CNS or PNS. Nevertheless, recently reported cases of meningitis and encephalitis, associated with the coronavirus illness, imply that SARS-CoV-2 can directly attack the neurological system (12). Acute COVID-19 manifestations such as pain in muscles, vertigo, headaches, and disorders of concentration may have a neurological cause and continue after the acute period (13, 14). Furthermore, small emboli in cerebrum (15, 16), blood-brain barrier (BBB) failure (17, 18), inflammatory reactions in CNS (19) resulting in coagulopathy, and hospital admission initiators (e.g., mechanical ventilation and sedatives) may all have a role in long-term neurological issues (19, 20).

Post COVID-19 syndrome includes psychiatric problems caused by social isolation, panic, and the loss of family members (20). The hospitalization and intensive care unit (ICU) stay, as well as the duration of critical disease, are likely to impact the occurrence of neuropsychiatric disorders after infection too (18). Moreover, chronic symptoms can be caused by a mix of physiological factors. Coronavirus RNA, for instance, might persist in cerebrum tissue for an extended period of time, exacerbating neurodegeneration (14, 21–23). Furthermore, innate immune cell infiltration associated with BBB failure may extend neuroinflammatory processes (21, 24). In addition, injury during acute illness, and chronic exhaustion are strongly linked to the development of neuropsychiatric disorders after infection (mainly sleep difficulties) (25).

The most common signs of neurological and neuropsychiatric Post COVID-19 syndrome are exhaustion, cognitive disorders such as brain fog, memory difficulties, difficulty concentrating, and sleep abnormalities which might be found in nearly one-third of individuals 12 weeks following the beginning of acute COVID-19 disease. Moreover, these symptoms remains and are much more prevalent in the short period (3–6 months) than in the long period of time (above half year after infection) (20, 26).

Furthermore, atrophy of the hippocampus and cortex (23, 27, 28), ischemic alterations (29), and small vessel disease (SVD) (30) have been demonstrated to develop as a result of inflammatory reactions and oxidative stress during COVID-19 (23, 31). The long-term effects of these processes might show as cognitive impairment e.g., brain fog, memory difficulties, difficulty concentrating.

Anosmia, i.e., loss of the sense of smell, dysgeusia, i.e., taste disturbance, and headaches are prevalent symptoms of acute COVID-19 disease, but they are not significant features of PCNS (suggesting that these particular manifestations often disappear). In a retrospective study, individuals who experienced anosmia or taste disturbance during acute coronavirus illness, 68% regained their sense of smell and above 70% regained taste after almost 2 months from the beginning of the symptoms (32).

Less common disorders in PCNS are: Guillain-Barré syndrome (GBS), polyneuropathy, myopathy, encephalopathy, post-infectious transverse myelitis, seizures, parkinsonism, orthostatic hypotension which is connected with vasovagal syncope, strokes and neuro-ophthalmology problems, i.e., post-infectious optic neuritis—these disorders have been found in some of the individuals at the 12 weeks follow-up (33).

GBS has been more common since the epidemic began. Some papers have been published showing the link between SARS-CoV-2 infection and GBS (34). The great majority of GBS patients with COVID-19 have been para infectious, whereas GBS after infection is rare (35). There were twelve GBS cases described after healing from COVID-19. In this context, there is increased interest in the connection between COVID-19 and the progression of GBS which typically occurs during the early stages of infection (36). Several hypotheses have been proposed to describe the genesis of GBS following COVID-19. The most likely mechanism is the production of antibodies against SARS-CoV-2 surface glycoproteins which might induce peripheral nerve damage due to similar native protein forms (34).

Consistent with previous studies, the chance of cerebrovascular episodes rose after COVID-19, with the frequency of ischemic stroke rising to roughly 1 in 10 (20). SARS-CoV-2 may cause stroke by a number of processes, such as: invasion of the vessel walls which results in coagulopathy due to endothelial inflammatory reactions, heart damage which results in clot formation, or destabilization of an atheroma plaques (37). Stroke has been observed in multiple studies about active COVID-19 disease, but stroke following COVID-19 without active illness has only been described in a few clinical studies (38).

According to analyses on SARS-CoV-1 and MERS, the majority of individuals return to full health after these viral diseases and might have many neurological sequelae even years later (39). Despite extensive studies on COVID-19 neurological symptoms and sequelae, only a few examples of neurological effects after full recovery from COVID-19 illness have been reported (40).



Which radiological features can we find in the imaging of the Post COVID-19 Neurological Syndrome?

Radiological examinations are one of the most important aspects of the diagnosis of many diseases. They are very often needed by doctors to confirm their current diagnostic hypotheses. PCNS is a relatively new neurological disorder, so only few studies describe the radiological imaging in the PCNS. This review brings together the radiology achievements of the PCNS imaging. The most useful types of imaging of the PCNS are magnetic resonance imaging (MRI), positron emission tomography/computed tomography (PET/CT) and computed tomography (CT).

The capacity to perform a whole-body examination, good individual compliance, and a high safety profile are benefits of PET/CT (41). The brain 18F-FDG-PET signal was taken as a direct indicator of neuronal activity (41). Local glucose metabolism and 18F-FDG brain uptake have been shown to be connected with the regional neuronal and synaptic activity due to neurotransmission and neurotransduction require a lot of energy (42). According to newer research, astrocytes also play a substantial role in the 18F-FDG-PET signal (43, 44).

According to certain studies, patients with Post COVID-19, who have chronic functional problems, have 18F-FDG-PET hypometabolism in several cerebrum areas (45–48). After analyzing the 18F-FDG cerebral PET of patients with PCNS, with a scientifically verified diagnosis of SARS-CoV-2 disease and chronic functional symptoms at least 3 weeks after the first infection, scientists discovered hypometabolism in: the bilateral orbital gyrus which contains the olfactory gyrus, the right parahippocampal gyrus, the right temporal lobe e.g., amygdala, hippocampus, and thalamus, the bilateral cerebellum and the bilateral pons/medulla brainstem (45–48) (Figures 2, 3). Furthermore, this hypometabolism was linked to the patients' problems e.g., memory and cognitive dysfunction, sleep disturbances and pain (45–47). Moreover, a new research with 18F-FDG-PET demonstrated the neurological long-term consequences of COVID-19 (49). The imaging revealed abnormal findings in more than 66% of the individuals, most of whom presented fronto-parietal hypometabolism (49). In conclusion, the 18F-FDG-PET data demonstrated above suggests that the frontal, temporal, and parietal lobes are sensitive to SARS-CoV-2 infection (45–49).
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FIGURE 2
 Brain [18F]FDG PET analysis. Regions of hypometabolism compared to controls in the 13 long COVID patients (A) and subgroups of patients showing persistence of anosmia (B), fatigue (C), or mild-to-moderate vessel [18F]FDG uptake (D). Regions of significant difference are color-graded in terms of Z-values. Adapted from Sollini et al. (46) (License Number 5472490224310).
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FIGURE 3
 Brain 18F-FDG PET hypometabolism in patients with long COVID. In comparison to healthy subjects, the patients exhibit hypometabolism in the bilateral rectal/orbital gyrus, including the olfactory gyrus; the right temporal lobe, including the amygdala and the hippocampus, extending to the right thalamus; the bilateral pons/medulla brainstem; the bilateral cerebellum (p-voxel < 0.001 uncorrected, p-cluster < 0.05 FWE-corrected; SPM8 3D rendering). Adapted from Guedj et al. (45) (License Number 5474900644082).


Interestingly, Verger et al. reported not only 18F-FDG-PET hypometabolism in cerebrum of patients with PCNS but also the demonstration of a brain impairment, and the differential diagnosis of PCNS in 18F-FDG-PET (47). The authors claims that an individual PET hypometabolism, suggesting network-based involvement, may indicate a real cerebrum impairment (47). Therefore, brain FDG PET could be a good type of imaging to objectify brain involvement in patients with PCNS—it might affect both a specific prognosis and treatment (47). Moreover, Verger et al. describe that PCNS should be differentiate from neurodegenerative diseases, encephalitis/encephalopathy, and psychiatric disorders in FDG PET (47). In addition, new PET radiotracers should be used in future studies to assess PCNS (47, 50, 51). For example, the translocator protein 18 kDa (TSPO) could be a good radiotracer for neuroinfammation PET targeting in PCNS because neuroinfammation is one of the primary hypotheses which explains cerebrum damage in patients with PCNS (47, 50, 51).

CT is one of the most frequently used imaging techniques in medicine due to: the short scan time, low cost and relatively high accuracy of an imaging examination in many disorders. In the case of PCNS imaging, CT is useful for detecting vascular alternations in the CNS (52–54).

Some cases in the literature of PCNS, in which CT was used, describe vascular changes in the brain. Patients with PCNS with lesions in CT imaging ranged from 53 to 85 years of age (52–54). The alternations in CT of CNS in most cases were not related to the clinical symptoms of PCNS (52–54). Typical manifestations of PCNS in CT imaging were: a moderate hypodensity in the frontal lobe (acute infarct), an insular area infarct, acute large parietal-occipital and cerebellar infarcts, acute infarcts of the middle cerebral arteries (MCAs), an occlusion and infarct of the posterior cerebral artery (PCA), a hemorrhagic stroke (48, 52–54). Moreover, CT angiography can make the changes visible such as: a thrombotic occlusion of a proximal M2 branch of the middle cerebral artery and an occlusion of the MCA (48, 52, 54). It should also be taken into account that some of these lesions may be related to age or chronic diseases of patients (52–54).

MRI is a non-invasive method that may give detailed, multi-parametric data on cerebrum structure, function, and metabolism (55). The lesions observed in MRI have a much wider scope of the PCNS imaging than PET/CT and CT (48, 56–58). They include, among others: vascular lesions in the CNS, changes in the brain, spinal cord and cranial nerves which confirm the diagnosis of GBS, neurodegeneration and gliosis (48, 56–58). Patients with PCNS with lesions in MR imaging ranged from 11 to 88 years of age (48, 56–58).

The cerebrovascular alternations in MRI of the CNS in most cases were not related to the neurological symptoms of PCNS (48, 56–58). There were some studies which describes patients with hyperintense subcortical images, as well as in occipital and frontal (bilaterally) white matter in T2-weighted and FLAIR sequences and hypointense lesions on T1-weighted images (48, 56–58). Typical vascular manifestations of PCNS in MR imaging were: an acute brain infarct in striatum, thalamus, pons, occipital lobes, temporal lobes and cerebellum, many small regions of restricted diffusion in the centrum semiovale which indicate a small acute infarction, an acute infarction near the frontal horn, blood vessels occlusion e.g., mild stenosis of the M1 segment, a thrombus in the basilar artery, bilateral P2 segment stenosis, intradural vertebral artery occlusion (48, 52, 53, 56–58). Interestingly, the occurrence of a cerebral vasculitis in the context of PCNS has also been described (48, 57, 58). Figure 4 shows exemplary hyperintensive foci and lesions in the form of engorgement of deep medullary veins and Figure 5 presents vasculitis changes in the form of thickening of the vessel wall, its irregularities and contrast enhancement (Figures 4, 5).
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FIGURE 4
 Magnetic resonance imaging of the brain of a patient with post COVID-19 symptoms. Coronal (A, B) and axial (C, D) 3D-FLAIR images demonstrate multiple hyperintensities located within subcortical and deep white matter. Axial precontrast T1-weighted image (E), and contrast enhanced axial T1-weighted images (E–H) with axial T1-weighted subtraction maps (J–L) show subtle parenchymal enhancement along the course of deep located parenchymal veins (white arrows). Corresponding SWI image (I) demonstrates engorged some deep medullary veins (yellow arrows).
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FIGURE 5
 Vessel wall imaging (VWI-MR) of the brain of another patient who experienced post COVID-19 symptoms. Axial (A, B) and coronal (C) precontrast T1-weighted images, and contrast enhanced axial (D, E) and coronal (F) T1-weighted images, show segmental concentric wall thickening and enhancement of M2 left middle cerebral artery segments (arrows) consistent with cerebral vasculitis.


GBS has become increasingly frequent after the outbreak of pandemic (59–63). Several studies have shown a relationship between PCNS and GBS (59–63). Part of them describe lesions in the CNS observed in MRI (59–63). Alternations of the GBS in PCNS in the spinal cord demonstrated in MRI include an enhancement of the cauda equina nerve roots in T1-weighted images after gadolinium contrast (59–63). They are associated with the impairment in lower extremities (59–63). Furthermore, contrast-enhanced T1-weighted MR imaging of the head in GBS after COVID-19 revealed cranial nerves implication (more precisely enhancement of the bilateral facial nerves after contrast) (59–63). Approximately 18% patients have contrast-enhancement of the cranial nerves in GBS connected with the PCNS in MRI examination (59–63). Typically GBS after COVID-19 is associated with the: negative result of the examination for serum anti-glycolipid Ab (antibodies), a CSF test demonstrates albuminocytologic dissociation SARS-CoV-2 PCR in the CSF is negative (59).

It is worth mentioning that GBS has the chronic counterpart involving peripheral nerves which called chronic inflammatory demyelinating polyneuropathy (CIDP) (64). What is more, some individuals may show an acute presentation of CIDP that strongly resembles GBS that it is sometimes difficult to differentiate them (65). A large number of studies describe the connection between COVID-19 and GBS, but some of them show an association between COVID-19 and CIDP (66). Thickening and enhancement of peripheral nerves which sometimes resemble onion bulbs, brachial and lumbosacral plexus, and nerve roots are characteristic MRI findings of CIDP (64–66). Furthermore, a third of individuals have cranial nerve involvement (64) (Figure 6).
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FIGURE 6
 Magnetic resonance imaging of the cervical spine of a patient with chronic inflammatory demyelinating polyneuropathy (CIDP) after COVID-19 infection. Sagittal (A) and axial (F) precontrast T1-weighted images, and postcontrast sagittal (B) and axial (G, H) T1-weighted images with sagittal T1-weighted subtraction maps (C, D), demonstrate bilateral enhancement of the ventral nerve roots (white arrows). Axial T2-weighted image (E) demonstrate discrete the hyperintensities in the anterior horns of gray matter (yellow arrows).


Many hyperintense focal regions in periventricular and subcortical white matter, as well as semioval centers, might be identified in the cerebrum MRI after intravenous gadolinium contrast administration in long TR scans, particularly in FLAIR (67). These MRI results are linked to symptoms including persistent tiredness, headache, anxiety episodes, and severe depression which may be manifestations of the PCNS (67). These changes in the cerebral tissue are quite comparable to those found in ~40–45% of people experiencing migraine, systemic immunological disorders, and connective tissue inflammatory reactions (67). These disorders associated with the vasoconstriction, may cause microthrombosis which leads to neurodegeneration and gliosis (48, 67).

Furthermore, Douaud et al. investigated cerebrum lesions in MRI of patients with PCNS and discovered significant longitudinal effects (68). Many patients presented a reduction in gray matter thickness, in cerebrum size, and contrast of tissue in the orbitofrontal cortex and parahippocampal gyrus (68). Some of individuals demonstrated areas associated with the primary olfactory cortex in which changes in markers of tissue damage might be seen (68). These primarily brain imaging findings could be the features of a degenerative spread of the illness through olfactory pathways, of neurological inflammatory processes, or of the loss of sensory input (68). In addition, these examined patients with PCNS presented a cognitive decline (68).

Overall, PCNS should be considered a diagnosis of exclusion because there are currently no imaging findings considered to be specific for PCNS, and there is significant overlap with other neurologic illnesses (47, 69, 70). Therefore, clinical examination and EEG in conjunction with radiological examinations are also an important aspect to make a proper diagnosis of PCNS (47, 69, 70). The clinicians examining PCNS-like symptoms should remember about differential diagnoses e.g., stroke, cerebral vein thrombosis, neurodegenerative diseases, encephalitis, encephalopathy, seizures, insomnia, anxiety, depression, Post Traumatic Stress Disorder (PTSD), and other mental disorders, in which imaging techniques such as PET/CT, CT and MRI might be very helpful (47, 69, 70).



Conclusions

In conclusion, PCNS is one of the most significant long-term worldwide public health problem that involves both hospitalized and non-hospitalized people. Age above 65, chronic pulmonary illness, heart diseases, high blood pressure, adiposity and diabetes are the most important risk agents for SARS-CoV-2 infection-related sequelae such as PCNS (71).

More studies are needed to define CNS neuroimaging in patients with PCNS. However, several imaging studies which describe lesions in PCNS may be of great clinical importance in the future. Several of them claim.


PET/CT

The 18F-FDG-PET signal in the cerebrum is used as an index of activity of neurons. Researchers observed hypometabolism in the bilateral orbital gyrus, right parahippocampal gyrus, frontal lobes, parietal lobes, right temporal lobe, bilateral cerebellum, and bilateral pons/medulla brainstem after assessing the 18F-FDG cerebral PET of PCNS patients. Moreover, this hypometabolism has been connected to the individuals' disorders e.g., memory and cognitive failure, sleep disorders, and pain. Furthermore, 18F-FDG-PET is considered as a good type of imaging to differentiate PCNS from neurodegenerative diseases, encephalitis/encephalopathy, and psychiatric disorders.



CT

CT is beneficial for identifying cerebrovascular lesions in the CNS in the PCNS imaging. In most patients, the changes in CT of the CNS were unrelated to the clinical manifestations of PCNS. An acute infarct of the frontal lobes, acute large parietal-occipital and cerebellar infarcts, acute infarcts of the MCA, an occlusion and infarct of the PCA, a hemorrhagic stroke, a blockage of a proximal M2 branch of the MCA, and an occlusion of the MCA were the most often manifestations of PCNS.



MRI

Magnetic resonance imaging has a significantly broader spectrum of the PCNS imaging than PET/CT and CT. In MRI, typical signs of PCNS included: infarcts in the striatum, thalamus, pons, occipital lobes, termporal lobes, and cerebellum, many minor areas of restricted diffusion in the centrum semiovale, blood vessel occlusion, cerebral vasculitis, and a reduction in gray matter thickness, in brain size, and tissue contrast in the orbitofrontal cortex and parahippocampal gyrus. After contrast administration, several hyperintense focal areas in periventricular and subcortical white matter, and semioval centers, may be seen in cerebrum MRI in long TR scans. These MRI findings have been connected to manifestations that are similar to PCNS symptoms. Finally, changes in the GBS in the PCNS of the spinal cord shown in MRI include an enhancement of the cauda equina nerve roots in T1-weighted images with contrast. Additionally, contrast-enhanced T1-weighted MRI of the head in GBS, following COVID-19, demonstrated enhancement of the facial nerves. Furthermore, CIDP, as the chronic counterpart to GBS, associated with the Post COVID-19 condition presents thickening and enhancement of peripheral nerves, brachial and lumbosacral plexus, nerve roots and demonstrates the hyperintensities in the gray matter.

CT, PET/CT, and MRI examinations of the cerebrum should be performed in each case of PCNS (broad availability examinations), in order to assessment any abnormalities of the brain to better identify PCNS. Frequent usage and documentation of these imaging methods could accelerate the development of imaging techniques in PCNS. In summary, our review demonstrated that despite healing from an acute disease, the epidemic underlines the importance of continued, extensive follow-up of all patients with COVID-19, because they may have complications later such as PCNS.
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The COVID-19 pandemic and the associated post-acute sequelae of COVID-19 (PASC) have led to the identification of a complex disease phenotype that is associated with important changes in the immune system. Herein, we describe a unique case of Nocardia farcinica cerebral abscess in an individual with sudden immunodeficiency several months after mild COVID-19. Intravenous Bactrim and Imipenem were prescribed for 6 weeks. After this, a 12-month course of Bactrim and Clavulin was prescribed to be taken orally, given the N. farcinica infection at the level of the central nervous system. This case report highlights the need for future research into the pathophysiology of COVID-19 and PASC immune dysregulation in convalescent individuals. It also draws attention to the need for timely consideration of opportunistic infections in patients with a history of COVID-19.
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1. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV2) is the causal agent of the coronavirus disease 2019 (COVID-19) global pandemic (1). Alarmingly, long COVID or post-acute sequelae of COVID-19 (PASC) can occur several weeks after infection in a subset of individuals and englobes a multitude of health problems (2, 3). This multisystem disease can arise after severe, mild, or even asymptomatic SARS-CoV2 infection (4, 5) and is characterized by the persistence or onset of new chronic symptoms lasting longer than what is ordinary in most cases of viral infection (6, 7). Indeed, this post-infectious syndrome draws a unique parallel with Ebola and SARS-CoV-1 (8, 9), wherein a long-lasting dysregulation of the immune system is observed long after the infection has cleared (10). Notably, flow cytometry analysis of COVID-19 convalescent individuals, both hospitalized and non-hospitalized, demonstrated that numerous adaptive and innate immune cells were decreased, and activation/exhaustion markers were elevated in T- and B-cell populations (11). Significant lymphopenia (CD4+ and CD8+ cells) in convalescent individuals were also identified by others (10, 12), and these changes in the peripheral immune system could potentially influence how individuals respond to other infections during this post-COVID-19 timeframe (10), potentially rendering some patients in a state of immunodeficiency.

Individuals may become immunocompromised secondary to underlying malignancies, cancer therapeutics, human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS), in situations of organ transplant, and after receiving a prolonged corticosteroid regimen (13, 14). Immunocompromised individuals are particularly vulnerable to infections, notably nocardiosis for which the causal agent is Nocardia species, a ubiquitous soil-dwelling Gram-positive bacteria. Nocardia asteroids are most associated with human disease (15); however, the less common Nocardia farcinica is associated with a higher risk of dissemination, drug resistance, and by extension, a higher mortality rate (16–18). The lungs are the primary site of Nocardia spp. infection and, when limited to the lung, can be treated with antibiotic treatment. This is however not the case when immunosuppression is prolonged, and secondary sites of infection are established (14); in such cases, bacteremia may later manifest as brain abscesses (19). Mortality rates in the central nervous system involvement range from 40 to 87%, despite therapeutic interventions (20, 21).

Herein, we describe a unique case of N. farcinica cerebral abscess in an individual with sudden immunodeficiency several months after mild COVID-19.



2. Case description

A male patient in his 50s with a history of high blood pressure, duodenal ulcer, dyslipidemia, and a history of smoking and alcoholism presented at the emergency with left-sided transient hemiparesis. Magnetic resonance imaging showed an enhancing lesion involving the high convexity on the right of the frontal lobe measuring ~1.9 cm × 1.7 cm, associated with marked adjacent vasogenic edema (Figures 1A, B). A biopsy of the lesion highlighted brain parenchyma with reactive gliosis and no significant findings except the growth of Propionibacterium acnes in broth cultures. On repeat imaging a couple of weeks later, there was an increase in the size (2.9 cm) of the ring-enhancing posterior right frontal/anterior parietal lobe, as well as a new ring-enhancing posterior right frontal lobe lesion measuring 1.1 cm, superior to the lesion described earlier (Figure 1B). There was also central restricted diffusion. A neurosurgical biopsy showed gliotic brain tissue, necrotic debris, neutrophils, and macrophages within the abscess. Beaded, filamentous bacilli were detected and later confirmed on growth media by Public Health Laboratory to be N. Farcinica (Figures 2A, B). Susceptibility results confirmed amoxicillin/clavulanic acid, Imipenem, and trimethoprim–sulfamethoxazole as potentially efficacious against the harvested strain (Supplementary Figure 1).


[image: Figure 1]
FIGURE 1
 (A) Timeline of an episode of care. The patient contracted COVID-19 with mild symptomatology. Thirty days later, the patient was diagnosed with pneumonia and at day 60, presented with hemiparesis. MRI revealed a cerebral lesion. At day 85, the patient presented worsening neurological symptoms and a second MRI showed an additional lesion as well as an increased size of the primary cerebral lesion. At this time, a second biopsy confirmed N. farcinica. (B) MRI imaging showing an abscess involving the high convexity on the right of the frontal lobe measuring ~1.9 cm × 1.7 cm associated with marked adjacent vasogenic edema (a, b). On repeat imaging, an increase in the size (2.9 cm) of the ring enhancing posterior right frontal/anterior parietal lobe is seen, as well as a new ring-enhancing posterior right frontal lobe lesion measuring 1.1 cm, superior to the lesion described prior (c, d).



[image: Figure 2]
FIGURE 2
 (A) Modified acid-fast staining on biopsy showing acid-fast rods. (B) Grocott staining.


At 1 month preceding N. farcinica cerebral abscess, the patient had contracted pneumonia (inferior right lobe) and was treated with amoxicillin/clavulanic acid, taken orally, twice daily for 10 days. Although the causal agent for the pneumonia was not confirmed to be N. farcinica, this route of dissemination (from the lungs to the brain) is very likely as 58% of central nervous system niches originate from the lungs (16). The patient had also contracted COVID-19 1 month before pneumonia, which was confirmed by bedside testing. The patient was fully immunized against COVID-19 (three doses of mRNA vaccine) before contracting the disease.


2.1. Investigations

The patient first presented to emergency services for temporary hemiparesis. Given the patient's cardiovascular history, temporary hemiparesis was initially suspected to be the result of an ischemic stroke. After this initial visit, the patient presented three additional times to emergency services over the course of 3 weeks (Figure 1A). Upon the second admission, an MRI was performed, which indicated a cerebral abscess rather than an ischemic stroke (Figures 1A, B). Upon the third admission, a neurological biopsy was negative for bacterial growth, and precautionary antibiotic treatment was prescribed. On the fourth and final visit to emergency services, neurological symptoms had progressed. The growth of the abscess prompted a second neurological biopsy and Public Health Laboratory testing, which revealed the presence of N. farcinica (Figure 1B). As cases of N. farcinica are mostly found in immunocompromised individuals, immunological flow cytometry analysis of peripheral blood was performed. Indeed, the patient had an immunodeficient profile, but immunosuppression was neither the result of corticosteroid use nor HIV/AIDS. More specifically, lymphopenia was documented in populations CD3+CD4+, CD3+CD8+, and CD3−CD16+CD56+, albeit CD19-labeled cells (B lymphocytes) were increased (Table 1). Serum immunoglobulins were all reported to be within the reference range for IgG, IgA, and IgM. Flow cytometry was performed 15 weeks after the patient experienced mild COVID-19 (Table 1).


TABLE 1 Immune assessment.
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2.2. Treatment

Intravenous Bactrim and Imipenem were prescribed for 6 weeks. After this, a 12-month course of Bactrim and Clavulin was prescribed to be taken orally, given the N. farcinica infection at the level of the central nervous system, especially because of the immunosuppressive state.



2.3. Outcomes and follow-up

Antibiotic treatment was effective, and no other issues with infection were experienced afterward. The patient followed a 6-week rehabilitation plan for neurological sequelae and is doing well, despite some residual neuropathy of the left leg.




3. Discussion

Corticosteroids are often used in COVID-19-related pneumonia and may lead to an immunocompromised state (22–25) and opportunistic N. farcinica infection (26). However, in this case, the patient had not been prescribed any such treatment or other immunomodulators. The immunocompromised state was therefore presumed to have been SARS-CoV2-related. Furthermore, the occurrence of the ailment extended beyond the habitual course of infection and well into PASC territory. The immune response to SARS-CoV2 is believed to be responsible for the enduring symptoms in PASC, potentially through a persisting inflammatory process (27). In this case report, although the immunocompromised state was not typically so severe for opportunistic infection, we believe that the altered immune state in PASC indeed may have enabled N. farcinica infection. T-cell lymphopenia was documented, albeit with an accompanying rise in B lymphocytes, as previously documented (10–12). Therefore, we hypothesize that N. farcinica infection may potentially have been facilitated by an exhausted immune system; it is becoming increasingly apparent that COVID-19 may lead to an altered immune state and lymphopenia (27–32). Indeed, the immune response to Nocardia spp. is mediated by CD8+ T cells, whereas B lymphocytes and humoral immunity do not appear to be as important (33), such that the immunocompromised host will be susceptible to such infections (34). Analogously, mucormycosis and links to abnormalities in immune cells after a bout of asymptomatic COVID-19 have also been documented (31, 35). The patient in this study had not received corticosteroid treatments, was not HIV positive, and had similarly contracted COVID-19 but remained mildly symptomatic (31). Hence, it is possible that delayed recovery of T cells may lead to an increased risk of life-threatening infections. Little is currently known about T-cell modulation in mildly symptomatic and asymptomatic disease, as most studies have been carried out in more severe cases of COVID-19.

Furthermore, the considerable systemic inflammation during COVID-19 can lead to endothelitis and disruption of the blood–brain barrier (36, 37), which may have facilitated the entry of N. farcinica into the brain. Taken together, both the immunocompromised state and the potential disruption in the blood–brain barrier may have created a propitious environment for the growth and dissemination of the bacterium.

The patient underwent two neurological biopsies to detect bacterial growth. The first biopsy came with the growth of P. acnes in the broth only. The second biopsy was sent to a Public Health Laboratory, which identified the causal agent. Nocardia farcinica cultures are fastidious, and so, laboratory testing may be negative even in the event of nocardiosis (14); hence, failure to ensure proper growth conditions for an adequate amount of time may fail to reveal growth. Furthermore, if N. farcinica had originated from the lungs, the 10-day amoxicillin/clavulanic acid treatment during pneumonia was not sufficient to fully treat the infection as treatment is recommended to last several months (38). A limitation of this case report remains the absence of confirmation of the lungs being the primary site of N. farcinica infection. Another important limitation is the lack of understanding regarding the molecular and cellular mechanisms leading to PASC and susceptibility to opportunistic infections. This case emphasizes the importance of early consideration of opportunistic infection in patients with a known history of COVID-19.

This case report highlights the need for future research into the pathophysiology of COVID-19 and PASC immune dysregulation in convalescent individuals. It also draws attention to the need for timely consideration of opportunistic infections for patients with a history of COVID-19.



4. Conclusion

This unique case presentation strengthens the notion of immunomodulation after mild COVID-19 and well after the viral infection has cleared. Recognizing these features might prompt considering and testing for infection early on.
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Long COVID syndrome, also known as post-acute sequelae of COVID-19 (PASC), is characterized by persistent symptoms lasting 3–12 weeks post SARS-CoV-2 infection. Patients suffering from PASC can display a myriad of symptoms that greatly diminish quality of life, the most frequent being neuropsychiatric. Thus, there is an eminent need to diagnose and treat PASC related neuropsychiatric manifestation (neuro-PASC). Evidence suggests that liquid biomarkers could potentially be used in the diagnosis and monitoring of patients. Undoubtedly, such biomarkers would greatly benefit clinicians in the management of patients; however, it remains unclear if these can be reliably used in this context. In this mini review, we highlight promising liquid (blood and cerebrospinal fluid) biomarkers, namely, neuronal injury biomarkers NfL, GFAP, and tau proteins as well as neuroinflammatory biomarkers IL-6, IL-10, TNF-α, and CPR associated with neuro-PASC and discuss their limitations in clinical applicability.
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1. Introduction

Persistent neurological and psychiatric symptoms associated with coronavirus disease 2019 (COVID-19), referred to as neurological symptoms of Post-Acute Sequelae of COVID-19 (neuro-PASC), has garnered much attention since the beginning of the pandemic (1–4). Symptoms persisting 3–12 weeks after infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) include fatigue, cognitive dysfunction, sleep disorders, anxiety disorders and dementia, among others (1, 4–7). Neurological symptoms represent some of the most debilitating symptoms of PASC (1). Furthermore, the commonality of these symptoms signals an urgent need for clinically relevant tools for the diagnosis and management of the illness (1, 5, 6, 8, 9). Opportune and accurate diagnosis of neurological disease in clinical practice is of great importance; in this context, biomarkers may represent a potentially viable diagnostic tool. Biomarkers could be used in guiding clinical diagnosis, prognosis, evaluating disease stage and monitoring disease progression or disease-modifying therapies. Furthermore, identifying reliable biomarkers in neuro-PASC could avoid misdiagnosis which can lead to suboptimal care and avoid unnecessary care-seeking and costly investigations due to diagnostic uncertainty (7). Liquid biomarkers have proven to be extremely useful in the assessment of neurological disease (10) and as indicators of general neurodegeneration and glial activation (11). More specifically, liquid biomarkers from the blood or cerebrospinal fluid (CSF) are particularly practical as they are cost-affective, highly specific and sampling is minimally invasive (12). The aim of this review is to summarize the current knowledge about clinically relevant biomarkers in neuro-PASC and their potential applicability and limitations. We focused our mini-review on the biomarkers that had been the most described and reported in the literature. These biomarkers include neuronal injury biomarkers neurofilament light chain (NfL), glial fibrillary acidic protein (GFAP) and tau proteins as well as inflammatory markers Interleukin (IL)-6, IL-10, tumor necrosis factor alpha (TNF-α) and C-Reactive Protein (CRP).



2. Potential neuro-PASC biomarkers


2.1. Neuronal injury biomarkers


2.1.1. NfL and GFAP

Plasma NfL and GFAP are well established biomarkers of central nervous system disease diagnosis and progression (13, 14). NfL is a major structural protein only expressed in neurons and an indicator of axonal degeneration and injury used as a blood and CSF biomarker in the assessment of neurodegenerative diseases including frontotemporal lobal degeneration, amyotrophic lateral sclerosis, Alzheimer’s disease (AD), Multiple Sclerosis and primary tauopathies (15–17). Levels of NfL are associated with the intensity of on-going neurodegeneration (17–19) as well as the clinical effectiveness of treatment modalities (20, 21), making it an invaluable clinical tool. GFAP is also an important blood and CSF biomarker. GFAP is an astrocytic intermediate filament which signals astrocytic damage or activation, the presence of which is found in neurodegenerative diseases (22–25) and neuroinflammatory conditions (26, 27).

NfL and GFAP have been found to be elevated in the blood and CSF of patients with COVID-19 as well as in patients with COVID-19 related neurological symptoms (neuro-COVID-19) (28–43). An association between these biomarkers and COVID-19 has been demonstrated during the acute phase of the disease; levels are notably increased in severe cases with neurological involvement and unfavorable outcome (30, 35, 39, 44, 45). Demonstrably, NfL and GFAP were found to be elevated in deceased hospitalized COVID-19 patients (32, 36) and were higher in this cohort when compared to convalescent patients (32). A longitudinal study measuring the trajectories of GFAP and NfL found that patients with severe disease presented an early peak of GFAP during the acute phase which quickly resolved within the first 21 days, and NfL levels were maintained past the 3-week mark (39). Unfortunately, given the severity of the illness, a full neurological and cognitive evaluation was not feasible in this cohort, nor was long-term follow up to evaluate the presence of neuro-PASC in these individuals. In patients with self-reported neuro-PASC (mostly trouble concentrating, headache and dizziness) approximately 4 months after initial infection, plasma NfL and GFAP were measured at early (< 90 days) and late (> 90 days) recovery and compared to levels in patients who did not go on to report neuro-PASC (46). At early recovery, those reporting neuro-PASC symptoms had elevated GFAP but no changes in NfL, and during late recovery neither GFAP nor NfL levels were elevated. Furthermore, there were no significant difference between the two groups at either time point when considering the presence of neurological symptoms during acute infection. Taken together, this may support the possibility of early CNS injury without ongoing neurologic injury even though clinical symptoms persist (46). Irrespective of disease severity, levels of NfL and GFAP were also found to steadily decrease over time and normalize around the 6-month mark (40). In a subset of patients, although levels returned to normal, neurological symptoms persisted, namely, fatigue, brain-fog, and changes in cognition (memory loss and lack of concentration) (40); furthermore, these persistent symptoms were also not correlated to biomarker concentration during the acute phase of the disease. Evidently, trajectories and timing for these biomarkers remains inconsistent between studies (39–41, 44, 46, 47).

Levels of NfL and GFAP were also found increased in mild-to-moderate COVID-19 without evidence of neurological symptoms (29, 44). And, although associated with disease severity, an increase in GFAP in COVID-19 patients was also not associated to neurological symptoms (38). Similarly, NfL was also elevated in the serum of patients without overt neurological manifestations (35, 42). Indeed, in another study, patients with elevated NfL and GFAP did not report persistent neurological disorders (32). In a long-term follow up study (6 months), decreased levels of serum NfL also did not correlate with persistent neurological symptoms or lack thereof (48). Plasma NfL and GFAP was also assessed in hospitalized and non-hospitalized COVID-19 patients with neuro-PASC (41). In this population, both previously hospitalized and non-hospitalized patients experienced decreased quality of life measures (PROMIS) and cognitive dysfunction (NIH Toolbox T scores). Notably, a higher neuroglial score (GFAP/NfL ratio) correlated with increased patient reported anxiety/depression and data suggested that neuro-PASC patients have decreased quality of life irrespective of disease severity. An important caveat to this study was the lack of a control population, namely, patients with COVID-19 but with no neurological symptoms (41). Boni et al. found that in a subgroup of neuro-PASC patients, persistent headaches were not associated to increased NfL and GFAP levels, potentially indicating that this symptom may not be a sign of underlying neuronal damage or neuroinflammation (49). Taken together, the literature is to some extent limited and at variance for the use of these biomarkers in neuro-PASC.



2.1.2. Tau proteins

Tau is a microtubule-associated protein involved in microtubule assembly and stability in CNS axons. Neuronal neurofibrillary tangles and neuropil threads containing hyperphosphorylated tau are pathological features of AD (50). Soluble tau found in CSF, namely, total tau (T-tau) and phosphorylated tau at threonine 181 (p-tau181) have been widely studied in AD (51). Phosphorylated tau has also been reliably detected in blood (52–55). These biomarkers have also been found in neuro-COVID-19 patients (33, 36, 37, 43, 56). COVID-19 patients with new neurological events during hospitalization or presenting with encephalopathy had elevated plasma T-tau and p-tau181 in comparison to patients without these clinical entities. A rise in T-tau and p-tau181 also correlated with symptom severity (36). It was shown that Tau protein levels at admission may also accurately predict fatal outcome (33) although it was not related to ICU transfers (33). A significant correlation between p-tau181, NfL, GFAP levels at admission was also identified; this was however not observed with other inflammatory biomarkers, namely, IL-6, CRP, or ferritin (36). Furthermore, elevated p-tau181 was associated to increased admission, and elevated T-tau was associated with a lower rate of discharge home (36) and in hospital death (36). Conversely, CSF T-tau has been shown to be increased in neuro-COVID-19 patients but not associated to clinical outcomes (45). Paterson et al. found that T-tau and p-tau were also not significantly elevated in the CSF of neuro-COVID-19 patients when compared to non-COVID-19 controls (47). Increased levels of T-tau and p-tau181 have however been correlated with NfL levels (37, 56), notably in patients that report neurological sequelae (56). To date, there are no studies evaluating these biomarkers in neuro-PASC, specifically.




2.2. Inflammatory biomarkers


2.2.1. IL-6, IL-10, TNF-α, and CPR

Although the pathophysiologic processes of PASC are not fully understood, immune activation has been proposed to play an important role in the biology of the disease (57, 58); notably, inflammatory biomarkers have been associated with persisting symptoms (57, 59), and major contributing factors in neuropathological processes (60). Namely, IL-6, IL-10, TNF-α and CRP (61, 62) were found to be elevated in the serum of patients with COVID-19 (46, 61, 63–66) and IL-6, IL-10, and CRP have been found to correlate with symptom severity (61, 67). Deceased COVID-19 patients were shown to have higher levels of IL-6 and CRP and were associated to poor clinical outcome and severe organ failure (63). Furthermore, patients with neurological symptoms had increased levels of IL-10 (68) and IL-6 (46). Encephalopathy and inflammatory neurological diseases such as encephalitis, meningitis, acute myelitis was associated with an increase in CSF IL-6 levels (64). It is to be noted that patients only presenting headache as a persistent symptom did not reveal increased inflammatory biomarkers (64). This may suggest that more severe neurological conditions may be correlated with inflammatory process and biomarker expression. TNF-α levels were higher in neuro-PASC patients (46), but when compared to ICU patients, levels did not differ (68) suggesting that ICU patients may had an underlying inflammatory process that could not be discriminated from COVID-19 neurological sequalae. In a study examining neuronal-enriched extracellular vesicles in the plasma of COVID-19 patients 21 days after illness onset, no difference was observed in TNF-α between patients with and without neurological symptoms, which were primarily related to cognitive impairment (56). In contrast, IL-6 tended to be higher (56). In patients with self-reported neuro-PASC, plasma IL-6 and TNF-α measured at late (> 90 days) recovery were significantly higher compared to levels in patients who did not go on to report neuro-PASC symptoms (46). This suggest that inflammation is still present even after infection resolution and may be related to persistent immune response (46). IL-10, TNF-α, CRP and IL-6 have potential diagnostic value for COVID-19 (65); however, evidence supporting their utility in neuro-PASC is presently sparse.





3. Limitations

The definition of the timeline for PASC is not unanimous (6). The World Health Organization suggested that post-COVID-19 occurs in individuals after SARS-CoV-2 infection, usually 3 months from onset of COVID-19 with symptoms that last for at least 2 months that cannot be explained by another clinical entity (8). Several limitations exist in terms of definitions for PASC especially due to the lack of systematic description (6) making it difficult to truly characterize patients presenting this syndrome. Since neurological manifestations are not specifically defined, it is difficult to stratify the study population. Furthermore, a potential confounding factor could be the influence of vaccination on physiological variation of biomarkers in COVID-19 patients, including neuro-PASC patients. To our knowledge, none of the studies have considered the effects of vaccination on the study population. In fact, a few studies specified that recruitment of their study participants was made before the availability of COVID-19 vaccines (41, 46, 68). Therefore, more studies need to be conducted to assess the influence of biomarkers in vaccinated and non-vaccinated population presenting neurological sequalae. Additionally, since GFAP, NfL and tau proteins are presently being used as biomarkers in neurodegenerative diseases, there is also a need to distinguish neuro-PASC from early neurodegenerative processes (69). Furthermore, although there are established relationships between blood and CSF measurements for these markers in other diseases, this has not been thoroughly established for COVID-19 (47).

An important limitation is also the small size of participants in studies (32, 38, 39, 41, 48), which may not accurately reflect the potential future applicability of these biomarkers in a clinical setting. Replication of findings in a larger and more diverse cohorts with distinct phenotypic clusters of symptoms (subgroups) may be a first step toward identifying reliable biomarkers. This could also give some much needed insight into the pathobiology of neuro-PASC, as nervous system affection in COVID-19 and neuro-PASC remains elusive (70). Acute neurological dysfunctions may be caused by direct viral invasion, para-infectious complications, secondary neurological manifestations of systemic disease, or coincident neurological dysfunction in the context of high SARS-CoV-2 prevalence (71). A deeper understanding of the molecular underpinning of the disease will be a linchpin in the discovery of clinically relevant biomarkers. Future large-scale studies should also look to delineate whether SARS-CoV-2 infection affects the levels of biomarkers in the absence of neurologic sequelae (41) to ensure their specificity. Furthermore, a full neurological, psychiatric, and cognitive evaluation as well as neuroimaging data would be ideal; something that was not available or feasible in many studies (32, 36, 38, 48). Studies that include such objective measurements are likely to be more informative and are urgently needed. Ultimately, more research is needed to evaluate the usefulness of these biomarkers in neuro-PASC (72). Moreover, the highlighted biomarkers herein are not the only prospective biomarkers; others have been identified and should be considered in studies looking to identify or validate potential biomarkers (73).



4. Conclusion

A handful of studies have explored the measurement of biomarkers NfL, GFAP, tau proteins, IL-6, IL-10, TNF-α, and CPR during acute COVID-19 and PASC. In some cases, higher levels were identified in patients with neurologic symptoms; however, other studies have not corroborated these findings. Ultimately, more research is needed to evaluate the usefulness of these biomarkers in neuro-PASC. Longitudinal clinical, biological, and neuropathological studies are required to better understand the long-term consequences of SARS-CoV-2 infection on the brain and the identification of clinically relevant biomarker in neuro-PASC. Presently, the use of these biomarkers in diagnosing and prognostication neuro-PASC remains tenuous.
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COVID-19, caused by the SARS-CoV-2 virus, is a respiratory infectious disease. While most patients recover after treatment, there is growing evidence that COVID-19 may result in cognitive impairment. Recent studies reveal that some individuals experience cognitive deficits, such as diminished memory and attention, as well as sleep disturbances, suggesting that COVID-19 could have long-term effects on cognitive function. Research indicates that COVID-19 may contribute to cognitive decline by damaging crucial brain regions, including the hippocampus and anterior cingulate cortex. Additionally, studies have identified active neuroinflammation, mitochondrial dysfunction, and microglial activation in COVID-19 patients, implying that these factors may be potential mechanisms leading to cognitive impairment. Given these findings, the possibility of cognitive impairment following COVID-19 treatment warrants careful consideration. Large-scale follow-up studies are needed to investigate the impact of COVID-19 on cognitive function and offer evidence to support clinical treatment and rehabilitation practices. In-depth neuropathological and biological studies can elucidate precise mechanisms and provide a theoretical basis for prevention, treatment, and intervention research. Considering the risks of the long-term effects of COVID-19 and the possibility of reinfection, it is imperative to integrate basic and clinical research data to optimize the preservation of patients' cognitive function and quality of life. This integration will also offer valuable insights for responding to similar public health events in the future. This perspective article synthesizes clinical and basic evidence of cognitive impairment following COVID-19, discussing potential mechanisms and outlining future research directions.
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Introduction

COVID-19 is an acute infectious disease caused by the novel coronavirus (SARS-CoV-2) that can manifest as asymptomatic or severe pneumonia and multiple organ failure (1). Severe cases may present with high fever, dry cough, dyspnea, acute respiratory failure, septic shock, myocardial injury, and other complications (2). The global case fatality rate of COVID-19 is currently ~3.5%, but it can reach 15% or higher for high-risk groups, particularly older adults with underlying diseases (3, 4). Viral pneumonia, such as SARS and MERS, has been shown to cause cognitive impairment, especially in older individuals (5, 6). The mechanism may be related to direct viral infection of the CNS, extensive inflammatory response resulting from cytokine release and neurotoxicity, tissue hypoxia, and microangiopathy (7, 8). COVID-19 infection may also cause cognitive dysfunction. Some patients experience headaches, dizziness, and fatigue during the acute phase, and case reports have shown abnormal brain imaging findings (9, 10).

Patients recovering from COVID-19 have reported cognitive problems such as decreased memory and attention and sleep disorder. Studies have shown that some patients had abnormal results in neuropsychological tests, exhibiting declined working memory, language expression, and executive function (11–13). Given that the COVID-19 virus can invade the central nervous system by crossing the blood–brain barrier and nasal mucosa and infect neural cells, such as neurons, astrocytes, and microglia, that assist in their transport, it may directly damage the structure and function of the brain, leading to cognitive impairment (14, 15). In addition to the direct infection, COVID-19 may affect cognition through other mechanisms. First, the cytokine storm and widespread neuroinflammation triggered by the COVID-19 virus may disrupt neural circuits and connections, leading to neurotransmitter changes (16, 17). Second, sustained activation of the sympathetic nervous system and metabolic abnormalities can also damage the brain's vulnerable cognitive-related areas (18). Third, persistent hypoxemia caused by the disease can damage the brain tissue and affect neural activity (19). Finally, thrombus formation and microangiopathy caused by COVID-19 may also reduce cerebral blood flow, impairing cognitive function (20). Although most patients recovering from COVID-19 experience spontaneous recovery of cognitive function over time, some individuals, especially older adults and those with underlying diseases, may face long-term cognitive impairment (21, 22). Especially under the current situation of long COVID infections globally, it is necessary to strengthen the assessment of cognitive function in recovering individuals, paying particular attention to those with more severe conditions and longer hospital stays. Once abnormalities are detected, early identification and customized intervention should be provided. At the same time, accelerating the exploration of relevant mechanisms will help guide treatment and follow-up, thereby minimizing the impact of this complication and protecting the cognitive health of COVID-19 recoverers.



Evidence of post-COVID cognitive impairment: neuropsychological and neuroimaging findings

After recovering from COVID-19, some patients have shown cognitive abnormalities, such as a decline in working memory, language expression, and executive function, as revealed by neuropsychological tests conducted after discharge. These findings suggest that COVID-19 may impair specific cognitive domains, such as executive control and working memory. In a survey of 969 people with SARS-CoV-2 infection 6–11 months ago, 26% of patients had mild cognitive impairment (23). A meta-analysis involving 2,049 people (24) suggested that COVID-19 patients had different MoCA scores than controls. COVID-19 recoverers showed lower general cognitive ability up to 7 months after infection. This was mainly reflected in visuospatial and executive function, while language and calculation abilities were relatively preserved (25). In executive function tests, some patients showed impaired executive control function, increased interference effects, and prolonged reaction times (26). This suggests that COVID-19 may damage the prefrontal cortex and executive control network, leading to attention-shifting and behavioral inhibition disorders. Baseler HA et al.'s study (27) found that in the working memory quiz, COVID-19 patients were significantly lower than non-COVID-19 patients. Some COVID-19 patients had retroactive interference disorders, making recalling and repeating the digit sequences they had just heard difficult. This suggests that COVID-19 may damage the hippocampus and related brain regions, affecting working memory's encoding and retrieval processes. In addition, a few studies have also found that COVID-19 patients have decreased language expressiveness and vocabulary. For example, in language fluency tests, the number of words generated by patients was lower than that in the healthy control group (28, 29). This may be due to the damage to brain regions closely related to language functions, leading to disorders of language fluency and vocabulary retrieval.

Brain imaging studies have found mild abnormalities in the brain structure and function of COVID-19 patients, possibly related to cognitive decline (30). Studies using structural magnetic resonance imaging (MRI) found that a few patients had mild atrophy of the hippocampus, gray matter, and mild ventriculomegaly (31). This suggests that COVID-19 may indirectly lead to brain tissue atrophy and ventriculomegaly by damaging neurons and synapses around the ventricles. These changes occur in brain regions with dense memory and cognitive networks, possibly related to decreased working memory and executive function. Positron emission tomography (PET) studies also found that glucose metabolism decreased in some patients' hippocampus, prefrontal cortex, and posterior cingulate cortex (32). This implies that these brain regions may have functional impairments after COVID-19 as glucose is the main energy source for these brain regions and is closely related to their activity. This could lead to decreased cognitive functions such as executive control, attention, and memory.

Another study compared the functional connectivity of the default network in 22 COVID-19 patients and healthy controls using resting-state fMRI. The results showed that the connectivity strength of the default network was weakened in the former group. The connectivity of the executive control network and emotional regulation network also changed (33). This suggests that COVID-19 can remodel brain functional networks and affect brain functional connectivity closely related to cognitive function.

In addition, relevant studies have also reported persistent cognitive impairments in COVID-19 patients. For example, a survey of 292 COVID-19 recoverers found that patients generally had physical damage, and these injuries were associated with more cognitive impairments (34). A 1-year prospective cohort study (35) investigated 1,438 COVID-19 survivors and 438 uninfected elderly individuals (all ≥60 years old) in China. By conducting cognitive tests at 6 and 12 months, respectively, changes in cognitive ability between the two groups were compared. The study excluded those with pre-existing cognitive impairment, a family history of dementia, or severe chronic diseases. Compared with the uninfected group, the cognitive decline rate in the infected group was significantly higher, especially in severe COVID-19 survivors. In these participants, the risk of mild cognitive decline was 4.87 times that of the uninfected group, and the risk of severe cognitive decline was 19 times that of the uninfected group. Non-severe COVID-19 was associated with a 1.71-fold increased risk (1.30–2.27) of early cognitive decline. Although the sample size was limited, these studies preliminarily show that a small proportion of COVID-19 patients may continue to suffer from cognitive impairments after recovery. Similarly, an Italian follow-up study of 50 recovered patients found that nearly one-fourth of patients had mild cognitive impairment 60 days after discharge, mainly manifested as decreased executive function and attention (12). A preliminary study of 100 patients by British scholars (36) also found that ~81% of COVID-19 patients who were not hospitalized had significant and persistent “brain fog” and fatigue symptoms after discharge, affecting their cognition and quality of life. This further confirms the risk of longer-term cognitive abnormalities in COVID-19 recoverers.

Multiple clinical study results support that memory and concentration may decrease persistently after COVID-19 infection. Some patients' neuropsychological tests and brain imaging performances suggest mild cognitive impairment. However, due to the limited sample size and lack of long-term follow-up in existing studies, we lack an in-depth understanding of the impact and incidence of this complication. Large-scale, long-term follow-up studies are needed to comprehensively assess changes in cognitive function after COVID-19 and provide evidence for early intervention.



Potential mechanisms underlying post-COVID cognitive impairment

After recovery from COVID-19, some patients experience subjective memory loss, decreased concentration, and other cognitive problems. This may be related to the following mechanisms.

The COVID-19 virus can directly infect the central nervous system and damage the brain tissue and neurons, which may be an important mechanism leading to cognitive impairment. COVID-19 viral RNA and antigens have been detected in the cerebrospinal fluid and the brain tissue, indicating that the virus can cross the blood–brain barrier to invade the central nervous system (37). Viral surface proteins may promote the spread of protein aggregates in neurodegenerative diseases. The SARS-CoV-2 spike protein promotes the transmission of pathogenic seeds between cells via extracellular vesicles and direct intercellular transmission (38). The direct membrane contact mechanism spreads pathogenic seeds, and viral infection may accelerate the spread. Studies have found (39) that the spike protein is associated with memory loss after COVID-19. The SARS-CoV-2 spike protein activates the TLR4 receptor, causing neuroinflammation and microglial phagocytosis of synaptic proteins, leading to memory impairment. SARS-CoV-2-infected patients carrying TLR4-related gene polymorphisms are at higher risk of delayed memory impairment.

The COVID-19 virus can colonize the brain, leading to neuronal death and inflammation (7). This suggests that the virus can directly infect neurons, astrocytes, and vascular endothelial cells in the brain, damaging neural network connections and the integrity of the blood–brain barrier (40). Studies have found that the virus can aggregate around the hippocampus, brain stem, and cerebral blood vessels (41), the areas densely populated by neurons related to memory and cognition. Viral infection can damage synapses and the cytoskeleton, exacerbating neurodegenerative changes and loss of neural synapses (41). This may directly damage the neural circuits on which learning, memory, and executive control depend, leading to decreased cognitive function.

COVID-19 can induce cytokine storms and neuroinflammation, leading to neuronal damage and decreased cognitive function. Multiple inflammatory factors are significantly increased in COVID-19 patients, such as interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and C-reactive protein (CRP) (42, 43). These factors can enhance microglial activity, promote neuroinflammation, and damage neurons and synaptic structures (44, 45). IL-6 can alter the balance of neurotransmitters, such as γ-aminobutyric acid in the brain, and damage neural connections and cognitive processes. TNF-α can damage the blood–brain barrier and enhance the entry of neurotoxic substances into the brain (46). This leads to loss of neural synapses, neuronal death, and reorganization of cognitive networks, resulting in decreased memory and executive function (47). Studies have found that neuroinflammatory markers significantly increase in brain regions closely related to cognitive function, such as the hippocampus, cerebellum, and anterior cingulate cortex (37). This indicates that neuroinflammation may have a greater impact on these brain regions and act with a viral infection to exacerbate neuronal damage and cognitive impairment. In addition, neuroinflammation is also associated with ventriculomegaly and decreased gray matter density, suggesting that it can lead to more extensive brain tissue damage and reorganization of cognitive networks. The cytokine storms and neuroinflammatory responses in COVID-19 patients can damage neurons, synapses, and cognitive network connections, which may be an important mechanism leading to their memory impairment and decreased executive function.

COVID-19 can lead to tissue hypoxia and microvascular lesions, affecting cerebral perfusion and the integrity of the blood–brain barrier, which may impair the function and cognition of brain areas such as the hippocampus. Ischemic lesions were detected in the brains of COVID-19 deceased patients. The S protein of the virus was detected in tissue sections, accompanied by tissue damage and cell death (39). COVID-19 patients often have hypoxemia and tissue hypoxia, and the oxygenated hemoglobin saturation of the brain tissue is also significantly reduced (48). This can lead to energy metabolism disorders and cell apoptosis in key brain areas such as the hippocampus, damaging neuronal structure and function (49). Studies have found that hippocampal volume and functional connectivity positively correlate with blood oxygen saturation (50). This suggests that hypoxia can directly damage the neural network of the hippocampus and affect cognitive processes. In addition, COVID-19 is often accompanied by microscopic vascular lesions, leading to cerebral vasculitis, thrombosis, and microhemorrhage (51). COVID-19 patients risk multifocal microvascular bleeding and ischemic lesions in the subcortical and deep white matter (52). This reduces cerebral perfusion, damages the blood–brain barrier, and increases neurotoxic substances entering the brain, aggravating neuronal damage (53). Animal experiments have also confirmed that hypoxia and cerebral microvascular lesions can act together to aggravate vascular endothelial damage and damage-related brain regions (54).

COVID-19 can lead to sympathetic excitation and metabolic abnormalities, affecting the brain environment and cognitive function. COVID-19 patients are often accompanied by sympathetic excitation and metabolic disorders such as hyperglycemia, hyperhomocysteinemia, and insulin resistance (55, 56). This can damage the brain's structure and function, such as the hippocampus, by affecting the energy supply and neurotransmitter balance in the key brain areas (57). Hyperglycemia can produce excess free radicals and oxidative stress, damage hippocampal neurons, and is associated with cognitive impairment (58). Hyperhomocysteinemia can also damage the long-term potentiation of the hippocampus, leading to decreased cognitive function (59). Insulin resistance can reduce the transport of apolipoprotein E and cholesterol, affect neurotransmitter synthesis and release, and is associated with cognitive decline (60). The sympathetic excitation and metabolic abnormalities caused by COVID-19, especially hyperglycemia, hyperhomocysteinemia, and insulin resistance, can damage hippocampal neurons, energy supply, and neurotransmitter balance, thereby affecting cognitive processes and functions.

As shown in Figure 1, COVID-19 may impair cognitive function and memory through multiple mechanisms. These various mechanisms should be considered comprehensively when assessing patients' cognitive status and developing intervention plans. Antiviral and immunosuppressive therapies may reduce damage from viral infections and inflammation; improving cerebral perfusion and oxygen supply can correct the effects of hypoperfusion and hypoxia; drug or training methods to regulate the sympathetic nervous system and metabolism are also expected to play a role. In summary, a deeper understanding of the relevant mechanisms will help guide the overall management and cognitive protection of COVID-19 recoverers.


[image: Figure 1]
FIGURE 1
 Impact of COVID-19 on the brain. Mechanisms by which COVID-19 may impair cognitive function and lead to memory loss. COVID-19 causes damage to the brain through direct viral infection, inflammation, vascular and hypoxic effects, metabolic impacts, and the body's immune response. These ultimately result in the loss of neural connections, reorganization of neural networks, and memory impairment.




Further research on post-COVID cognitive impairment: key directions

Future research needs to explore the relationship between COVID-19 and cognitive impairment in more depth in the following aspects. First, COVID-19 patients still have some cognitive difficulties during recovery, including problems with memory, multitasking, processing speed, and attention. A large retrospective cohort study of over 2,30,000 patients found (61) that the risk of dementia within 6 months after COVID-19 infection was 2.33 times that of influenza patients during the same period. Studies using online cognitive tests and surveys to assess cognitive function found that 16% of patients developed new or worsening memory impairment, 18% had decreased attention, and 16% had decreased understanding, language expression, or other cognitive abilities. This suggests that COVID-19 may have long-term effects on the cognitive function of some patients, and we need to strengthen the monitoring and management of this population.

Second, studies have found that COVID-19 is associated with changes in the structure and function of the hippocampus and anterior cingulate cortex (62). The hippocampal volume of COVID-19 recoverers is smaller than that of the control group, suggesting neurodegenerative changes. In addition, COVID-19 is associated with weakened activation of the anterior cingulate cortex and ventricular enlargement, which can lead to decreased executive function. This suggests that COVID-19 may damage cognitive functions, such as learning, memory, and executive control, by affecting key brain regions such as the hippocampus and anterior cingulate cortex (63). COVID-19 can affect cognition through mechanisms (64–66) such as infecting neurons, activating microglia, and damaging vascular endothelial cells, while antiviral drugs may reduce neuronal damage caused by viral infection; immune regulation can alleviate viral-triggered neuroinflammation; and improving cerebral blood flow and oxygen supply can alleviate the effects of hypoxia and metabolic abnormalities on cognition. This provides important insights for clinical practice in cognitive rehabilitation and protection.

Studies have found a relationship between increased N-formylmethionine (fMet) levels and neutrophil activation in COVID-19 patients. Compared with healthy controls, COVID-19 patients, especially severe patients, have increased calprotectin, neutrophil extracellular traps (NETs), and fMet levels (67). Some studies show that inflammatory factors and cytokine levels are increased in the myelin and cerebrospinal fluid of Alzheimer's patients, suggesting that neutrophil activation may be involved in the pathogenesis of Alzheimer's disease (68). In addition, some studies have also found that inhibiting neutrophil function can alleviate cognitive impairment and pathological changes in Alzheimer's mice (69). This suggests that neuroinflammation and mitochondrial stress may play a role in COVID-19-induced neuronal damage. In addition, changes in the levels of proteins, such as Aβ42, tau, and neuron-specific enolase in the serum or cerebrospinal fluid, also provide clues to the mechanism of disease-induced neurodegeneration (70, 71). This may be related to the neurodegenerative diseases caused by the disease and provide a theoretical basis for biological markers and new drug development. Genomic studies can also help discover the molecular mechanisms by which the disease affects cognition. In addition, it has been suggested that certain natural compounds, including Ginkgo biloba extract, may hold promise in mitigating cognitive impairment resulting from long COVID-19 (72). However, these compounds' efficacy is yet to be firmly established, and further investigation is required to confirm their potential benefits.



Conclusion

Although current research is not yet systematic and in-depth, COVID-19 recoverers seem to be at higher risk of cognitive impairment, which may be a key aspect of the potential long-term effects of the disease. Various mechanisms of COVID-19, such as viral infection, cytokine storm, microvascular lesions, hypoperfusion, hypoxia, and metabolic abnormalities, can act on the central nervous system together, causing neuronal dysfunction and damage, and then affecting learning, memory, and cognition (73). Recent studies have found that some COVID-19 recoverers have varying degrees of cognitive impairment, especially slower information processing speed, decreased working memory, and impaired executive function (36, 47). In addition, as a common symptom, post-COVID sleep disorder (PCSD) may negatively impact cognitive function. According to recent research (74), the incidence of PCSD may be over 70%, including various types of sleep disorders such as insomnia, hypersomnia, and daytime sleepiness (75, 76). Additionally, the severity of PCSD may be related to the severity of COVID-19 infection and treatment modalities. The COVID-19 virus may affect sleep through various mechanisms (74, 77, 78), including direct invasion of the central nervous system, induction of inflammatory response, and disruption of circadian rhythms. This suggests that we urgently need to conduct intensive monitoring and early identification for this population and develop targeted rehabilitation and intervention programs. Although the effects of COVID-19 on cognitive function are not fully understood, viral infection, neuroinflammation, and microvascular lesions may play an important role. This suggests that antiviral treatment, immune regulation, and improved microcirculation may benefit cognitive protection (79). Combined with multimodal neuroimaging, biomarker monitoring, and clinical assessment, this will help us stratify the risk of cognitive impairment and guide the individualized management of cognitive rehabilitation after COVID-19. In addition, as the scope of vaccination expands, we also need to pay attention to whether the vaccine can stimulate the immune response in the body and affect cognitive function to some extent. This will also be an important direction for future research (80). Combining basic and clinical research to comprehensively assess the impact of the COVID-19 epidemic on cognitive health will be critical.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

HL and ZW contributed to the initial concept and perspectives. ZL, ZheZ, and ZhuZ developed the initial version of the manuscript. ZL, ZheZ, ZhuZ, and ZW reviewed and edited the manuscript along with HL. All authors read and approved the final manuscript.



Funding

The study was funded by the National Key R&D Program of the Ministry of Science and Technology ‘Modernization of TCM' (No. 2022YFC3501400), Innovation Team and Talents Cultivation Program of National Administration of Traditional Chinese Medicine (No. ZYYCXTD-C-202007), the National Natural Science Foundation of China (No. 82004434), Special Training Program for Outstanding Young Scientific and Technological Talents (Innovation) of China Academy of Chinese Medical Sciences (No. ZZ-14-YQ-001), Special Training Program for the National Natural Science Foundation of Xiyuan Hospital, and China Academy of Chinese Medical Sciences (No. XY20-08).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Synowiec A, Szczepański A, Barreto-Duran E, Lie LK, Pyrc K. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2): a systemic infection. Clin Microbiol Rev. (2021) 34:2. doi: 10.1128/CMR.00133-20

 2. Yang X, Yu Y, Xu J, Shu H, Xia J, Liu H, et al. Clinical course and outcomes of critically ill patients with SARS-CoV-2 pneumonia in Wuhan, China: a single-centered, retrospective, observational study. Lancet Resp Med. (2020) 8:475–81. doi: 10.1016/S2213-2600(20)30079-5

 3. Verity R, Okell LC, Dorigatti I, Winskill P, Whittaker C, Imai N, et al. Estimates of the severity of coronavirus disease 2019: a model-based analysis. Lancet Infect Dis. (2020) 20:669–77. doi: 10.1016/S1473-3099(20)30243-7

 4. López J, Perez-Rojo G, Noriega C, Carretero I, Velasco C, Martinez-Huertas JA, et al. Psychological well-being among older adults during the COVID-19 outbreak: a comparative study of the young-old and the old-old adults. Int Psychogeriatrics. (2020) 32:1365–70. doi: 10.1017/S1041610220000964

 5. Yu S, Yu M. Severe acute respiratory syndrome coronavirus 2-induced neurological complications. Front Cell Develop Biol. (2020) 8:605972. doi: 10.3389/fcell.2020.605972

 6. Al-Tawfiq JA, Azhar EI, Memish ZA, Zumla A. Middle East respiratory syndrome coronavirus. Semin Respir Crit Care Med. (2021) 42:828–38. doi: 10.1055/s-0041-1733804

 7. Netland J, Meyerholz DK, Moore S, Cassell M, Perlman S. Severe acute respiratory syndrome coronavirus infection causes neuronal death in the absence of encephalitis in mice transgenic for human ACE2. J Virol. (2008) 82:7264–75. doi: 10.1128/JVI.00737-08

 8. Miesbach W, Makris M. COVID-19: Coagulopathy, Risk of Thrombosis, and the Rationale for Anticoagulation. Clinical and applied thrombosis/hemostasis. J Int Acad Clin Appl Thrombosis/Hemostasis. (2020) 26:1076029620938149. doi: 10.1177/1076029620938149

 9. Moriguchi T, Harii N, Goto J, Harada D, Sugawara H, Takamino J, Ueno M. A first case of meningitis/encephalitis associated with SARS-Coronavirus-2 International journal of infectious diseases. IJID. (2020) 94:55–8. doi: 10.1016/j.ijid.2020.03.062

 10. Zhao H, Shen D, Zhou H, Liu J, Chen S. Guillain-Barré syndrome associated with SARS-CoV-2 infection: causality or coincidence? Lancet Neurol. (2020) 19:383–4. doi: 10.1016/S1474-4422(20)30109-5

 11. Méndez R, Balanzá-Martínez V, Luperdi SC, Estrada I, Latorre A, González-Jiménez P, et al. Short-term neuropsychiatric outcomes and quality of life in COVID-19 survivors. J Intern Med. (2021) 290:621–31. doi: 10.1111/joim.13262

 12. Mazza MG, Palladini M, De Lorenzo R, Magnaghi C, Poletti S, Furlan R, et al. Persistent psychopathology and neurocognitive impairment in COVID-19 survivors: effect of inflammatory biomarkers at three-month follow-up. Brain Behav Immun. (2021) 94:138–47. doi: 10.1016/j.bbi.2021.02.021

 13. Woo MS, Malsy J, Pöttgen J, Seddiq Zai S, Ufer F, Hadjilaou A, et al. Frequent neurocognitive deficits after recovery from mild COVID-19. Brain Commun. (2020) 2:fcaa205. doi: 10.1093/braincomms/fcaa205

 14. Abdel-Mannan O, Eyre M, Löbel U, Bamford A, Eltze C, Hameed B, et al. Neurologic and radiographic findings associated with COVID-19 infection in children. JAMA Neurol. (2020) 77:1440–5. doi: 10.1001/jamaneurol.2020.2687

 15. Song E, Zhang C, Israelow B, Lu-Culligan A, Prado AV, Skriabine S, et al. Neuroinvasion of SARS-CoV-2 in human and mouse brain. J Exp Med. (2021) 218:135. doi: 10.1084/jem.20202135

 16. Yongzhi X. COVID-19-associated cytokine storm syndrome and diagnostic principles: an old and new Issue. Emerg Microbes Infect. (2021) 10:266–76. doi: 10.1080/22221751.2021.1884503

 17. Francis AG, Elhadd K, Camera V, Ferreira Dos Santos M, Rocchi C, Adib-Samii P, et al. Acute inflammatory diseases of the central nervous system after SARS-CoV-2 vaccination. Neurol Neuroimmunol Neuroinflamm. (2023) 10:63. doi: 10.1212/NXI.0000000000200063

 18. Porzionato A, Emmi A, Barbon S, Boscolo-Berto R, Stecco C, Stocco E, et al. Sympathetic activation: a potential link between comorbidities and COVID-19. The FEBS J. (2020) 287:3681–8. doi: 10.1111/febs.15481

 19. Dhont S, Derom E, Van Braeckel E, Depuydt P, Lambrecht BN. The pathophysiology of 'happy' hypoxemia in COVID-19. Respir Res. (2020) 21:198. doi: 10.1186/s12931-020-01462-5

 20. Owens CD, Pinto CB, Detwiler S, Mukli P, Peterfi A, Szarvas Z, et al. Cerebral small vessel disease pathology in COVID-19 patients: a systematic review. Ageing Res Rev. (2023) 88:101962. doi: 10.1016/j.arr.2023.101962

 21. Liu YH, Wang YR, Wang QH, Chen Y, Chen X, Li Y, et al. Post-infection cognitive impairments in a cohort of elderly patients with COVID-19. Mol Neurodegener. (2021) 16:48. doi: 10.1186/s13024-021-00469-w

 22. Alonso-Lana S, Marquié M, Ruiz A, Boada M. Cognitive and neuropsychiatric manifestations of COVID-19 and effects on elderly individuals with dementia. Front Aging Neurosci. (2020) 12:588872. doi: 10.3389/fnagi.2020.588872

 23. Hartung TJ, Neumann C, Bahmer T, Chaplinskaya-Sobol I, Endres M, Geritz J, et al. Fatigue and cognitive impairment after COVID-19: a prospective multicentre study. EClinicalMedicine. (2022) 53:101651. doi: 10.1016/j.eclinm.2022.101651

 24. 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 J Alzheimer's Assoc. (2022) 18:1047–66. doi: 10.1002/alz.12644

 25. Hugon J, Msika EF, Queneau M, Farid K, Paquet C. Long COVID: cognitive complaints (brain fog) and dysfunction of the cingulate cortex. J Neurol. (2022) 269:44–6. doi: 10.1007/s00415-021-10655-x

 26. Hadad R, Khoury J, Stanger C, Fisher T, Schneer S, Ben-Hayun R, et al. Cognitive dysfunction following COVID-19 infection. J Neurovirol. (2022) 28:430–7. doi: 10.1007/s13365-022-01079-y

 27. Baseler HA, Aksoy M, Salawu A, Green A, Asghar AUR. The negative impact of COVID-19 on working memory revealed using a rapid online quiz. PLoS ONE. (2022) 17:e0269353. doi: 10.1371/journal.pone.0269353

 28. Daroische R, Hemminghyth MS, Eilertsen TH, Breitve MH, Chwiszczuk LJ. Cognitive impairment after COVID-19-a review on objective test data. Front Neurol. (2021) 12:699582. doi: 10.3389/fneur.2021.699582

 29. Ariza M, Cano N, Segura B, Adan A, Bargalló N, Caldú X, et al. Neuropsychological impairment in post-COVID condition individuals with and without cognitive complaints. Front Aging Neurosci. (2022) 14:1029842. doi: 10.3389/fnagi.2022.1029842

 30. Lu Y, Li X, Geng D, Mei N, Wu PY, Huang CC, et al. Cerebral micro-structural changes in COVID-19 patients - an MRI-based 3-month follow-up study. EClinicalMedicine. (2020) 25:100484. doi: 10.1016/j.eclinm.2020.100484

 31. Rothstein TL. Cortical Grey matter volume depletion links to neurological sequelae in post COVID-19 “long haulers”. BMC Neurol. (2023) 23:22. doi: 10.1186/s12883-023-03049-1

 32. Miskowiak KW, Bech JL, Henriksen AC, Johnsen S, Podlekareva D, Marner L. Cerebral metabolic rate of glucose and cognitive tests in long COVID patients. Brain Sci. (2022) 13:23. doi: 10.3390/brainsci13010023

 33. Muccioli L, Sighinolfi G, Mitolo M, Ferri L, Jane Rochat M, Pensato U, et al. Cognitive and functional connectivity impairment in post-COVID-19 olfactory dysfunction. NeuroImage Clinical. (2023) 38:103410. doi: 10.1016/j.nicl.2023.103410

 34. Gunnarsson DV, Miskowiak KW, Pedersen JK, Hansen H, Podlekareva D, Johnsen S, Dall CH. Physical function and association with cognitive function in patients in a post-COVID-19 clinic-a cross-sectional study. Int J Environ Res Public Health. (2023) 20:5866. doi: 10.3390/ijerph20105866

 35. Liu YH, Chen Y, Wang QH, Wang LR, Jiang L, Yang Y, et al. One-Year trajectory of cognitive changes in older survivors of COVID-19 in Wuhan, China: a longitudinal cohort study. JAMA Neurol. (2022) 79:509–17. doi: 10.1001/jamaneurol.2022.0461

 36. Graham EL, Clark JR, Orban ZS, Lim PH, Szymanski AL, Taylor C, et al. Persistent neurologic symptoms and cognitive dysfunction in non-hospitalized COVID-19 “long haulers”. Annals Clin Translat Neurol. (2021) 8:1073–85. doi: 10.1002/acn3.51350

 37. Meinhardt J, Radke J, Dittmayer C, Franz J, Thomas C, Mothes R, et al. Olfactory transmucosal SARS-CoV-2 invasion as a port of central nervous system entry in individuals with COVID-19. Nat Neurosci. (2021) 24:168–75. doi: 10.1038/s41593-020-00758-5

 38. Liu S, Hossinger A, Heumüller SE, Hornberger A, Buravlova O, Konstantoulea K, et al. Highly efficient intercellular spreading of protein misfolding mediated by viral ligand-receptor interactions. Nat Commun. (2021) 12:5739. doi: 10.1038/s41467-021-25855-2

 39. Fontes-Dantas FL, Fernandes GG, Gutman EG, De Lima EV, Antonio LS, Hammerle MB, et al. SARS-CoV-2 Spike protein induces TLR4-mediated long-term cognitive dysfunction recapitulating post-COVID-19 syndrome in mice. Cell Rep. (2023) 42:112189. doi: 10.1016/j.celrep.2023.112189

 40. Heneka MT, Golenbock D, Latz E, Morgan D, Brown R. Immediate and long-term consequences of COVID-19 infections for the development of neurological disease. Alzheimer's Res Therapy. (2020) 12:69. doi: 10.1186/s13195-020-00640-3

 41. Stein SR, Ramelli SC, Grazioli A, Chung JY, Singh M, Yinda CK, et al. SARS-CoV-2 infection and persistence in the human body and brain at autopsy. Nature. (2022) 612:758–63. doi: 10.1038/s41586-022-05542-y

 42. Jamilloux Y, Henry T, Belot A, Viel S, Fauter M, El Jammal T, et al. Should we stimulate or suppress immune responses in COVID-19? Cytokine Anti-cytokine Intervent Autoimmun Rev. (2020) 19:102567. doi: 10.1016/j.autrev.2020.102567

 43. Luo P, Liu Y, Qiu L, Liu X, Liu D, Li J. Tocilizumab treatment in COVID-19: a single center experience. J Med Virol. (2020) 92:814–8. doi: 10.1002/jmv.25801

 44. Soung AL, Vanderheiden A, Nordvig AS, Sissoko CA, Canoll P, Mariani MB, et al. COVID-19 induces CNS cytokine expression and loss of hippocampal neurogenesis. Brain J Neurol. (2022) 145:4193–201. doi: 10.1093/brain/awac270

 45. Blank T, Prinz M. Microglia as modulators of cognition and neuropsychiatric disorders. Glia. (2013) 61:62–70. doi: 10.1002/glia.22372

 46. Banks WA, Ortiz L, Plotkin SR, Kastin AJ. Human interleukin (IL) 1 alpha, murine IL-1 alpha and murine IL-1 beta are transported from blood to brain in the mouse by a shared saturable mechanism. J Pharmacol Exp Ther. (1991) 259:988–96.

 47. Hampshire A, Trender W, Chamberlain SR, Jolly AE, Grant JE, Patrick F, et al. Cognitive deficits in people who have recovered from COVID-19. EClinicalMedicine. (2021) 39:101044. doi: 10.1016/j.eclinm.2021.101044

 48. Nóbrega F, Mauad VAQ, Borducchi DMM. Does COVID-19 really impact on the oxy-hemoglobin dissociation curve? EJHaem. (2020) 1:604–7. doi: 10.1002/jha2.126

 49. Mussa BM, Srivastava A, Verberne AJM. COVID-19 and neurological impairment: hypothalamic circuits and beyond. Viruses. (2021) 13:498. doi: 10.3390/v13030498

 50. Smith MA, Scholey AB. Nutritional influences on human neurocognitive functioning. Front Hum Neurosci. (2014) 8:358. doi: 10.3389/fnhum.2014.00358

 51. Lee MH, Perl DP, Nair G, Li W, Maric D, Murray H, et al. Microvascular injury in the brains of patients with COVID-19. N Engl J Med. (2021) 384:481–3. doi: 10.1056/NEJMc2033369

 52. Conklin J, Frosch MP, Mukerji SS, Rapalino O, Maher MD, Schaefer PW, et al. Susceptibility-weighted imaging reveals cerebral microvascular injury in severe COVID-19. J Neurol Sci. (2021) 421:117308. doi: 10.1016/j.jns.2021.117308

 53. Theoharides TC, Kempuraj D. Role of SARS-CoV-2 spike-protein-induced activation of microglia and mast cells in the pathogenesis of neuro-COVID. Cells. (2023) 12:688. doi: 10.3390/cells12050688

 54. Ball EE, Weiss CM, Liu H, Jackson K, Keel MK, Miller CJ, et al. Severe acute respiratory syndrome coronavirus 2 vasculopathy in a syrian golden hamster model. Am J Pathol. (2023) 193:690–701. doi: 10.1016/j.ajpath.2023.02.013

 55. Nadwa EH, Al-Kuraishy HM, Al-Gareeb AI, Elekhnawy E, Albogami SM, Alorabi M, et al. Cholinergic dysfunction in COVID-19: frantic search and hoping for the best. Naunyn-Schmiedeberg's Arch Pharmacol. (2023) 396:453–68. doi: 10.1007/s00210-022-02346-9

 56. Wong R, Lam E, Bramante CT, Johnson SG, Reusch J, Wilkins KJ, et al. Does COVID-19 infection increase the risk of diabetes? Current evidence. Curr Diab Reports. (2023) 3:1–10. doi: 10.1007/s11892-023-01515-1

 57. Raza SM, Ebrahim F, Ekea H, Ali SK. COVID-19 Presenting as a Seizure: a Kenyan case report. Cureus. (2022) 14:e24431. doi: 10.7759/cureus.24431

 58. McNeilly AD, Gallagher JR, Evans ML, de Galan BE, Pedersen-Bjergaard U, Thorens B, et al. Chronic hyperglycaemia increases the vulnerability of the hippocampus to oxidative damage induced during post-hypoglycaemic hyperglycaemia in a mouse model of chemically induced type 1 diabetes. Diabetologia. (2023) 66:1340–52. doi: 10.1007/s00125-023-05907-6

 59. Zhou D, Sun Y, Qian Z, Wang Z, Zhang D, Li Z, et al. Long-term dietary folic acid supplementation attenuated aging-induced hippocampus atrophy and promoted glucose uptake in 25-month-old rats with cognitive decline. J Nutr Biochem. (2023) 117:109328. doi: 10.1016/j.jnutbio.2023.109328

 60. Ertas B, Hazar-Yavuz AN, Topal F, Keles-Kaya R, Karakus Ö, Ozcan GS, et al. Rosa canina L. improves learning and memory-associated cognitive impairment by regulating glucose levels and reducing hippocampal insulin resistance in high-fat diet/streptozotocin-induced diabetic rats. J Ethnopharmacol. (2023) 313:116541. doi: 10.1016/j.jep.2023.116541

 61. Taquet M, Geddes JR, Husain M, Luciano S, Harrison PJ. 6-month neurological and psychiatric outcomes in 236,379 survivors of COVID-19: a retrospective cohort study using electronic health records. The Lancet Psychiatry. (2021) 8:416–27. doi: 10.1016/S2215-0366(21)00084-5

 62. Braga J, Lepra M, Kish SJ, Rusjan PM, Nasser Z, Verhoeff N, et al. Neuroinflammation after COVID-19 with persistent depressive and cognitive symptoms. JAMA Psychiatry. (2023). doi: 10.1001/jamapsychiatry.2023.1321

 63. Douaud G, Lee S, Alfaro-Almagro F, Arthofer C, Wang C, McCarthy P, et al. SARS-CoV-2 is associated with changes in brain structure in UK Biobank. Nature. (2022) 604:697–707. doi: 10.1038/s41586-022-04569-5

 64. Monje M, Iwasaki A. The neurobiology of long COVID. Neuron. (2022) 110:3484–96. doi: 10.1016/j.neuron.2022.10.006

 65. Wu Y, Xu X, Chen Z, Duan J, Hashimoto K, Yang L, et al. Nervous system involvement after infection with COVID-19 and other coronaviruses. Brain Behav Immun. (2020) 87:18–22. doi: 10.1016/j.bbi.2020.03.031

 66. Leng A, Shah M, Ahmad SA, Premraj L, Wildi K, Li Bassi G, et al. Pathogenesis underlying neurological manifestations of long COVID syndrome and potential therapeutics. Cells. (2023) 12:5. doi: 10.3390/cells12050816

 67. Kuley R, Duvvuri B, Wallin JJ, Bui N, Adona MV, O'Connor NG, et al. Mitochondrial N-formyl methionine peptides contribute to exaggerated neutrophil activation in patients with COVID-19. Virulence. (2023) 14:2218077. doi: 10.1080/21505594.2023.2218077

 68. Giannelli R, Canale P, Del Carratore R, Falleni A, Bernardeschi M, Forini F, et al. Ultrastructural and molecular investigation on peripheral leukocytes in Alzheimer's disease patients. Int J Mol Sci. (2023) 24:909. doi: 10.3390/ijms24097909

 69. Guillot-Sestier MV, Doty KR, Gate D, Rodriguez J. Jr., Leung BP, Rezai-Zadeh K, Town T. Il10 deficiency rebalances innate immunity to mitigate Alzheimer-like pathology. Neuron. (2015) 85:534–48. doi: 10.1016/j.neuron.2014.12.068

 70. Reinhold D, Farztdinov V, Yan Y, Meisel C, Sadlowski H, Kühn J, et al. The brain reacting to COVID-19: analysis of the cerebrospinal fluid proteome, RNA and inflammation. J Neuroinflammation. (2023) 20:30. doi: 10.1186/s12974-023-02711-2

 71. Toklu H, Ganti L, Crimi E, Cintron C, Hagan J, Serrano E. Cerebrospinal fluid findings and hypernatremia in COVID-19 patients with altered mental status. Int J Emerg Med. (2020) 13:63. doi: 10.1186/s12245-020-00327-4

 72. Akanchise T, Angelova A. Ginkgo Biloba and long COVID: in vivo and in vitro models for the evaluation of nanotherapeutic efficacy. Pharmaceutics. (2023) 15:1562. doi: 10.3390/pharmaceutics15051562

 73. He D, Yuan M, Dang W, Bai L, Yang R, Wang J, et al. Long term neuropsychiatric consequences in COVID-19 survivors: cognitive impairment and inflammatory underpinnings 15 months after discharge. Asian J Psychiatr. (2023) 80:103409. doi: 10.1016/j.ajp.2022.103409

 74. Tedjasukmana R, Budikayanti A, Islamiyah WR, Witjaksono A, Hakim M. Sleep disturbance in post COVID-19 conditions: prevalence and quality of life. Front Neurol. (2022) 13:1095606. doi: 10.3389/fneur.2022.1095606

 75. Premraj L, Kannapadi NV, Briggs J, Seal SM, Battaglini D, Fanning J, et al. Mid and long-term neurological and neuropsychiatric manifestations of post-COVID-19 syndrome: a meta-analysis. J Neurol Sci. (2022) 434:120162. doi: 10.1016/j.jns.2022.120162

 76. Kalamara E, Pataka A, Boutou A, Panagiotidou E, Georgopoulou A, Ballas E, et al. Persistent sleep quality deterioration among post-COVID-19 patients: results from a 6-month follow-up study. J Pers Med. (2022) 12:11. doi: 10.3390/jpm12111909

 77. Pellitteri G, Surcinelli A, De Martino M, Fabris M, Janes F, Bax F, et al. Sleep alterations following COVID-19 are associated with both neuroinflammation and psychological disorders, although at different times. Front Neurol. (2022) 13:929480. doi: 10.3389/fneur.2022.929480

 78. Gupta R, Pandi-Perumal SR. SARS-CoV-2 infection: paving way for sleep disorders in long term! Sleep Vigilance. (2021) 5:1–2. doi: 10.1007/s41782-021-00145-5

 79. Numbers K, Brodaty H. The effects of the COVID-19 pandemic on people with dementia. Nat Rev Neurol. (2021) 17:69–70. doi: 10.1038/s41582-020-00450-z

 80. Kuehn M, LaMori J, DeMartino JK, Mesa-Frias M, Doran J, Korrapati L, et al. Assessing barriers to access and equity for COVID-19 vaccination in the US. BMC Public Health. (2022) 22:2263. doi: 10.1186/s12889-022-14636-1












	
	TYPE Mini Review

PUBLISHED 22 August 2023
DOI 10.3389/fpain.2023.1234099






[image: image2]

The impact of COVID-19 on chronic pain

Abraham Lavin1, Félix LeBlanc1 and Antonios El Helou1,2,3*

1Faculty of Medicine, Université de Sherbrooke, Sherbrooke, QC, Canada

2Division of Neurosurgery, Horizon Health Network, Moncton, NB, Canada

3Faculty of Medicine, Memorial University of Newfoundland, St. John's, NL, Canada

EDITED BY
Thorsten Rudroff, The University of Iowa, United States

REVIEWED BY
Pranav Prasoon, University of Pittsburgh, United States

*CORRESPONDENCE Antonios El Helou dr.antonios.elhelou@horizonnb.ca

RECEIVED 15 June 2023
ACCEPTED 04 August 2023
PUBLISHED 22 August 2023

CITATION Lavin A, LeBlanc F and El Helou A (2023) The impact of COVID-19 on chronic pain.
Front. Pain Res. 4:1234099.
doi: 10.3389/fpain.2023.1234099

COPYRIGHT © 2023 Lavin, LeBlanc and El Helou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


A reduced quality of life is often a hefty burden that those with chronic pain are left to bear. This review of literature from PubMed, Google Scholar and other relevant studies focuses on the complex relationship between COVID-19 and chronic pain, which is challenging to study during the COVID-19 pandemic. In this review, we will briefly discuss the epidemiologic facts and risk factors, followed by the proposed pathophysiologic mechanisms. Furthermore, we will cover the therapeutic avenues regarding various molecules and their possible interactions, with the most promising being those whose mechanism of action can be directly linked to the pathophysiologic aspects of the condition. Finally, we will describe how to deal with a chronic pain patient who consults during the pandemic.
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1. Introduction

The COVID-19 pandemic took the world by storm. This global crisis affected many dimensions of peoples’ lives, such as mental health and wellbeing due to isolation and loneliness, job loss and financial instability, and illness and grief (1). Vulnerable populations, such as people living with chronic pain, were impacted significantly. COVID-19 had complex effects on both current and newly created pain, much like the illness itself (1). Notably, there was an increase in “pain”-related search phrases globally, indicating a greater public interest and concern during the pandemic (2). Employment insecurity, social isolation, and recommendations concerning physical distancing had burdened people in numerous nations, all of which possibly contributed to their psychological distress and physiological pain (3, 4).

Identifying the risk factors associated with any health condition is important to prevent its development (5). Some domains have been identified as contributors to the potential development of chronic pain among hospitalized COVID-19 patients (5). First, the risk of post-traumatic stress disorder, social isolation both during and after discharge, and psychological burdens particular to the pandemic are all related to mental health burdens, which can be potential risk factors for chronic pain development in COVID-19 patients (5). Subsequently, the neurological manifestations caused by COVID-19 infection have been also identified as possible risk factors (5). Moreover, intensive care unit–associated risks, such as prolonged ventilation and immobility, repeated prone position, neuromuscular block, and sepsis or procedural pain, are all considered chronic pain risk factors (5). There are also COVID-19 patient–related factors embodied by a high comorbidity prevalence and an elderly population (5). In addition, acute pain associated with COVID-19 infection is also a risk factor for chronic pain development (5, 6). Finally, the challenges linked to rehabilitation services have been reported to contribute to the risk of chronic pain development. These challenges include potentially overworked rehabilitation services, poorly planned rehabilitation pathways, resource diversion from subsequent waves, insufficient concrete rehabilitative evidence related to COVID-19, fatigue, and multimorbidities (5).

In a controlled cross-sectional study, Soares et al. (7) compared 46 patients, who were discharged from the hospital following COVID-19, to a control group consisting of 73 patients, who were hospitalized during the same period but for reasons other than COVID-19. They demonstrated that de novo pain was significantly more prevalent in the COVID-19 group (65.2% vs. 11.0%, p = 0.001). In addition, 19.6% of the COVID-19 patients had new-onset chronic pain, compared to 1.4% (p = 0.002) of the control group. Thus, the study concluded that de novo chronic pain and new-onset pain were generally more prevalent in COVID-19 patients. Considering all of this, we realized the importance of studying chronic pain in patients with COVID-19, hence the relevance of this literature review.



2. Literature search

We searched for the keywords “COVID-19,” “chronic pain,” “pathophysiology and mechanism,” “therapeutic options,” and “pandemic” in PubMed and Google Scholar in May 2023 and then evaluated the present body of literature, considering all articles published before this date. The initial search yielded 1,131 articles, of which 56 were retained after the titles were analyzed,. We then analyzed these articles based on the abstract, type of study, and publication date to determine their relevance, of which 31 were retained. We included the English versions of articles including those written in foreign languages, mainly systematic reviews and some experimental studies that elucidated information pertinent to the keywords mentioned. In some instances, definitive websites and bibliographies of the selected articles were consulted for complementary information purposes.



3. Pain in COVID-19

Guerrero et al. (5) proposed a triage of patients into three diverse groups to demonstrate the disproportion in how COVID-19 affects different patients. The first group included those whose chronic pain first prevailed after COVID-19 infection, which may be categorized as a variety of post-viral chronic pain in which the pain is either directly related to organ damage caused by the acute infection or an entity referred to as long COVID-19 (8). Long COVID-19 is defined in the current literature as a post-viral syndrome, which comprises sleep disorders, chronic fatigue, and diffused myalgia (9, 10). This syndrome occurs in those who recover from acute COVID-19 infection with prolongation of the previously described symptoms for over 4 weeks (10). The pathology for this syndrome is not well defined and comprises primary symptoms related to the cardiovascular, neurological, psychological, and pulmonary systems such as, but not limited to, brain fog and other cognitive deficits, disordered sleep patterns, autonomic disturbances, dyspnea, anosmia, chest and joint pains, cardiac arrhythmias, and neuropathies (10). No diagnostic tools are currently available for this syndrome (10). The second group included those with exacerbating pre-existing chronic pain, most likely as a result of the pathophysiologic mechanisms described further (5). The third group included those who were feeling well before the pandemic but have since developed chronic pain. This group was mostly tied to the biopsychosocial model described below, as well as the various predisposing risk factors that were mentioned earlier (5).



4. Pathophysiology and mechanism

Shanthanna et al. (1) proposed a model that categorizes the reasoning into three main categories, i.e., systemic immune-inflammatory mechanisms, secondary mechanisms due to COVID-19 pathology or its associated treatments, and direct neuropathic mechanisms.

To begin, COVID-19 is thought to be neurotropic and capable of infiltrating host cells via the angiotensin-converting enzyme 2 (ACE2) receptors, which are present in the glial cells and neurons in the brain stem and regions, such as the paraventricular nucleus, rostral ventrolateral medulla, nucleus tractus solitarius, and subfornical organ (11, 12). Once it has infiltrated, there is a resulting microglial activation and astrogliosis which originate an extensive neuroinflammatory cascade, while the systemic inflammation associated with the infection disrupts the blood–brain barrier, causing subsequent extensive disruption of homeostasis within the brain and associated neuronal cell death (11). This systemic inflammation, which is characterized by a cytokine storm implicating interleukin-6, interleukin-10, and tumor necrosis factor-α, among others, results in the upsurge damage of various structures manifesting as joint pain and myalgia and other tissue pain observed in the new-onset chronic pain group (13, 14).

Studies have represented the implication of two pathways in pain, namely, the angiotensin-converting enzyme/angiotensin II/angiotensin II type 1 receptor (ACE/Ang II/AT1) as a pain transmission promoter in the dorsal horn and ACE2/angiotensin (I–VII)/Mas receptor as a pain moderator via the p38 mitogen-activated protein kinase phosphorylation inhibition (14–16). Studies have suggested that the ACE2 implication within the microglia and neurons of a mouse spinal dorsal horn led the group to hypothesize that the COVID-19 virus may infect ACE2-positive cells within the human spinal dorsal horn, culminating in a functional downturn of ACE2 that would then further cause an Ang II accumulation and a subsequent Ang (I–VII) depression and thereupon explain the possibility of SARS-CoV-2 spinal cord infection installation of pain (14, 16).

There are other proposed methods of entry, such as the one by Wu et al. (17) who described a blood circulatory pathway in which SARS-CoV-2 can directly infect the central nervous system, which ultimately culminates in the same result as the previously described. The implication of the nervous system explains the manifestations of fatigue symptoms, which are similar to those seen in chronic fatigue syndrome or myalgic encephalitis (18, 19). Impacts on chronic pain may further be explained by pathologic immune mechanisms, such as resident astrocyte and microglial stimulation along with leukocyte activation (20, 21).

In their rat model study, Moutal et al. proposed that the neuropilin-1 receptor (NRP-1) is the key to the pathophysiologic mechanism as its activation results in neurotropism (13, 22). They described how the viral spike protein binds to the NRP-1 receptor, blocking the NRP-1 binding and vascular endothelial growth factor-A (23). This model also unveils anti-allogenic properties, which could advocate for the role of increased transmission as explained by diminished pain symptoms (23).

Hyperinflammation and dysautonomia may be seen predominantly in patients with comorbidities due to the involvement of the autonomic nervous system, particularly the sympathetic nervous system (22, 24–26).

Secondary mechanisms due to COVID-19 pathology or its associated treatments encompass many syndromes as a direct result of the virus’ impact on chronic pain, such as that seen in intensive care unit admissions which may be analogous with post-intensive care-like syndrome and other secondary causes of pain (27). There is also evidence of an elevated stroke incidence among COVID-19 patients, as reported by Siepmann et al. (28) who conducted a meta-analysis of 165 patients, which may be a factor in the involvement of an increased post-stroke pain in those who survive. Finally, prolonged immobilization (>21 days) in prone ventilation positioning can result in other injuries such as peripheral nerve damage (29).

When it comes to analyzing the mechanism between COVID-19 and chronic pain, the current literature presents various options. A well-established model hypothesizes chronic pain as a biopsychosocial phenomenon that embodies a trident of biological, psychological, and social factors, all of which heavily influence and affect one another (30). With this model in mind, Guerrero et al. (5) proposed that given that the COVID-19 pandemic caused a prolonged state of not only financial but also social stress among many patients, this could not only cause a magnification in the prevalence of chronic pain but could also cause an aggravation of painful symptoms in those with pre-existing chronic pain. The group further goes on to establish that patients with known chronic pain were then placed in a difficult predicament, which consists of financial and personal loss, a new-found state of isolation, and new avenues needed to procure medical care which led to pain exacerbation (5).



5. Management and therapeutic options

Understanding the pathophysiology of acute post-COVID-19 pain has led to the proposal of various therapeutic options, such as the nervous system involvement and proinflammatory cytokine secretion, which point toward using low-dose naltrexone as a possible therapy for the perceived chronic pain as explained by its mechanism of influencing the release of the proinflammatory cytokines1 (1, 31, 32). Opioids have been reported to have menacing side effects such as endocrine changes and immune system suppression (33). While the clinical implication of this remains uncertain, the idea that patients receiving opioids for chronic pain may be at a higher risk for COVID-19 and other infections is supported by the observational studies explaining the increased infection prevalence within this group (34, 35). Non-steroidal anti-inflammatory drugs (NSAIDs) have been used for chronic pain modulation (36). Based on the proposed mechanism that NSAIDs inhibit the cyclo-oxygenase enzymes (COX-1 and COX-2), there was an assumption that NSAIDs could lead to an increased ACE and, thus, the intensity of the SARS-CoV-2 infection, prompting the French health minister to urge against the use of NSAIDs (34, 37). Although NSAIDs can obscure early infection symptoms such as myalgias and fever, such recommendations have since been refuted by various regulatory bodies2,3 (34, 38, 39). An expert panel has since recommended that all patients currently receiving NSAIDs continue their medication with prompt monitoring for side effects and report myalgias and mild fevers (34). Lower antibody levels were found in post-vaccination immunocompromised patients supporting the concern about the efficacy of patients receiving steroids and either the mRNA-based vaccine mRNA-1273 (Moderna) and BNT162b2 (Pfizer) or the viral vector AstraZeneca and Johnson & Johnson vaccine (40, 41). This concern is supported by the findings of Naranbhai et al. who discovered lower antibody levels in post-vaccination patients using steroids for cancer in a prospective cohort study that compared 1,001 infected patients to 1,638 control patients (42). These facts led The Faculty of Pain Medicine of the Royal College of Anaesthetists to advocate for caution regarding steroid injections throughout the COVID-19 pandemic4 (43).

Treating those with chronic post-COVID-19 pain and the mechanism of sympathetic nervous system overactivity has led to the deliberation of using stellate ganglion blocks to effectively treat the presenting chronic pain (24, 25). The sympathetic stellate ganglion, which is located in the lamina prevertebral fasciae cervicalis at the height of the first rib head, affects the function of the areas that it supplies, such as the brain, lung, neck, upper extremity, heart, and vessels comprising endothelial function, interstitium, immune system, and microcirculation (24). The stellate ganglion modulates both brain areas involved in the governing processes of the immune system and the immune processing in the periphery, explaining its influence in areas beyond its immediate supply such as the intestine (24). During an immunological response, the immune system and the autonomic nervous system interact quickly, resulting in an inflammation caused by the onset of an immune system cytokine storm and associated tissue damage by sympathetic hyperactivity (24). With this mechanism in mind, the stellate ganglion block's modulation of the sympathetic immune system would reduce signals to the areas and functions that it supplies (mentioned above), thus modulating pain (24).

Finally, treating the group of patients who had chronic pain and developed one or several flare-ups in relation to the COVID-19 pandemic, either by direct post-viral infection or by the psychological burden of the general pandemic, led to greater utilization of the biopsychosocial model (34). This model includes the ability to obtain care from social workers, physical therapists, and psychologists to adequately manage pain (34). During the pandemic, many of these services were adapted to sanitary circumstances via telemedicine as demonstrated by the National Health Service in the United Kingdom, which adopted the use of Microsoft Teams to facilitate communication among professionals and patients, or by the provincial Ministries of Health in Canada5, which loosened the regulations surrounding telemedicine (34, 44).

With regard to the impact of COVID-19 on chronic pain, it is not only important to have the therapeutic arsenal explained above at one's disposal but also, if not more important, to know when to use the proper treatment and have a solid plan when tackling this complex situation, and in this optic, a consensus within an international expert panel proposes a distinct model (34). In this suggested model, the first step to treat a patient with known chronic pain before the pandemic would be to arrange a phone call to establish the urgency of the consultation. If non-emergent, telemedicine visits should be scheduled when possible to avoid further aggravation, or virtual prescriptions should be issued if deemed necessary in the given context (34). If semi-emergent, case-by-case shared decision-making seems an acceptable approach (34). Finally, if urgent, an in-person consultation is justified, for example, in the case of an urgent procedure such as an intrathecal pump or neuromodulation malfunction or infection (34). Patients with pandemic-induced chronic pain could be treated by this model in the event of an acute exacerbation, but for long-term management, they should consult their regular healthcare provider and seek advice on which of the abovementioned therapies should be employed (34).



6. Discussion

The key to understanding the complex relationship between chronic pain and COVID-19 is the understanding of the underlying pathophysiologic mechanism, particularly the three main categories, i.e., systemic immune-inflammatory mechanisms, secondary mechanisms due to COVID-19 pathology or its associated treatments, and direct neuropathic mechanisms (1). The recent acknowledgments of the key receptors, such as NRP-1, the ACE/AngII/AT1, and ACE2/angiotensin (I–VII)/Mas receptor, along with the elucidation of the biopsychosocial model all facilitate the understanding of this phenomenon (14–16, 23, 30). Understanding these mechanisms allows elucidation of proper therapeutic options based on their mechanism of action to counter the pathophysiology, in particular, naloxone, NSAID, or the stellate ganglion block6 (24, 25, 31, 36).

The definition of the targeted population is equally important and can be described by three groups. The first group consists of those whose chronic pain first prevailed after COVID-19 infection caused by direct organ damage sustained during acute infection manifested by post-viral chronic pain, which is referred to as long COVID-19 (8). The second and third groups consist of those who had pre-existing chronic pain and those who were well before the infection and have since developed chronic pain, respectively, with the last group being closely tied to the predisposing risk factors and the biopsychosocial model previously outlined (5).

In May 2023, the World Health Organization (WHO) issued a press release in which the Director-General announced that COVID-19 is an ongoing and established health issue and is no longer considered a public health emergency of worldwide concern7 (45). Despite this announcement, there is yet to be a clear and precise strategy going forward on how to systematically approach the dilemma of the impact of COVID-19 on chronic pain.



7. Conclusion

In conclusion, COVID-19 has caused a profound impact by creating a new post-viral and persisting post-pandemic chronic pain syndrome and a large impact on those already living with chronic pain in many ways, often disproportionately. Some key characteristics are present within the patients that could predispose them to different outcomes when they are exposed to SARS-CoV-2. Understanding the implicated pathophysiologic mechanisms is key to not only understanding the clinical manifestation of the infection but also shedding light on some therapeutic options. Treatment will be often multidimensional to address all aspects of the condition and is essential to acknowledge the proper situation to use the appropriate therapy. Considering all the above, we recognize that conducting research with primary data such as an experimental study could be beneficial in providing further insights into this field. It is also noteworthy that findings cannot be generalized, but after the pandemic ended, it was declared that chronic pain will continue to be an issue; therefore, a multicenter prospective study is required to have accurate data and management plan.
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Introduction: As the repercussions from the COVID-19 pandemic continue to unfold, an ever-expanding body of evidence suggests that infection also elicits pathophysiological manifestations within the central nervous system (CNS), known as neurological symptoms of post-acute sequelae of COVID infection (NeuroPASC). Although the neurological impairments and repercussions associated with NeuroPASC have been well described in the literature, its etiology remains to be fully characterized.

Objectives: This mini-review explores the current literature that elucidates various mechanisms underlining NeuroPASC, its players, and regulators, leading to persistent neuroinflammation of affected individuals. Specifically, we provide some insights into the various roles played by microglial and astroglial cell reactivity in NeuroPASC and how these cell subsets potentially contribute to neurological impairment in response to the direct or indirect mechanisms of CNS injury.

Discussion: A better understanding of the mechanisms and biomarkers associated with this maladaptive neuroimmune response will thus provide better diagnostic strategies for NeuroPASC and reveal new potential mechanisms for therapeutic intervention. Altogether, the elucidation of NeuroPASC pathogenesis will improve patient outcomes and mitigate the socioeconomic burden of this syndrome.
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1. Introduction

It has been established that the pathophysiology of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) entails long-term symptomatic repercussions in infected patients. The Center for Disease Control and Prevention (CDC) defines post-acute sequelae of COVID-19 (PASC) as the persistence of COVID-19 symptoms beyond 4 weeks of the initial infection (1). PASC is a multi-organ disease with a plethora of clinical manifestations including dyspnea, cough, fibrotic changes on pulmonary imaging, palpitations, chest pain, thromboembolic events, chronic kidney injury, fatigue, endocrine disruption, hair loss, and multiple neuropsychiatric manifestations (2).

The long-term impact of COVID-19 on the central nervous system (CNS) has been a growing area of concern, with its consequences referred to as post-acute neurological symptoms of COVID-19 (NeuroPASC). NeuroPASC's most prevalent symptom, cognitive impairment, has been reported in 28.85% of patients following COVID-19 infection according to a recent systematic review and meta-analysis (3). However, upon neuropsychological evaluation, cognitive deficits have been objectified in over 50% of COVID-19 patients (4–8). The term “brain fog” has been extensively used in the literature and mainstream media to illustrate the cognitive state of NeuroPASC. It refers to a non-specific constellation of symptoms, including the subjective complaints of poor attention, executive function, and problem solving (9), that may impede daily activities and interpersonal relationships (10). Various conditions may mimic COVID-19's brain fog, including anxiety and mood disorders, traumatic brain injury, chronic fatigue syndrome, and cancer-related cognitive impaired, coined “chemo-fog” (10). Nonetheless, other longstanding neurological symptoms such as fatigue, headache, myalgia, dysautonomia, deficits in verbal fluency, attention loss, executive functions, and memory impairments have been objectified following SARS-CoV-2 infection (6, 9, 11). Recently, cognitive inhibition deficits were reported to be highly prevalent among COVID-19 cases as 38.8% of patients expressed sustained deficits in cognitive inhibition for up to 16 months following COVID-19 infection (8). While other cognitive domains such as cognitive efficiency and executive functions longitudinally improved, cognitive inhibition remained persistently poor over time. An extensive literature has described the psychiatric manifestations of NeuroPASC. Accordingly, a recent meta-analysis has documented the prevalence of long-term neuropsychiatric manifestations following SARS-CoV-2 infection, including sleep disturbances (27.4%), fatigue (24.4%), anxiety (19.1%), and post-traumatic stress disorder (PTSD) (15.7%) (12). Similarly, clinically relevant depressive symptoms in convalescent individuals were estimated between 21 and 45% in COVID-19 patients (13). Efforts to identify risk factors of NeuroPASC development following SARS-CoV-2 infection have produced heterogeneous results across different cohorts (14). While cognitive impairment was greater in ICU compared to non-ICU patients in some studies (8, 15, 16), other reports did not observe any differences in cognitive impairment in the function of infection severity (7, 17). Nonetheless, consistent findings across studies identified female sex (18, 19), older age (19, 20), and previous dementia or cognitive complaints (19, 21) as risk factors for NeuroPASC development.

Several theories have been proposed to explain these neurocognitive symptoms, including inflammatory changes, hypoxia, coagulopathy, vascular endothelial, dysfunction and direct viral invasion of the neurological tissue (22). Although the precise mechanisms remain elusive, six mechanisms have been proposed: i) systemic immune response-mediated neural dysregulation; ii) direct CNS invasion; iii) auto-immune responses; iv) latent pathogen reactivation; v) cerebrovascular thrombosis; and vi) multi-organ dysfunction (23). In this mini-review, we have highlighted the leading hypotheses and pathological mechanisms supporting NeuroPASC, through the consequential disturbance of reactive microglia and astroglia, which lead to persistent neurocognitive symptoms of PASC.


1.1. Glial cell reactivity

Maintenance of optimal cognitive function is a complex process that requires coordination between neuron function and glial cells (24). In recent years, significant interest has been allocated to glial cell (i.e., microglia, astrocytes, and oligodendrocytes) dysfunction during cognitive impairment. In fact, the dysregulation of glial cell function leads to cognitive impairment associated with numerous neuropathologies, including metabolic syndromes (24) and neurodegenerative diseases such as Parkinson's (25) and Alzheimer's (26) diseases. Microglia, the resident immune phagocytes of the CNS, are essential for learning, memory, and behavior regulation in the adult brain (27). In addition to immune surveillance and phagocytosis, microglia are also responsible for other crucial functions in the CNS, including synaptic pruning and synaptogenesis, axon fasciculation and neurite formation, programmed cell death, astrocyte activation and proliferation, and oligodendrocyte differentiation and myelogenesis (27) (Figure 1). Based on the concept of cellular polarization, cells were separated into two phenotypically distinct sub-populations characterized by opposing effects on the CNS. Specifically, the classical (M1) microglial subset was believed to be responsible to produce pro-inflammatory mediators, which induced inflammation and neurotoxicity. Conversely, M2 was assumed to release anti-inflammatory factors, which confer neuroprotectivity. With the advent of technology, M1 and M2 microglia are portrayed as brute oversimplifications to illustrate antagonistic states in both healthy and diseased brains (28). Microglia are likely to be significantly more complex as microglial subset identity and function are intricately regulated by microglial metabolic states and the environmental profiles of signaling mediators (e.g., cytokines and neurotransmitters) (24).
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FIGURE 1
 Schematic illustration of microglia function. Microglia are responsible for crucial functions in the CNS, including synaptic pruning and synaptogenesis, axon fasciculation and neurite formation, programmed cell death, astrocyte activation and proliferation, and oligodendrocyte differentiation and myelogenesis. [Modified and reproduced from Wright-Jin and Gutmann (27), Microglia as Dynamic Cellular Mediators of Brain Function, with the permission of Cell Press.].


Complex microglial–astrocyte interactions also form a delicate equilibrium in CNS health. Indeed, cellular dysfunction from either cell population or the maladaptive synergistic interactions between microglia and astrocytes can result in neurotoxicity and alter synaptic plasticity through numerous mechanisms (29, 30). With a crucial role in brain homeostasis, astrocytes regulate CNS blood flow, glucose metabolism, and the recycling of neurotransmitters (24). Astrocytes are also depicted as master regulators of synaptic activity by controlling synaptic junction plasticity and mediating synapse elimination to avoid excitotoxicity (31, 32). Reminiscent of microglia's obsolete nomenclature, astrocytes are classified into two distinct sub-populations (A1 and A2) based on their reactivity and function (30). On the one hand, A1 reactive astrocytes produce pro-inflammatory soluble mediators, which are mainly induced by the NF-κB signaling cascade (33). On the other hand, A2 reactive astrocytes generate anti-inflammatory mediators and many neurotrophic factors induced by STAT3 activation. As a result, reactive A1 astrocytes provoke neurotoxicity and neuronal death, whereas A2 astrocytes promote survival and neuron growth (33).

Upon cerebral insult, astrocytes undergo drastic phenotype change referred to as reactive astrocytosis, induced due to an upregulation of pro-inflammatory cytokines by neuroinflammatory microglia such as (interleukin) IL-1α, IL-1β, tumor necrosis factor-alpha (TNF-α), and the complement component 1q (C1q) (29, 30, 33). As a result, neurotoxic A1 reactive astrocytes display decreased function in synaptic formation and phagocytic capability. Furthermore, A1 reactive astrocytes promote significant neurotoxicity, which leads to cell death of cortical neurons and mature differentiated oligodendrocytes (30, 34). Moreover, inflammatory microglia further accentuate NF-κB signaling, leading to A1 astrocyte population remodeling and neurodegeneration (35). A study by Saggu et al. (36) has shown that astroglial-mediated NF-κB activation is associated with white matter damage and cognitive impairments in vascular dementia models (36). While microglial activation alone is insufficient to initiate cell death in the CNS, microglial activation potentially enhances neurological damage by inducing reactive astrocytosis, resulting in neurodegeneration (30).

As for oligodendrocytes, they are responsible for axonal myelination, which regulates action potential conduction velocity, essential for neural circuit dynamics (37). Oligodendrocytes are also important contributors to neurodegenerative diseases including Alzheimer's disease, amyotrophic lateral sclerosis, and multiple system atrophy. More recently, studies have shown that, in addition to myelination, oligodendrocytes are required for the integrity and survival of axons independent of myelin itself (38). Mechanistically, oligodendrocytes foster glycolytic metabolism, which provides axons with energy-rich metabolites.

Altogether, the coordinated signaling between microglia, astrocytes, and oligodendrocytes is essential for homeostasis and CNS health.




2. SARS-CoV-2-mediated activation of glial cells


2.1. Indirect pathway: peripheral immune cell activation and CNS infiltration

Acute and chronic CNS inflammation alike have drastic repercussions on glial circuitry and cytokine expression profiles, which result in dysfunctional immune signaling and synaptic plasticity (39). As a result of the intricate equilibrium that composes glial cell homeostasis, various neuroinflammatory states including chemotherapy (40) and notably COVID-19 infection (41), disrupts glial lineage, pertaining to glial population proliferation, differentiation, and maturation. Following COVID-19 infection, an upregulation of pro-inflammatory chemokine-enhanced microglial populations and an impairment of oligodendrogenesis in mice models led to neurological disturbance in the absence of direct viral invasion (41).

Neuroinflammation underlies one of the leading theories to explain CNS injury during SARS-CoV-2 infection and is a consequence of the well-documented systemic cytokine storm and subsequent increase in blood–brain barrier (BBB) permeability (14, 42). Through its spike surface glycoprotein, SARS-CoV-2 enters the host cells by binding to its angiotensin-2 converting enzyme (ACE-2) receptors, which consequently initiates an important inflammatory response (13, 43). Brain–blood barrier disruption from systemic inflammation facilitates neuroinflammation through neural invasion of inflammatory cytokines, which further stimulates cytokine secretion from the microglia (42). Accordingly, a study in rats has shown that exposure to a partial subunit of the SARS-CoV-2 spike protein (i.e., S1 protein subunit) elicits innate immune response through a pathogen-associated molecular pattern (PAMP), which triggers microglial activation and neuroinflammation in the absence of active virions (44). The S1 spike protein also activates the NRLP3 inflammasome that plays a pivotal role in innate immunity and inflammatory signaling triggered by PAMPs (45). This pathway leads to NF-κB activation, pro-inflammatory cytokine production (i.e., IL-1β and IL-18), and subsequent glial reactivity, all of which are associated with neurodegenerative diseases (46). Meanwhile, microglial activation via NF-κB signaling induces reactive astrocytosis, which in turn leads to excitotoxicity, white matter damage, and loss of myelin plasticity, in addition to oligodendrocyte and neuronal cell death (14, 35, 44).

Neuroinflammatory pathways that alter CNS homeostasis are linked to cognitive and neuropsychiatric complications (43). The systemic immune-inflammation index, which reflects the immune response and systemic inflammation based on a ratio of peripheral lymphocyte, neutrophil, and platelet counts (SII = platelets × neutrophils/lymphocytes), has been found to predict depressive symptomatology and cognitive dysfunction 3 months following initial infection (47). Even in the absence of direct CNS viral infiltration, consequential production of peripheral cytokine profiles associated with the host's antiviral response may be sufficient to induce neuroinflammatory reactions and/or compromise the integrity of the blood–brain interface. As a result, peripheral immune cells migrate through the BBB into the CNS and induce microglia-derived cytokines, which interfere with neurotransmission (14, 42). These mechanisms have mostly been established using experimental models. For example, mild respiratory illness in AAV-hACE2 mice (48) following intranasal delivery of SARS-CoV-2 was sufficient to induce potent microglial reactivity in the sub-cortical white matter upon pathological examination of the mice brain tissue (41). Moreover, Klein et al. (49) compared the hamster models of SARS-CoV-2 to pathological specimens of human patients deceased from COVID-19, demonstrating similar pathological changes in the absence of viral neuroinvasion. These changes included abnormal BBB permeability, microglial activation, loss of hippocampal neurogenesis, and expression of IL-1β and IL-6 within sub-cortical structures (49).

Neuroinflammation during acute SARS-CoV-2 infection may consequently induce brain parenchyma and vessel alterations that further foster the inflammation of neurons and supportive cells (14). Additionally, such neuroinflammation could be a catalyst for microvascular thrombosis and ischemic brain injury during the COVID-19 infection (50). Magnetic resonance imaging (MRI) from a deceased COVID-19 patient revealed volumetric and micro-structural brain abnormalities, which were accompanied by several neuropathological lesions reminiscent of vascular and demyelinating etiology (51). Any combination of these events could lead to BBB disruption and subsequent immune cell infiltration of the CNS causing microglial activation and neuroinflammation in the absence of direct viral invasion of the CNS.



2.2. Direct pathways

Glial activation and neurotoxicity may result from the direct routes of SARS-CoV-2 infection. In a study where transgenic mice models expressing recombinant human ACE-2 were infected with SARS-CoV-2, investigators found viral particle (spike protein) infiltration within the CNS and an abundance of activated microglia in the proximity of the infected tissue (46). The utilization of human monocyte-derived microglia infected with SARS-CoV-2 revealed that viruses enter these cells through ACE-2 receptor binding in the absence of viral replication. More interestingly, they observed that the infected cells induced NLRP3 inflammasome activation and a potent pro-inflammatory response accompanied by IL-1β overexpression (46). Mechanistically, these neuroinflammatory events were shown to be NF-κB dependent as the utilization of NF-κB inhibitors led to complete inhibition of Il-1β release. Another study conducted by Samudyata et al. (52) established a brain organoid model with innately developing microglia (52). Such in vitro invasion assays on microglial cells co-cultured with SARS-CoV-2 demonstrate the loss of post-synaptic termini and neuronal cell death. Transcriptomic profiling of microglia exposed to SARS-CoV-2 revealed gene expression signatures that closely resembled neurodegenerative disorders (52). Nevertheless, it is worth noting that SARS-CoV-2 antigens and RNA have rarely been detected in the CSF of COVID-19 patients (53, 54) while only detected in a minority of human brain autopsies (55). Heterogenous study results have resulted in controversy surrounding the neuroinvasive properties of SARS-CoV-2. This section will explore pathways by which CNS infiltration of SARS-CoV-2 of viral proteins may result in microglial activation and neuroinflammation during COVID-19 infection.


2.2.1. Olfactory route

The presence of ACE-2 receptors along the olfactory tract suggests that the neurological manifestations of COVID-19 could be caused by direct neurological infiltration via the olfactory route (56, 57), a common entry site to several other respiratory viruses (58). CNS viral dissemination to the amygdala, hippocampus, and entorhinal cortex could then be possible through the connecting olfactory bulb, where SARS-COV-2 RNA has been found in approximately 20% of post-mortem brains from deceased COVID-19 patients (59). Numerous imaging studies also support this hypothesis (59–61). For example, neuroimaging from a cohort of 785 participants (including 401 participants scanned before and after COVID-19 infection) discovered significant longitudinal effects in SARS-CoV-2 cases including a decrease of thickness and tissue contrast from the orbitofrontal cortex and the parahippocampal gyrus gray matter, changes in tissue damage markers in olfactory cortex-related regions, and a global reduction in brain volume (61). Previously infected individuals from the latter cohort also demonstrated cognitive decline post-infection. Together, imaging data originating mainly from the limbic system could highlight COVID-19-mediated neurodegeneration through the olfactory pathways, neuroinflammatory events, and loss of sensory input caused by anosmia (61). Other imaging studies in COVID-19 patients using MRI cerebral imaging have enabled researchers to observe an increase in olfactory bulb signal intensity and volume size (60). Positron emission tomography (PET) has also shown reduced 18-fludeoxyglucose of orbitofrontal hypometabolism in patients with anosmia (62). Altogether, these findings suggest a role for imaging technologies in the detection and progression of direct neurological infiltration and pathogenesis of COVID-19 infection through the olfactory tract.



2.2.2. Hematogenous spread and endothelial pathology

Perturbation of BBB permeability has been well documented during the infection of various respiratory viruses (63). Of note, cerebral endothelial cells, which comprise the BBB, are prone to SARS-CoV-2 infection through cell surface expression of receptors NRP1, BSG, and low levels of ACE-2 (64). Furthermore, SARS-CoV-2 has been shown to cross the BBB by transcellular pathways, accompanied by basement membrane disruption in mice models (65). As a result, vascular permeability increases and leads to perivascular cell infiltration and neuronal cell death. Wenzel et al. (64) have demonstrated brain endothelial cells infection; the expression of SARS-CoV-2 main protease (Mpro) cleaves the host protein NF-κB essential modulator (NEMO), which is an essential modulator of NF-κB-mediated survival (64). By ablating NEMO, Mpro induces microvascular pathology, BBB disruption, endothelial cell death, and neuroinflammation. Similarly, ACE-2 (66) and NRP1 (67) receptors can be found in astrocytes, which are in direct contiguity with the BBB. Astrocyte infection by SARS-CoV-2 is further supported by the detection of the S1 spike gene transcripts and protein in the cerebral vasculature of COVID-19 patients (64) and the description of S1 spike-positive astrocyte in post-mortem human samples (67). Subsequently, in vitro neural stem cell-derived human astrocytes were exposed to SARS-CoV-2, resulting in astrocyte infection through spike-NRP1 interactions (67). The resulting astrocyte phenotype decreased neuronal viability while promoting neuronal apoptosis (67).

Previous studies have also demonstrated the occurrence of neuropathological events mediated by the S1 protein of SARS-CoV-2. Accordingly, SARS-CoV-2 virions are known to spontaneously shed S1 protein subunits, which can be found in the plasma of COVID-19 patients (44, 68). This pro-inflammatory protein has also been found in human cerebral endothelial cells upon autopsy in the absence of viral RNA and is strongly co-localized with inflammatory mediators including caspase-3, TNF-α and IL-6 (69). In mouse models, S1 spike protein injection leads to endothelial cell damage with increased expression of TNF-α and IL-6, which co-localized with the S1 spike subunit (69). Similarly, non-primate models have demonstrated the presence of SARS-CoV-2 nucleocapsid protein in endothelial cells of the cerebral vasculature (70). Altogether, the expression of SARS-CoV-2 compatible receptors in cerebral structures, in addition to the discovery of SARS-CoV-2 genetic material and viral proteins in the endothelial tissue and astrocytes, suggests that viral invasion or viral protein infiltration of cerebral vasculature could be a mechanism that leads to microglial activation and neuroinflammation.



2.2.3. Cerebrospinal fluid

Another proposed route for SARS-CoV-2 infection is through the cerebrospinal fluid (CSF). In a study utilizing human-pluripotent-stem-cell-derived brain organoids to examine SARS-CoV-2 neurotropism, ACE-2 positive choroid plexus epithelial cells were amenable to infection, which leads to an initial disruption of the blood–CSF barrier followed by a subsequent complete breakdown of barrier integrity (71). Infection of these organoids has been associated with transcriptional dysregulation and cell death, suggestive of a neuroinflammatory response and deficits in cellular functions (72). Although some studies have shown SARS-CoV-2 PCR positivity in patient's CSF samples, other studies have contradicted this notion (73). While the neuroinvasive properties of SARS-CoV-2 through the blood–CSF barrier have not been confirmed, a more likely mechanism involves barrier leakage, leading to the translocation of immune cells and cytokines that sustain neuroinflammation (71).





3. Reactive gliosis as a culprit of NeuroPASC


3.1. Current evidence of microglial reactivity in NeuroPASC

A recent study on AAV-hACE2 mice models with mild SARS-CoV-2 respiratory infection has demonstrated a prominent increase in pro-inflammatory cytokine and chemokine profiles (e.g., IFN-γ, IL-6, TNF-α, CXCL10, CCL7, CCL2, and CCL11) in the CSF and serum samples as rapid as 7 days post-infection (41). Longitudinal evaluation of pro-inflammatory mediators revealed that while serum levels of these mediators normalized after 7 weeks, there was a progressive increase of CSF cytokines/chemokines levels over time. Notably, CCL11, a cytokine associated with cognitive impairment (74), remained persistently elevated in the CSF over time, suggesting that isolated respiratory infection with SARS-CoV-2 can result in prolonged changes in CSF cytokine profiles, leading to persistent neuroinflammation (41). The latter study has also demonstrated that mice infected with SARS-CoV-2 displayed white matter microglial reactivity for at least 7 weeks, which culminated in oligodendrocyte death, axonal demyelination, and impaired mechanisms of cellular homeostasis and neuron generation in the hippocampus. These findings align with recent studies highlighting BBB disruption, microglial activation, aberrant cytokine expression, and suppression of hippocampal neurogenesis in brain samples from post-mortem COVID-19 patients (49). Moreover, Schultheiß et al. (75) demonstrated elevated serum cytokine profiles up to 8 months post-infection in a cohort of COVID-19 patients manifesting mostly mild-to-moderate infection severity (75). Interestingly, persistently elevated levels of serum IL-1β, IL-6, and TNF-α correlated with PASC symptoms of dyspnea, fatigue, and cognitive impairment. Further examination also suggested that these cytokines were constitutively secreted by resident monocytes/macrophages in the lungs (75). In parallel, a study by Peluso et al. (76) revealed that an increase in plasma IL-6, TNF-α and glial fibrillary acidic protein (GFAP), an axonal structural protein and biomarker of glial cell activation, predicts NeuroPASC symptoms in SARS-CoV-2 infected patients (76).

Cognitive dysfunction is also correlated with increased immunoregulatory pathway protein expression and a downregulation of inflammatory and antiviral response proteins (77). Moreover, individuals with NeuroPASC exhibit deficient systemic humoral immunity response to various SARS-CoV-2 antigens (Spike, S1, S2, RBC, and Nc) when compared to non-PASC COVID-19 control patients. Elevated levels of serum IgG specific to SARS-CoV-2 are associated with improved NeuroPASC clinical outcomes possibly due to enhanced viral clearance (78), while individuals who experience severe neurological injury following acute COVID-19 infection tend to elicit elevated levels of CSF SARS-CoV-2 specific antibodies (79). Distinct T-cell response and effector signatures in addition to unique CSF humoral responses highlight the significance of humoral immunity alterations and pathogenic outcomes of NeuroPASC (77, 78). Taking into consideration that mild respiratory infection and systemic inflammation can lead to BBB permeability disturbances combined with microglial reactivity (41), one could suggest that immunologic alterations (77, 78) and persistent systemic inflammation following COVID-19 (75) may be a catalyst for chronic neuroinflammation and glial reactivity in previously primed microglia.



3.2. Microglial priming and persistent neuroinflammation in NeuroPASC

Considering the detrimental role of persistent microglial reactivity in neurodegenerative diseases, such reactive states could also be key to NeuroPASC pathogenesis. Accordingly, a key concept in AD trajectory known as microglial priming is associated with aging and systemic inflammation (80). Fundamentally, microglia priming renders them more susceptible to secondary inflammatory events, which in turn promotes microglial differentiation to pro-inflammatory subtypes and triggers an exaggerated inflammatory response in response to subsequent stimuli (80). This phenomenon may explain why the prevalence of NeuroPASC is higher in older adults (20). Although the specific mechanisms initiating microglial priming remain to be elucidated, it is generally accepted that chronic inflammation and/or repetitive inflammatory stimuli are a governing factor. Recently, Albornoz et al. (46) have demonstrated that the SARS-CoV-2 S1 spike protein acts as an NLRP3 inflammasome and microglial primer, setting the stage for increased reactivity to inflammatory stimuli (46). Persistent glial reactivity and chronic neuroinflammation in neurodegenerative diseases can be attributed to an exaggerated inflammatory response upon repeated exposition to pathological stimuli (80), such as β-amyloid plaques and alpha-synuclein in AD (80) and Parkinson's disease (PD) (81), respectively. Similarly, the persistent systemic inflammation in PASC (75) could represent a stimulus with the capacity to longitudinally promote microglial reactivity, leading to maladaptive neuroinflammation in microglia previously primed during the wake of SARS-CoV-2 infection. Keeping these mechanisms in mind, SARS-CoV-2 infection and pathogenesis could potentially trigger neurodegenerative events reminiscent of AD and PD (82). As such, there exists a positive correlation between COVID-19 infection and its severity with the risk of AD development (83). Moreover, COVID-19 may exacerbate motor and non-motor symptoms in PD patients (84).

There are considerable parallels between SARS-CoV-2 and influenza sequelae. Iosifescu et al. (20) and Taquet et al. (85) compared neurological and psychiatric sequelae following these viral infections. The incidence of long-term COVID-19 and influenza-related neuro-sequelae was 2.58 and 2.06% (20) and 3.01 and 1.83% (85), respectively. The average onset of NeuroPASC symptoms was 138 days following the initial infection vs. 238 days for influenza sequelae (20). The occurrence of altered mental status was significantly greater in NeuroPASC patients (17%), but there were no statistically significant differences in other clinical signs and symptoms when compared to influenza. These symptoms include anxiety, depression, dizziness, fatigue, headaches, nausea, seizures, and strokes (20). From a pathophysiological perspective, respiratory influenza infection elicits neuroinflammation through pro-inflammatory cytokines secretion and microglial reactivity (86, 87). These processes alter BBB permeability, structural hippocampal plasticity, and may underlie cognitive dysfunction (86, 87). Fernández-Castañeda et al. (41) compared CSF pro-inflammatory cytokine profiles at 7 days and 7 weeks post-infection between mice models of SARS-CoV-2 and H1N1 influenza, revealing distinct profiles, with some overlap. Of note, CCL11, a cytokine associated with cognitive impairment (74) remained persistently elevated in both SARS-COV-2 and H1N1 models. A comparison of microglial reactivity revealed similar hippocampal pathology at 7 days and 7 weeks post-infection. However, unlike respiratory COVID, sub-cortical white matter integrity in H1N1 mice was preserved at 7 weeks, with a resolution of acute microglial reactivity and oligodendrocyte loss (41).

Alternatively, microglial activation during acute SARS-CoV-2 infection could be sufficient to induce maladaptive inflammatory pathways, leading to chronic neuroinflammation and NeuroPASC in the absence of longitudinal peripheral stimuli. This phenomenon has been described following traumatic brain injury (TBI) in human brain samples, where densely packed reactive microglia are responsible for chronic neuroinflammation and white matter degradation (88). In fact, persistent inflammatory pathology was observed in over a quarter of TBI cases and for up to 18 years following the initial brain injury (88). Studies also showed that the ensuing microglial activation and neuroinflammation from TBI results in cognitive impairment and predispose to AD (89).

A comparable syndrome is cancer-therapy-related cognitive impairment, commonly referred to as “chemo-fog,” which is characterized by mild-to-moderate impairments in memory, attention, executive functioning, and processing speed (90). The term itself and the affected neuropsychological domains resemble the “brain fog” currently used to describe NeuroPASC cognitive impairment. Furthermore, accumulating evidence suggests that chemotherapies and cranial radio-irradiation elicit a persistent microglial activation beyond the duration of treatment, leading to neuroinflammation, loss of hippocampal neurogenesis, and neuronal plasticity in addition to white matter pathology, all of which represent the core features of NeuroPASC pathology (91). Hence, it is plausible that microglial activation persists beyond the initial inflammatory stimuli in NeuroPASC, aligning with the findings observed in traumatic brain injury (TBI) and cancer-related cognitive impairment.

Globally, the resolution of neuroinflammation is essential to mitigate neurological damage. Accordingly, this is the precise role of microglia and astrocytes subsets with tissue repair and anti-inflammatory functions (33, 92). However, in neurodegenerative conditions, neuroinflammation is a crucial pathological driver as it tends to be chronically active and fails to resolve (92). Moreover, the anti-inflammatory phenotypes of microglia, which promote the clearance of inflammation in a healthy setting, are altered in neurodegenerative diseases (92). Comprehension of the delicate balance in glial cell networks and function is therefore essential to understand the complex processes governing neurodegeneration. For example, while M1 and M2 microglia are portrayed as oversimplifications to illustrate antagonistic states in both healthy and diseased brains, studies have reported distinct microglial sub-populations known as disease-associated microglia (DAM) in Alzheimer's disease (AD) (93). This unique subset of microglial cells has been specifically associated with neurodegenerative disorders and remains undetectable in healthy human brain samples. Similarly, distinct microglia populations with unique signatures have been identified in mice models, characterized by altered homeostatic gene expression and chemokine profiles that show significant overlap with DAM (41). Although the complete elucidation of DAM cells and their role in neurological disorders remains under investigation, further studies are required to map the intricate networks and function of glial cells in NeuroPASC.




4. Discussion

This mini-review has explored numerous cellular processes and pathways by which SARS-CoV-2 affects the CNS leading to glial reactivity and NeuroPASC (Figure 2). We illustrate an indirect pathway, characterized by the absence of direct viral invasion of the CNS, where microglial activation and neuroinflammation are consequential repercussions of systemic inflammation and BBB breakdown. These events, therefore, result in the translocation of peripheral cytokines and immune cells to the CNS, culminating in microglial activation and neurological damage. Of note, the S1 spike protein subunit of the SARS-CoV-2 could also lead to microglial priming, setting the tone for microglial reactivity and neuroinflammatory response in a viral neuroinvasion-independent manner. We herein discussed three pathways of direct neuroinvasion that could potentially lead to microglial reactivity: i) through the olfactory bulb; ii) via a hematogenous/endothelial path; and iii) through the CSF. It is likely that microglial reactivity results from a combination of these mechanisms as they are not mutually exclusive (Figure 2).
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FIGURE 2
 Direct and indirect pathways of NeuroPASC. Schematic representation of various pathways and their consequences on microglial reactivity and neuroinflammation of the CNS following the SARS-CoV-2 infection are depicted.


Reactive microglia are responsible for a plethora of CNS repercussions, including synaptic plasticity impairment (94, 95), inappropriate synaptic elimination, dysfunction of hippocampal neurogenesis, and memory loss (96). Secretion of the microglial pro-inflammatory cytokines also leads to numerous neuropsychiatric manifestations, including apathy, cognitive impairment, anxiety, depression, and learning disability (97). The impact of reactive gliosis has also been well documented using SARS-CoV-2 experimental models (41, 49, 52). In sum, recent data suggest that persistent neuroinflammation could explain the significant prevalence of neuropsychiatric symptoms observed in COVID-19 patients.

While controversy surrounds the legitimacy of NeuroPASC as a distinct neuroinflammatory syndrome, evidence suggests that it possesses distinct microglial subtypes (41), humoral immunity signatures (78), and T-cell activation and effector signatures (77). Despite arising from different CNS insults, the consequences of microglial reactivity, such as white matter injury, impaired hippocampal neurogenesis, and loss of myelin plasticity are similar across various syndromes. These include NeuroPASC, cancer-related cognitive impairment, cognitive dysfunction following traumatic brain injury, and influenza infection. Consequently, it should come as no surprise that the clinical translation of these shared pathological lesions takes nearly identical forms. Pharmacologically targeting these reactive pathways may hold the key to treating numerous neurodegenerative and chronic neuroinflammatory diseases.

A thorough understanding of NeuroPASC pathophysiology and microglial reactivity is primordial to the development of disease-altering therapy. It is the first step toward alleviating the important socioeconomic burden of post-acute COVID-19 syndrome and its neurocognitive sequelae, a global health problem (98).
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Introduction: Neurocognitive symptoms and dysfunction of various severities have become increasingly recognized as potential consequences of SARS-CoV-2 infection. Although there are numerous observational and subjective survey-reporting studies of neurological symptoms, by contrast, those studies describing imaging abnormalities are fewer in number.

Methods: This study conducted a metanalysis of 32 studies to determine the incidence of the common neurological abnormalities using magnetic resonance imaging (MRI) in patients with COVID-19.

Results: We also present the common clinical findings associated with MRI abnormalities. We report the incidence of any MRI abnormality to be 55% in COVID-19 patients with perfusion abnormalities (53%) and SWI abnormalities (44%) being the most commonly reported injuries. Cognitive impairment, ICU admission and/or mechanical ventilation status, older age, and hospitalization or longer length of hospital stay were the most common clinical findings associated with brain injury in COVID-19 patients.

Discussion: Overall, the presentation of brain injury in this study was diverse with no substantial pattern of injury emerging, yet most injuries appear to be of vascular origin. Moreover, analysis of the association between MRI abnormalities and clinical findings suggests that there are likely many mechanisms, both direct and indirect, by which brain injury occurs in COVID-19 patients.

KEYWORDS
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Introduction

Coronavirus Disease 2019 (COVID-19) (1, 2) characteristically involves multiple organ systems, including the central and peripheral nervous system. SARS-CoV-2 infection has been associated with a range of neurological phenomena, which are still incompletely understood. Severe acute neurological events include ischemic stroke, intracranial hemorrhage, encephalopathy, seizure disorders, extrapyramidal syndromes, neuromuscular pathologies, various immune-mediated neuroinflammatory disorders, and dysautonomias (3). In this context, neurocognitive symptoms and dysfunction of various severities have become increasingly recognized as potential consequences of SARS-CoV-2 infection. While brain dysfunction might be attributed to the effects of critical care illness among hospitalized patients, emerging data indicate that brain effects are also prevalent among less severely ill, non-hospitalized and even mildly symptomatic patients (4). Although there are numerous observational and subjective survey-reporting studies of neurological symptoms, by contrast, those studies describing imaging abnormalities are fewer in number.

This study conducted a metanalysis to determine the incidence of the common neurological abnormalities using magnetic resonance imaging (MRI) in patients with COVID-19. This study expands on a previous metanalysis of COVID-19 neuroimaging performed early in the pandemic (5) providing a more contemporary and elaborate analysis. We also present the common clinical findings associated with MRI abnormalities.



Methods


Eligibility criteria and evidence search

Using Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA), we conducted a systematic review of studies which reported neurological MRI findings in COVID-19 patients (Figure 1). A PubMed, Embase and Google Scholar database search from January 1, 2020, to June 17, 2022, was performed. Additional papers found outside of these searches were added at the authors’ discretion. The search parameters can be found in the Supplementary Information. Cross-sectional, case–control, and cohort studies were included in the analyses. Studies that were excluded included: (1) case reports, case series, review papers, and conference abstracts; (2) papers not written in English; (3) protocol papers, letters to the editor, preprint papers, and healthcare provider surveys without data; and (4) papers that did not use MRI as a data metric.

[image: Figure 1]

FIGURE 1
 PRISMA diagram illustrating the study eligibility criteria.


The title and abstract of papers after the initial search were assessed by two independent reviewers, MB and BM, and only studies approved by both reviewers were included. Disputes regarding the inclusion of a paper were decided by a third reviewer, TD.



Data collection and analysis

Study characteristics, including author, study type, origin, sample size and other qualitative findings were manually collected. The incidence of any brain MRI abnormality as well as the incidence of common specific and subspecific brain MRI abnormalities after SARS-CoV-2 infection were collected manually.




Results

The initial search resulted in 491 articles with no duplicates. After assessing the title and abstract, 452 papers were removed. An additional seven papers which did not meet the inclusion criteria were removed after assessing the entire paper. Thirty-two papers were included in the final study. Table 1 summarizes the study characteristics and main findings.



TABLE 1 Study characteristics.
[image: Table1]


Incidence of brain MRI abnormalities

Figure 2 illustrates the incidence of brain MRI abnormalities after SARS-CoV-2 infection. The incidence of any brain MRI abnormality after SARS-CoV-2 infection was 55% (461/837 patients). The most common brain abnormalities in order of incidence were perfusion abnormalities (53%), susceptibility weighted imaging (SWI) abnormality (44%), white matter lesions (32%), gray matter lesions (23%), infarct/ischemia (22%), cerebral microbleeds (CMB; 21%), leptomeningeal enhancement (LME; 21%), fluid attenuated inversion recovery (FLAIR) abnormality (19%), olfactory bulb abnormalities (15%), hemorrhage (15%), encephalopathy (14%), posterior reversible encephalopathy syndrome (PRES; 4%), cytotoxic lesions of the corpus callosum (CLOCC; 3%) and thrombosis (2%). Subspecific information regarding brain MRI abnormalities are presented in Table 2.
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FIGURE 2
 Incidence of the most common COVID-19-associated brain MRI abnormalities. CLOCC, cytotoxic lesions of the corpus callosum; PRES, posterior reversible encephalopathy syndrome; FLAIR, fluid-attenuated inversion recovery; LME, leptomeningeal enhancement; CMB, cerebral microbleeds; GM, gray matter; WM, white matter; SWI, susceptibility weighted imaging.




TABLE 2 Common neurological MRI abnormalities in COVID-19 patients.
[image: Table2]

The incidence of acute infarcts (17%) was more common than chronic (11%) and subacute infarcts (6%). Lacunar infarcts were the most common (26%) followed by territorial arterial infarcts (14%) and watershed infarcts (12%). Cortical stroke was not reported in any studies whereas the incidence of subcortical stroke was found to be 11% in one study.

The incidence of lobar CMBs (21%) was slightly higher than diffuse CMBs (18%). The incidence of CMBs in the subcortical and deep WM was 19 and 11%, respectively. The most commonly affected subcortical structures were the corpus callosum (16%), pons/cerebellum (7%), and basal ganglia (5%).

Hypoperfusion abnormalities (48%) were more common than hyperperfusion abnormalities (10%). The incidence of seizure-related perfusion abnormalities was 12%. Perfusion abnormalities secondary to ischemic lesions was 5%.

The incidence of subcortical WM changes was 81%. The incidence of periventricular and juxtacortical WM changes was 44% each. The most common sites for WM changes were the brainstem (29%), precentral gyrus (29%), corpus callosum (27%), cerebellum (19%), middle cerebellar peduncles (17%), and basal ganglia (2%).

Non-confluent FLAIR abnormalities (9%) were more common than confluent ones (5%). The most common locations were the frontal lobe (15%), parietal lobe (11%), occipital lobe (10%), medial temporal lobe (8%), brainstem (7%), temporal lobe (4%), corpus callosum (3%), and middle cerebellar peduncles (2%).

The incidence of cortical, juxtacortical, and subcortical on DWI was 56, 30, and 25%, respectively. A combined incidence of deep and periventricular WM SWI abnormality (30%) was reported in one study. The most common sites for SWI abnormalities were cerebellum (38%), thalami (31%), corpus callosum (28%), brainstem (19%), basal ganglia (2%), and pons (2%).

The incidence of venous thrombosis (4%) was marginally higher than arterial thrombosis (2%).

Figure 3 shows the inter-study heterogeneity for the commonly reported brain MRI abnormalities.
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FIGURE 3
 Forest plots of reported brain MRI abnormalities. (A) Any brain MRI abnormality. (B) Cerebral microbleeds. (C) Encephalopathy. (D) Hemorrhage. (E) Infarct. (F) White matter lesions. (G) FLAIR abnormality. (H) SWI Abnormality. (I) Posterior reversible encephalopathy syndrome. (J) Leptomeningeal enhancement. (K) Cytotoxic lesion of the corpus callosum. (L) Perfusion abnormalities. (M) Thrombosis. (N) Olfactory bulb abnormalities. (O) Gray matter lesions.




Clinical measures associated with MRI abnormalities

Twelve studies in this review reported a statistical (p < 0.05) association between at least one clinical datapoint and an MRI abnormality. The most commonly reported associations were cognitive impairment (6), followed by ICU and/or mechanical ventilation status (5), older age (4 studies), hospitalization or longer length of hospital stay (4), and ARDS (2). The most commonly reported laboratory marker was elevated WBC count (3), higher D-Dimer (2), higher creatinine (2) and decreased hemoglobin (2). Table 3 qualitatively outlines the MRI abnormality and the associated clinical parameter for each of the 12 studies.



TABLE 3 Clinical findings associated with MRI abnormalities.
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Discussion

In this metanalysis, we report the pooled incidence of the commonly reported brain MRI abnormalities in patients with COVID-19. The pooled incidence of any brain MRI abnormality was found to be 55% [Proportion = 0.65; 95% CI = 54–76%; I2 = 94%]. The five most commonly studied abnormalities were WM lesions [Proportion = 0.39; 95% CI = 11–66%; I2 = 99%], cerebral microbleeds [Proportion = 0.29; 95% CI = 16–38%; I2 = 95%], hemorrhage [Proportion = 0.16; 95% CI = 9–22%; I2 = 74%], infarct [Proportion = 0.18; 95% CI = 11–21%; I2 = 65%], and encephalopathy [Proportion = 0.12; 95% CI = 3–18%; I2 = 94%]. Perfusion abnormalities (53%) and SWI abnormalities (47%) were the two brain abnormalities with the highest incidence. The most reported clinical characteristic and laboratory value with a statistically significant association with at least one brain MRI abnormality was cognitive impairment and elevated WBC count, respectively. Together, these results show that brain MRI abnormalities after SARS-CoV-2 infection are common and that clinical associations may provide insight into identifying at-risk patients as well as possible combinatorial and intersectional mechanisms of brain injury in COVID-19.

There is considerable heterogeneity in the results reported in this meta-analysis, a finding which is similar to a smaller meta-analysis performed earlier in the pandemic (5). There are a few reasons for the observed heterogeneity. First, there is substantial interstudy variation in patient populations, study designs, and end-outcomes. Second, the neurological presentation of COVID-19 is itself very heterogenous. Unlike other pathogens, such as Lyme Disease and Herpes Simplex Virus (38), which may reveal distinct patterns of injury on brain MRI, there is no unanimous pattern of brain injury with SARS-CoV-2, likely due to multifactorial and synergistic mechanisms of direct and indirect injury responses. Indirect effects include respiratory distress, sepsis, hypoxia, cardiovascular distress, host-mediated proinflammatory responses, hypercoagulation, amongst many others. Whether the heterogeneity seen in our study is the result of interstudy variation or the result of the inherent diversity of SARS-CoV-2-mediated brain injury remains to be seen.

The incidence of any brain MRI abnormality was found to be 55%. This number is likely greatly inflated given that the majority of studies included in this meta-analysis looked at patients that had severe COVID-19. Indeed, a previous study found the rate of brain MRI abnormalities to be less than 1% (51/5430) when looking at all COVID-19 patients regardless of severity (39), although this is likely an underestimation given that not all patients in the aforementioned study were referred for MRI analysis. Regardless, the findings of our meta-analysis are likely more useful to the clinician managing a critically ill COVID-19 patient in the ICU than the clinician managing a milder form of the disease.

Clinicians should be aware that the presentation of brain injury in COVID-19 can be diverse, although the majority of brain abnormalities in COVID-19 appear to be cerebrovascular events. The two injuries with the highest prevalence are perfusion abnormalities and SWI abnormalities, the latter of which usually indicates a cerebral microbleed and/or calcification (40). Infarcts, hemorrhages, cerebral microbleeds, and thrombosis are also of cerebrovascular origin. On the other hand, olfactory bulb lesions are likely exclusively associated with nerve damage (17). The source of the rest of the abnormalities can vary.

The question of how much COVID-19 contributes to abnormal brain MRI findings is unclear, especially since the patients indicated for brain MRI are often the sickest patients with several comorbidities that may present as confounders. However, longitudinal studies with multiple time points can provide some insight into this question. Lersy et al. show that 79% of patients had partial or complete regression of abnormal brain MRI findings at 189 days follow-up (31). Furthermore, Chammas et al. showed a marked decreased in collicular hyperintensity at 3-month follow-up (18). It is more likely that this type of dynamic neuro-evolution would be due an acute insult rather than pre-existing chronic conditions. Likewise, Agarwal et al. demonstrated an increase in ventricle size at a 22-day follow-up MRI that is likely due to an acute infectious process rather than chronic processes like alcoholism or neurodegenerative diseases which progress over a longer period of time (15). COVID-19 does contribute to acute brain injury, however, the extent to which the findings reported in brain MRI papers is due to COVID-19 vs. comorbidities is difficult to assess. Future studies should utilize pre- and post-COVID MRI scans as well as matched controls to better determine the extent to which COVID-19 causes brain injury. The UK Biobank study of 785 participants is a good example of such a study (41).

Analysis of the association between MRI abnormalities and clinical findings provides an insight into the mechanism of brain injury in COVID-19. Given that ACE2 receptors and associated SARS-CoV-2 virions are expressed on brain endothelial cells, direct injury mediated by SARS-CoV-2 is theoretically possible (42). However, a direct mechanism of injury is highly unlikely given that only 1.6% (3/184) of patients across 9 studies in our meta-analysis were found to have to have SARS-CoV-2 RNA in their CSF via RT-PCR. Indeed, indirect mechanisms of brain injury seem more plausible, one of which is mechanical ventilation – a known contributor to various neurological injuries including intracranial hemorrhages, ischemic stroke, and hypoxic ischemic encephalopathy (43). This mechanism is supported by multiple papers in our analysis which show an association between mechanical ventilation and the presence of CMBs, WM microhemorrhages, and encephalopathy on MRI (7, 26, 32). It should be noted, however, that patients who do not undergo mechanical ventilation can still present with acute MRI abnormalities suggesting that while mechanical ventilation may contribute to the development neurological abnormalities, it is not the only mechanism at play. The cytokine storm hypothesis is another hypothesis supported by multiple papers which show an association between abnormal MRI findings and elevated inflammatory markers (14, 18, 32). Moreover, a non-specific inflammatory response is more consistent with the heterogenous presentation that is seen on brain MRI. Thrombosis is another potential mechanism for brain injury supported by the association of abnormal MRI findings with elevated D-Dimer, though this association is relatively non-specific (7, 26). Lastly, cerebral vasculitis is another possible mechanism (25). Overall, the mechanism of brain injury in COVID-19 is likely due to multiple, indirect mechanisms, including microvascular infarction and post-infarction hemorrhage.

In addition to possible mechanism of injury, associations between clinical findings and abnormal MRI may provide a predictive model for identifying patients who are likely to present with abnormal MRI findings. Napolitano et al. for example, have determined a CSF inflammatory profile in patients with cerebral microbleeds, though the invasiveness of a lumbar puncture is a large drawback to CSF profiling (32). Future studies should evaluate the possibility of creating such predictive models but using easier to obtain data points.

It is unlikely that specific brain injuries in COVID-19 contribute to acute neurocognitive dysfunction. Many papers in our analysis show an association between lower cognitive functioning and various acute brain MRI abnormalities but no specific imaging pattern has yet emerged. Indeed, these associations are likely the result of confounding bias due to critical care illness. Other modalities, such as EEG and neurocognitive testing, can be used to corroborate MRI findings. A similar conclusion is drawn in terms of long-term cognitive dysfunction, AKA ‘brain fog’ in COVID-19 patients (44, 45). A 7-month follow up study showed no difference in cognitive functioning between patients with and without MRI abnormalities suggesting that ‘brain fog’ cannot routinely be determine by MRI (22). Additional long-term MRI studies are needed to determine (1) whether ‘brain fog’ is due to neurological injury and (2) whether that injury can be identified on MRI analysis.

There are several limitations with this meta-analysis study. First, we chose to analyze only MRI imaging findings to assess the neurological complications of COVID-19 because MRI can detect a broad range of anatomical abnormalities with high sensitivity. CT and other brain imaging modalities should also be explored. Most of the studies included in this analysis did not have propensity-matched control groups and/or pre-COVID-19 brain MRI scans for comparison. Therefore, some findings may be attributable to pre-existing conditions rather than caused or exacerbated by COVID-19. There is publication bias as the patients with more severe COVID-19 disease are more likely to be reported in the literature. Finally, unintentional reporting bias could be present given that virtually all papers in this meta-analysis were retrospective studies.



Conclusion

Improved understanding of the imaging findings associated with neurological signs and symptoms amongst COVID-19 patients and survivors will help to identify common neurological injuries, inform the care of at-risk patients, and understand the mechanism of neurological injury and the progression of brain effects of COVID-19. In this meta-analysis of the neurological MRI findings in COVID-19 patients, we report the incidence of any MRI abnormality to be 55%. The dynamic nature of these abnormalities suggests that the observed brain injury is, at least in part, the result of a SARS-CoV-2 related (para)infectious process rather than chronic comorbidities. Although the presentation of COVID-19 brain injury on MRI is diverse, most injuries appear to be of vascular origin. Moreover, analysis of the association between MRI abnormalities and clinical findings suggests that there are likely many mechanisms by which brain injury occurs in COVID-19. The use of these clinical associations to form predictive models for identifying patients likely to present with MRI abnormalities should be explored by future studies. These studies should also investigate the neurological and neurocognitive manifestations associated with brain MRI abnormalities. Brain MRI studies with longer follow-up intervals are needed to provide detailed assessment of the neurological sequelae of COVID-19. Brain MRI studies analyzing patients with mild COVID-19 are also necessary.
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The neurological impact of COVID-19 is a rising concern among medical professionals, as patients continue to experience symptoms long after their recovery. This condition, known as neurological post-acute sequelae of COVID-19 (Neuro-PASC), can last for more than 12 weeks and includes symptoms such as attention disorders, brain fog, fatigue, and memory loss. However, researchers and health professionals face significant challenges in understanding how COVID-19 affects the brain, limiting the development of effective prevention and treatment strategies. In this mini-review, we provide readers with up-to-date information on the imaging techniques currently available for measuring the neurological impact of post-SARS-CoV-2 infection. Our search of PubMed and Google Scholar databases yielded 38 articles on various brain imaging techniques, including structural MRI (magnetic resonance imaging), functional MRI, diffusion MRI, susceptibility-weighted imaging, SPECT (single-photon emission computed tomography) imaging, and PET (positron emission tomography) imaging. We also discuss the optimal usage, limitations, and potential benefits of these techniques. Our findings show that various cerebral imaging techniques have been evaluated to identify a reliable marker for Neuro-PASC. For instance, 18F-FDG-PET/CT and functional MRI have demonstrated hypometabolism in cerebral regions that are directly linked to patient symptoms. Structural MRI studies have revealed different findings, such as infarcts, white matter atrophy, and changes in gray matter volumes. One SPECT imaging study noted frontal lobe hypometabolism, while diffusion MRI showed increased diffusivity in the limbic and olfactory cortical systems. The sequence SWI showed abnormalities primarily in white matter near the gray-white matter junction. A study on 18F-amyloid PET/CT found amyloid lesions in frontal and anterior cingulate cortex areas, and a study on arterial spin labeling (ASL) found hypoperfusion primarily in the frontal lobe. While accessibility and cost limit the widespread use of 18F-FDG-PET/CT scans and functional MRI, they seem to be the most promising techniques. SPECT, SWI sequence, and 18F-amyloid PET/CT require further investigation. Nevertheless, imaging remains a reliable tool for diagnosing Neuro-PASC and monitoring recovery.
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1 Introduction

Since making its debut in December of 2019, COVID-19 (SARS-CoV-2) has infected nearly 750 million people around the globe, according to the World Health Organization (1). Primarily presenting as a respiratory syndrome, many have reported neurological manifestations, termed “neuro-COVID” either in the acute setting of the disease, or neurological symptoms lingering far after respiratory recovery (2). Approximately one-third of the population affected with COVID-19 and nearly two-thirds of hospitalized COVID-19 patients have experienced neurological complications from their infection (3, 4). Common acute neurological complications, lasting <4 weeks, include anosmia, dysgeusia, altered mental status, encephalopathy, peripheral neuropathy and acute cerebrovascular events (3, 4). On the other hand, nearly 10% of people affected by COVID-19 have signs or symptoms that develop during or after COVID-19 and that persist for over 3 months (5). This was classified as post-COVID syndrome. There is some discrepancy with regard to the accepted time frame to be classified as “post-COVID”, ranging between 4 weeks and 12 weeks after the acute phase (6). To further distinguish the acute from the persistent or chronic post-COVID syndrome, the neurological symptoms associated with long-term post-COVID syndrome are different than those present in the acute phase, and they are referred to as Neuro PASC (Neurological manifestations of Post-Acute Sequelae of SARS-CoV-2 infection (7). Fatigue, memory loss, brain fog, anosmia, attentional disorders, subjective cognitive impairment, and headaches dominate the clinical board when it comes to prolonged coronavirus implications (4, 8). These have been seen to persist for over 6 months following onset (5).


1.1 Pathophysiology of neuro-COVID

Three main hypotheses are currently considered to explain Neuro-PASC (8). The first is by indirect mechanism, via peripheral inflammation, also known as the “cytokine storm” that is triggered by SARS-CoV-2. This systemic inflammatory response could alter the equilibrium of the brain, similar to a septic encephalopathy (9). Cytokine storms occur when the fine balance between pro-inflammatory and anti-inflammatory cytokines is lost, and a previously localized inflammation affects the entire system. This deregulation can be non-provoked, as in auto-inflammatory illnesses, or can be precipitated by an infectious agent, as is the case for COVID-19. In the latter, studies have shown an elevation of IL-1β, IL-2, IL-6, IL-10, IFN-γ, and TNF-α, amongst others, and that the degree of elevation was proportional to the severity of the illness (10). The second theory is also one of indirect mechanism, and rests on the basis of lack of perfusion, sepsis or hyperpyrexia that can accompany the respiratory infection, each with their respective toll on the brain's homeostasis. The third hypothesis is one of direct neurotropism (11). SARS-CoV-2 infects the human body by binding to ACE2 receptors, which are primarily found in type 2 alveoli of the lungs (12) and entering the cells. Particularly, ACE2 receptors are also present in the brain's vascular endothelium and smooth muscles, as well as in skeletal muscles, thus explaining why myalgia is a widely present symptom included in post-COVID syndrome. Skeletal muscle cells express ACE2 receptors, which makes them a direct target for SARS-CoV-2 invasion (8). In support of this third theory, previous studies demonstrated that SARS-CoV-2 enters the nervous system by latching onto ACE2 receptors of the olfactory mucosa, penetrating the neural-mucosal interface, the only part of the brain not protected by the dura (3), and migrating along neuronal structures, eventually leading to the centers controlling cardiorespiratory functions (11). Whether Neuro-PASC is caused by direct attack of the virus on the brain or indirectly from systemic secondary damages, or by a combination of these (2), needs to be clarified.



1.2 The need for a precise marker

Despite the immensely rapid response and development of COVID-19 management protocols, many gaps need to be filled when it comes to understanding the pathophysiology of the disease as a whole. For example, up to 55% of hospitalized COVID-19 patients have reported to have neurological manifestations 3 months after their infection (2). This is still not well investigated and studied. This article serves as a review of the radiological markers that are currently in development for the evaluation of neurological damages of COVID-19. We will discuss 18F-FDG-PET/CT, SPECT, and 18F-AMYLOID PET/CT imaging, as well as structural, functional, diffusion MRI, ASL, and susceptibility-weighted imaging, and their current contribution in the management of COVID-19 specifically from a neurological standpoint.




2 Methods


2.1 Search strategy

A record search was performed to identify neuro-imaging methods for tracing Neuro-PASC including 18F-FDG-PET/CT, SPECT, MRI and fMRI. Databases searched were PubMed and Google Scholars for papers published between March 2020 and April 2023. Searches were divided by neuro-imaging methods for tracing Neuro-PASC. Studies were included if they (1) examined neurological markers, (2) used neuro-imaging modalities, (3) studied patients with a COVID-19 history and, (4) were in English. We excluded articles that examined children, adolescents and pregnant women or consisted of post-vaccination studies.



2.2 Search chains

With regards to 18 F-FDG-PET/CT imaging, the search key was ((((Neuro*) OR (brain)) AND ((Covid*) OR (coronavirus) OR (SARS-CoV-2))) AND ((long covid) OR (post covid))) AND ((PET) OR (positron)). For SPECT imaging, ((((Neuro*) OR (brain)) AND ((Covid*) OR (coronavirus) OR (SARS-CoV-2))) AND ((long covid) OR (post covid))) AND ((SPECT) OR (single photon)). For 18F-amyloid PET/CT, ((((Neuro*) OR (brain)) AND ((Covid*) OR (coronavirus) OR (SARS-CoV-2))) AND ((long covid) OR (post covid))) AND ((amyloid) OR (amyloid PET)). For structural MRI, (((((Neuro*) OR (brain)) AND ((Covid*) OR (coronavirus) OR (SARS-CoV-2))) AND ((long covid) OR (post covid))) AND ((MRI) OR (Magnetic resonance imaging)). For functional MRI, ((((Neuro*) OR (brain)) AND ((Covid*) OR (coronavirus) OR (SARS-CoV-2))) AND ((long covid) OR (post covid))) AND ((fMRI) OR (functional MRI)) yielded no results addressing our topic's subject. For ASL MRI, ((((Neuro*) OR (brain)) AND ((Covid*) OR (coronavirus) OR (SARS-CoV-2))) AND ((long covid) OR (post covid))) AND ((ASL MRI) OR (arterial spin labeling)). For diffusion MRI, ((((Neuro*) OR (brain)) AND ((Covid*) OR (coronavirus) OR (SARS-CoV-2))) AND ((long covid) OR (post covid))) AND ((diffusion MRI) OR (dMRI)). For susceptibility-weighted imaging, ((((Neuro*) OR (brain)) AND ((Covid*) OR (coronavirus) OR (SARS-CoV-2))) AND ((long covid) OR (post covid))) AND ((SWI) OR (Susceptibility-weighted imaging)). A targeted search was done on Google Scholar and PubMed for each neuro-imaging modality and post-covid (i.e.: post-covid PET neuro finding) to identify specific articles that may have been omitted.



2.3 Selection strategy

Retained articles were checked for duplicates and were selected after undergoing a title, abstract and eventually a full text screening. The screening and selection process was done by two independent authors (OC and MM). Collectively, 92 abstracts were read and 38 were used to construct this review. Specifically, 1 for SPECT imaging, 9 for advances with 18F-FDG-PET/CT, 1 for 18F-Amyloid-PET/CT, 10 for structural MRI, 2 for functional MRI, 1 for diffusion MRI, 2 for SWI and the remainder for additional information on Neuro-PASC. A PRISMA flowchart can be found in Figure 1.


[image: Figure 1]
FIGURE 1
 Prisma flowchart.





3 Results

For each selected article, the following data was extracted and summarized in Table 1: author, journal, study design, number of subjects, number of controls, gender distribution, age, time elapsed since COVID-19 infection, type of imaging and main findings.


TABLE 1 Summary of the characteristics and findings of the imaging studies included in this review.
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3.1 18F-FDG-PET/CT

Positron emission tomography (PET) measures the emission of positrons from radiomarked tracer molecules, allowing localization of metabolically active processes. The most widely used radiotracer is currently 18F-Fluorodeoxyglucose (18F-FDG), a radiolabeled glucose molecule. This method allows localization of regions of abnormal increase or decrease glucose intake in the body to better identify hyper or hypometabolic states and is currently mainly used as part of the workup and follow-up in oncology. In the Neuro-PASC scope, the expected utility of 18F-FDG-PET/CT is to identify a specific cerebral target that explains the clinical manifestations (33). This will be useful to better determine the pathophysiology, to improve the accuracy of the diagnosis, to then better develop therapeutic options and accurate follow-ups. When the intrinsic role of the hyper/hypometabolic brain loci correlates with the clinical manifestations of Neuro-PASC, while it cannot prove causality, points toward understanding the pathophysiology of COVID-19 and helps clinicians make the diagnosis of Neuro-PASC.

Sollini et al.'s case control study in 2021 evaluated post-COVID syndrome hallmarks on 18F-FDG-PET/CT and showed brain hypometabolism in limbic, paralimbic, brainstem and cerebellum. In addition, none of the post-COVID patients exhibited regions of hypermetabolism compared to controls. Limbic and orbito-frontal hypometabolism correlated with the anosmia present during acute COVID-19 infection. Sollini's team also evaluated the whole-body 18F-FDG-PET/CTscans. Despite the hypometabolic activity in the nervous system, they found hypermetabolic activity in different organs, independent of ACE-2 receptor activity, in other words, regions of hypermetabolism were seen in target (ACE-2 presenting) as well as non-target organs, supporting the hypothesis that systemic inflammation may be in play (13).

Verger et al.'s (34) study showed that 47% of the 18F-FDG-PET/CT scans of 143 patients with suspected Neuro-PASC had hypometabolism in limbic/paralimbic and fronto-orbital olfactory regions, as well as in the brainstem and cerebellum.

Several other studies have been conducted using 18F-FDG-PET/CT imaging to reveal potential Neuro-PASC biomarkers. A study by Karimi-Galougahi et al. (14) brought forth reduced metabolic activity in the orbitofrontal cortex using 18F-FDG-PET/CT. Bilateral par hippocampal, fusiform gyri, and left insula hypometabolism were seen in an 18F-FDG-PET/CT imaging study conducted by Donegani et al. (15).

A study by Hosp et al. (9) that ran its course in parallel with the Montreal Cognitive Assessment test (MoCA), a highly sensitive tool for early detection of mild cognitive impairment (MCI), correlated cognitive decline with the evident frontoparietal hypometabolism seen on scan. This study showed that while a structural MRI could not find any sign of cerebral damage, 18F-FDG-PET/CT discovered cortical fronto-parietal hypometabolism.

A study by Guedj et al. (16), demonstrated that clusters of patients with hypometabolic patterns on 18F-FDG-PET/CT scans, flagged by whole-brain statistical analysis performed using SPM8, were very distinct in patients with Neuro-PASC and allowed to reliably differentiate their brain from one of a control subject. The findings suggested that hypometabolism was seen in bilateral rectal/orbital gyrus, including the olfactory gyrus, right temporal lobe, bilateral pons/medulla, and the cerebellum bilaterally. These patients exhibited many functional complaints. Patients with cerebellar hypometabolism experienced hyposmia, anosmia and memory impairment. Patients with frontal cortex, brainstem and cerebellum hypometabolism presented pain and insomnia.

18F-FDG-PET/CT has also proven to be useful in characterizing the timeline of damages caused by SARS-CoV-2. Post-COVID syndrome patients who had increased vascular uptake (hypermetabolism) on whole-body scan done at 1-month post-infection also showed hypometabolism in the brain, thus demonstrating the different effects of COVID-19 on different regions of the body, and the chronological sequence for brain and whole-body changes throughout the disease (13).

In contrast to these studies, Dressing et al.'s (17) study revealed that post-COVID patients reporting symptoms lasting for over 3 months after the acute infection, actually only presented mild impairment on cognitive testing (MoCA) with their distinct pathologic findings on 18F-FDG-PET/CT. In this same stretch of ideas, Ferruci et al.'s review explained that not all patients who presented cognitive decline in the post-COVID timeframe showed hypometabolism on 18F-FDG-PET/CT (20).

In Debs et al. (18) study, a time-dependent brain PET hypo- and hypermetabolism was observed in patients with a history of COVID-19. Hypometabolic activity, in the bilateral frontal, parietal, occipital, and posterior temporal lobes and cerebellum, reached its peak at 2 months post-infection, then nearly resolved at 6 months, followed by disappearance at 12 months. Additionally, 2–6 months after infection onset, hypermetabolism was observed in brainstem, cerebellum, limbic structures, frontal cortex, and periventricular white matter.



3.2 SPECT/CT

Single Photon Emission Computed Tomography (SPECT/CT) is a method that allows superposition of anatomical images with metabolic activity. While PET scans detect metabolism through emission of photons, SPECT scans detect gamma rays from tracers injected into the patient (35). Brain SPECT measures brain perfusion. A limited number of studies met the particular interest of this topic. Takao et al.'s (36) study on Neuro-PASC patients described observing hypoperfusion on SPECT imaging in various areas of the brain, particularly the frontal lobes, which correlates with the previous findings in 18 F-FDG-PET/CT scans. A study conducted on 32 patients with highly impaired functional status, determined by COOP/WONCA functional ability questionnaire (Cooperative Research Network/World Organization of National Colleges, Academies and Academic Associations of General Practitioners/Family Physicians), demonstrated cerebral perfusion changes on SPECT/CT in 29 patients (90%) (19). Fifteen patients then underwent a control SPECT-CT 3–9 months after their initial imaging taken during the acute infection. The follow-up image showed marked improvement in 8 cases and worsening in 7 cases.



3.3 18F-AMYLOID PET/CT

Amyloid PET is an imaging modality that allows the visualization of amyloid plaques. A retrospective study conducted by Ferrucci et al. (20) found amyloid plaques in one Neuro-PASC patient 12 months after hospital discharge for his acute COVID-19 infection using an 18F-amyloid PET/CT. The plaques were found in the superior and middle frontal cortex, in the posterior cingulate cortex and in the rostral and caudal areas of the anterior cingulate cortex in a lower quantity. 18F- FDG PET/CT also detected hypometabolism in the left mesial temporal cortex of this patient (20). To our knowledge, this is the only published article that examined Amyloid PET.



3.4 Structural MRI

The anatomy of the brain can be studied using an MRI, an imaging modality that allows the visualization of soft tissues using a magnetic field (37). Results by Hosp et al. (9) suggest that 18F-FDG-PET/CT seems to be more effective in detecting anomalies than 3T MRI. Specifically, 18F-FDG-PET/was able to detect frontoparietal hypometabolism, whereas 3T MRI found no relevant structural or vascular anomalies. The sequences used in this article were as follow: sagittal 3D-T1 rapid gradient echo (MP-RAGE) before and after contrast infusion, sagittal 3D FLAIR SPACE (sampling perfection with application-optimized contrasts using different flip angle evolutions), SWI and diffusion mesoscopic imaging (DMI). Nonetheless, 3T MRI allowed to localize a few subacute infarcts (9).

However, in a pilot study conducted by Thapaliya et al. (21), T1-weighted 7T MRI showed an increased volume of the superior cerebella peduncle, pons, and entire brainstem in Neuro-PASC patients compared to controls. These biomarkers were also found in patients with myalgic encephalomyelitis/chronic fatigue syndrome which could explain the similarity in symptoms between these two conditions (21).

On another hand, Cecchetti et al. (22) found that COVID-19 patients showed interrelated cognitive, EEG and 3T T2-weighted structural MRI abnormalities 2 months after being discharged from the hospital. A UK Biobank longitudinal imaging study of 785 patients having been scanned by structural MRI (T1, T2 fluid attenuation inversion recovery (FLAIR) and susceptibility-weighted MRI) before, through indications for scans unrelated to COVID-19, and approximately 141 days after testing positive for COVID-19, showed statistically significant atrophy of gray matter in limbic cortical areas, directly linked to olfactory and gustatory systems 6 (23).

Another application for 3T T2-space structural MRI in post-COVID syndrome is demonstrated in Kandemirli et al.'s (24) study. Out of 23 patients with persistent COVID-19 olfactory dysfunction, nearly three-quarters had olfactory cleft opacification, a reduction in olfactory bulb volumes, change in bulb shape or signal anomalies (24). These MRI studies allowed for a better understanding of the damages inflicted on the olfactory pathway in the context of COVID-19 anosmia.

In a study conducted by Besteher et al. (25), increased gray matter volume clusters were found in post-COVID patients 8 months after their acute COVID-19 infection compared to controls using voxel-based morphometry (VBM). They used VBM with CAT12 toolbox, using T1-weighted images obtained from a 3T MRI to measure gray matter volumes. The clusters were found bilaterally in the frontal lobe, temporal lobe, insula, amygdala, hippocampus, basal ganglia, and thalamus. The volume of four of these clusters was found to decrease over time. The first cluster was in the anterior insula and some regions of the frontal lobe. The second cluster was scattered in the left temporal lobe. The third cluster was in the left post-central and precentral gyrus and finally, the fourth cluster was in parts of the temporal lobe, the right fusiform gyrus, the parahippocampal gyrus, and the hippocampus. It was hypothesized that the augmentation of the gray matter volumes was caused by compensatory processes or inflammation (25).

Hellgren et al.'s (26) observational cohort study compared the MRI imaging of post-COVID patients to the neuropsychological findings of these patients. 3T MRI (T2-FLAIR, T2-FSE, T1-FSE, T1-GRE, DWI and SWI) imaging was done on patients whose neurocognitive test results seemed concerning to researchers. The neurocognitive test performed was the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS). Thirty-five post-COVID patients who had been hospitalized for their acute COVID-19 infection and who were discharged on average 6.5 months prior underwent a brain MRI which revealed subcortical white matter lesions in 71% of these patients. The lesions were primarily found in the frontal and parietal lobes near the gray-white matter junction. Compared to the patients with normal MRI results, the patients with white matter lesions had lower scores in the RBANS visuospatial index. It is worth noting that the functionality level of the patients with white matter lesions prior to their COVID-19 infection was lower compared to controls (26).

Campabadal et al. (27) using 3T structural MRI found a reduction in gray matter volume in the caudate nucleus, putamen, olfactory cortex, parahippocampal gyrus, straight gyrus, left amygdala, and the superior and inferior orbital gyri using voxel-based morphometry. A study by Yus et al. (28) using 3T structural MRI (3D-T1, T2-FLAIR) found no statistically significant findings in brain volumes.



3.5 Functional MRI

A functional MRI (fMRI) is able to estimate brain metabolism by using either blood-oxygen level dependant (BOLD) contrast or cerebral blood flow to measure activity in different regions of the brain. Resting-state fMRI (rsf-MRI) refers to an fMRI being performed while a patient is not performing any tasks (38). Limited studies have been published regarding functional MRI and its applicability in Neuro-PASC patients. Kiatkittikul et al. (29) showed abnormal brain connectivity on rsf-MRI which was concordant with 18 F-FDG-PET/CT findings. It was reported that one patient who had sensorineural hearing loss of the left ear as a consequence of COVID-19 showed hypometabolism of the left temporal region on 18 F-FDG PET/CT scans and anomalies in rsf-MRI in the same region (29). Another study using rsf-MRI, led by Churchill et al. (30), demonstrated that patients who are currently experiencing a larger number of Neuro-PASC symptoms tended to have altered connectivity between parietal, temporal, occipital and subcortical regions using BOLD rsf-MRI. Additionally, distinct patterns correlated to the intensity of PASC symptoms. They elude to the fact that this could be a useful tool to differentiate between Neuro-PASC and other non-COVID-related infections (30).

Arterial spin labeling (ASL) is an MRI technique that has been used to measure brain perfusion in Neuro-PASC patients. A study by Ajčević et al. (31) found that participants who still had cognitive impairment 2 to 10 months after the beginning of their acute COVID-19 infection had cerebral hypoperfusion patterns on ASL MRI imaging. The hypoperfusion was primarily found in the frontal cortex but was also present in the temporal and parietal cortex. These findings were more significant in the right hemisphere. They also found that overall, the cerebral blood flow was lower throughout the gray matter in Neuro-PASC patients compared to healthy controls (31). Yus et al. (28) found similar results in their ASL study on post-COVID patients where they found lower perfusion in the patient's orbital and medial frontal lobes.



3.6 Diffusion MRI

Diffusion MRI (dMRI) is an imaging modality that utilizes the diffusion of water as contrast. Diffusion tensor imaging (DTI) is a type of dMRI that creates a 3D construction of diffusion (39). Diffusivity measurements are indicators of tissue microstructure integrity. Douaud et al. (23) found a greater increase in diffusivity, an indicator of tissue damage, in areas functionally connected to the piriform cortex, olfactory tubercle and anterior olfactory nucleus, in patients who were infected with SARS-CoV-2 compared to healthy controls (23). Additionally, a study by Campabadal et al. (27) found that Neuro-PASC patients presenting with olfactory dysfunction had higher mean and radial diffusivity in certain white matter regions on DTI compared to post-acute COVID-19 patients without olfactory dysfunction. The areas of increased mean diffusivity were found in the genu of the corpus callosum, forceps minor, orbitofrontal white matter tracts, and anterior thalamic radiations. Regions with augmented radial diffusivity were found in the genu of the corpus callosum, anterior corona radiata, and uncinate fasciculus (27). In contrast, a study done by Yus et al. (28) found no statistically significant findings with DTI—in patients with Neuro-PASC.



3.7 Susceptibility-weighted imaging

Susceptibility-weighted imaging was also used to try to visualize the neurological sequela of SARS-CoV-2 infection. This imaging modality is an MRI technique that uses the patient's iron, calcium, and deoxygenated blood as a source of contrast for the image. This imaging modality is useful for detecting hemorrhages, traumatic brain injury, microvasculature, and neurodegenerative diseases (40). Hellgren et al.'s (26) study using SWI found mostly subcortical abnormalities near the gray-white matter junction in frontal and parietal lobes in 8 patients out of 35 (26).

In addition, Mishra et al. (32) found regions of abnormal susceptibility bilaterally in the brain stem, the gray-white matter junction and in the white matter of the frontal lobes in patients with post-COVID condition or patients who had recovered after COVID-19 infection. The abnormalities seen in the brainstem were primarily in the midbrain and the abnormalities in the frontal lobes were located in the uncinate fasciculus tract and the inferior frontal-occipital fasciculus tracts (32). However, it is important to note that this article has not been peer-reviewed. To our knowledge, this is the only published article where the main focus was the use of susceptibility-weighted imaging to find radiological markers in post-COVID patients.




4 Discussion

Overall, different cerebral imaging techniques have been evaluated to find a reliable and reproducible marker of the Neuro-PASC footprint. 18F-FDG-PET/CT and sMRI seem to be the most studied. SPECT scans, SWI, dMRI, fMRI, and ASL were not largely studied, however, deserve to be further investigated in the context of Neuro-PASC.

One current limitation of 18F-FDG-PET/CT and SPECT studies is that these studies' complexity, cost and radiation exposure limit the number of research cohorts. These types of imaging require prolonged periods in a scanner which is possibly not efficient when searching for a highly available, yet reliable method.

On the other hand, the use of ionizing radiation, as seen in 18F-FDG-PET/CT can only really be justified when there is high suspicion of important neurological complications. Thus, exposing patients to radiation when the benefits of such a technique remain uncertain can be perceived as questionable. Consent for such radiation exposure would be, as per usual, required.

While studies on 18F-FDG-PET/CT are ample, studies on SPECT are insufficient. Despite this, current literature suggests that because 18F-FDG-PET/CT has superior sensitivity, as well as better contrast and resolution than SPECT, currently, 18F-FDG-PET/CT imaging, is superior to SPECT. On the other hand, the cost of 18F-FDG PET/CT is significantly higher than SPECT and remains an important obstacle to its access in our healthcare system. Verger et al.'s (34) SPECT study also demonstrated that this imaging technique can be of particular interest when tracking the recovery from Neuro-PASC.

Although amyloid deposits were found in Ferrucci et al.'s study, they only conducted an amyloid PET scan on one patient. Further research is needed to conclude whether the amyloid PET scan is a useful imaging modality to visualize Neuro-PASC. A study from Sun et al. (41) showed significantly higher plasma levels of amyloid beta in participants after recovery from acute COVID-19 infection compared to controls. These results were present in participants whether they had perduring neurological symptoms or not (41). This also supports the need for further research.

With what pertains to structural MRI, findings varied depending on the strength of the MRI and the MRI technique. Structural MRI gave varying information on Neuro-PASC, such as localizing subacute infarcts and noting cortical atrophy. With a 3T MRI, some researchers were only able to localize areas of previous infarcts whilst others found atrophy of the gray matter in limbic cortical areas, a reduction in olfactory bulb volumes, or subcortical white matter lesions in the frontal and parietal lobes. On the other hand, with a 7T MRI, Thapaliya et al. found an increased volume of the brainstem in Neuro-PASC patients but the literature regarding 7T MRI in this population is limited. Clusters of increased gray matter volumes were found with voxel-based morphometry in the frontal lobe, temporal lobe, insula, amygdala, hippocampus, basal ganglia, and thalamus.

On the other hand, keeping in mind that studies are also quite limited, functional MRI shows concordant results to 18F-FDG-PET/CT, meaning findings of corresponding regions of hypometabolism and their symptomatic manifestations. ASL MRI found areas of hypoperfusion primarily in the frontal cortex but also in the temporal and parietal cortex, which concorded with SPECT findings.

Overall, most diffusion MRI studies showed changes in diffusivity in areas connected to the primary olfactory cortex. Increased diffusivity was also noted in the genu of the corpus callosum, orbitofrontal white matter tracts, anterior thalamic radiation, and forceps minor. The same study found a decrease in gray matter volumes in olfactory-related regions. These findings along with the increased mean and radial diffusivity could explain the persistent olfactory deficits found in patients.

Additionally, susceptibility-weighted imaging revealed low susceptibility mainly in the frontal lobes and brain stems, which is consistent with abnormalities detected by other imaging modalities. The anomalies found in the uncinate fasciculus tract could explain the memory and mental health problems that are often present in post-COVID patients. The orbitofrontal region of the brain has a major influence on smell and taste therefore the areas of abnormal susceptibility near the orbitofrontal gyri could explain the loss of smell and taste seen in post-COVID patients.

Combining these different neuro-imaging modalities, particularly 18F-FDG-PET/CT and sMRI, could be an interesting and rewarding approach in identifying neurological markers of Neuro-PASC. Starting with a structural imaging technique and then proceeding to functional or metabolic modalities could allow for a better grasp of the structural and metabolic long-term progression and ultimate impact of COVID-19 on the brain. A consideration to keep in mind is that pre-existing neurological conditions and neurocognitive disorders need to be considered when interpreting Neuro-PASC symptoms and imaging. Also, the reassurance of a proper diagnosis and management comforted many Neuro-PASC patients who had noticed psychological decline for a prolonged period after the initial infection, for no clear reason. Their memory, energy level and concentration were not restored post-infection, leaving them with great uncertainty regarding the cause of their psychological decline. The clear and visible perfusion defects on SPECT imaging provided great validation to patients living with these new post-infectious deficits and helped physicians make a positive diagnosis.



5 Conclusion

Overall, many studies have been conducted on the use of neuro-imaging in post-COVID syndrome patients with Neuro-PASC. Among these, 18F-FDG-PET/CT and sMRI seem to be the most studied and the most promising neuro-imaging modalities to identify Neuro-PASC markers. Further research needs to be conducted with regard to fMRI, dMRI, SPECT, amyloid PET, ASL MRI and susceptibility-weighted imaging. Although multiple structural MRI studies revealed significant abnormalities, these findings differed considerably in location within the brain and in type of abnormality from one study to another. These gaps in our knowledge do not allow us to confidently confirm the applicability of these imaging techniques in the detection, monitoring, and response to treatment. Future research should include homogenous and larger sample sizes and longitudinal data as much as possible to better identify and understand Neuro-PASC markers.

The cumulation of preliminary results of 18F-FDG-PET/CT showed that hypometabolism seen in reports could constitute a quantitative marker of cerebral damage of post-COVID syndrome. sMRI identified atrophy in white matter and changes in gray matter volumes, which could also be considered potential markers of Neuro-PASC. The possibility of having markers that allow a more accurate follow-up on brain damage, progression and response to therapy would not only allow us to better treat the increasing number of patients suffering from Neuro-PASC, but to better understand the pathophysiology of this cataclysmic disease.
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Currently, there exists a limited comprehension regarding the correlation between COVID-19 and Alzheimer’s disease (AD). To elucidate the interrelationship and its impact on outcomes, a comprehensive investigation was carried out utilising time-unrestricted searches of reputable databases such as Scopus, PubMed, Web of Science, and Google Scholar. Our objective was to evaluate the impact of various medical conditions on severe COVID-19-related events. We focused on identifying and analysing articles that discussed the clinical characteristics of COVID-19 patients, particularly those pertaining to severe events such as ICU admission, mechanical ventilation, pneumonia, mortality and acute respiratory distress syndrome (ARDS) a serious lung condition that causes low blood oxygen. Through careful data analysis and information gathering, we tried to figure out how likely it was that people with conditions, like AD, would have serious events. Our research investigated potential mechanisms that link AD and COVID-19. The ability of the virus to directly invade the central nervous system and the role of ACE-2 receptors were investigated. Furthermore, the OAS1 gene served as the genetic link between AD and COVID-19. In the context of COVID-19, our findings suggest that individuals with AD may be more susceptible to experiencing severe outcomes. Consequently, it is crucial to provide personalised care and management for this demographic. Further investigation is required to attain a comprehensive comprehension of the intricate correlation between Alzheimer’s disease and COVID-19, as well as its ramifications for patient outcomes.

KEYWORDS
 Alzheimer’s disease, dementia, cognition, COVID-19, SARS-CoV-2


1 Introduction

The World Health Organisation (WHO) recorded more than 6.9 million fatalities as of June 26, 2023, and there were more than 768 million confirmed COVID-19 infections worldwide (Crook et al., 2021). In December 2019, an outbreak of pneumonia with an unknown origin was initially reported in Wuhan, Hubei Province, China (Sharma, 2021). Angiotensin-converting enzyme 2 (ACE-2) receptors are a route by which the virus that causes COVID-19, severe acute respiratory syndrome coronavirus 2 (SARSCoV-2), enters cells (Kumar et al., 2021). SARS-CoV-2 is a positive-strand RNA virus that is exceedingly contagious and calls for exceptional care to stop transmission (Sharma, 2021). Once inside the body, the virus replicates and matures, causing an inflammatory response in some patients, including the activation and infiltration of immune cells by various cytokines (Crook et al., 2021). The ACE-2 receptor is present in many cell types throughout the human body, including the brain, liver, kidneys, spleen, lungs, oral and nasal mucosa, heart, gastrointestinal tract, and arterial and venous endothelial cells (Crook et al., 2021). This indicates how SARS-CoV-2 can harm various organs.

Alzheimer’s disease (AD) is one of the world’s most serious public health challenges, with nearly 10 million new cases diagnosed each year and approximately 50 million people affected worldwide (Esandi et al., 2021). Alzheimer’s disease, in its advanced stages, can also impair a person’s ability to walk and swallow due to widespread brain damage and functional decline. It is also a degenerative condition that decline the patient’s condition on advances stages (Wee and Kumar, n.d.). Alzheimer’s disease is believed to begin at least 20 years before symptoms appear (Alzheimer's Association, 2021). Individuals only notice symptoms like memory loss and language difficulties after years of brain changes (Che Ramli et al., 2022). Symptoms occur because of nerve cell (neurons) damage or destruction in areas of the brain involved in thinking, learning, and memory (cognitive function; Che Ramli et al., 2022). Neurons in other brain areas are also damaged or destroyed as the disease progresses (Alzheimer's Association, 2021). Neurons in areas of the brain that allow a person to walk, and swallow are eventually affected (Alzheimer's Association, 2021).

Multi-system organ failure affecting not just the pulmonary but also the cardiovascular, neurological, and other systems occur in COVID-19 patients (Reiken et al., 2022). According to recent research, COVID-19 may be related to neurodegenerative illnesses (Li et al., 2022). However, it is unclear whether a causal connection exists and how the effect will go (Li et al., 2022). The symptoms of acute cerebrovascular illness were caused by the virus’s direct invasion of the CNS and involuntary SARS-CoV-2 increase in protein and angiotensin-converting enzyme 2 (ACE-2; Ciaccio et al., 2021). These symptoms include confusion, headache, hypogeusia/ageusia, hyposmia/anosmia, dizziness, epilepsy, and acute cerebrovascular illness. During post-mortem examinations, Patients with COVID-19 have SARS-CoV-2 RNA and antigens inside their brain tissue. In COVID-19 pathogenesis, ACE-2 expression is essential. ACE-2 is expressed in neurons, glial cells, endothelial cells, and smooth muscle cells of the arteries in the brain. The temporal lobe and the hippocampus, two cerebral areas involved in the aetiology of Alzheimer’s disease, both express ACE-2 (Ciaccio et al., 2021).



2 COVID-19 and Alzheimer’s disease related

Alzheimer’s disease (AD) is acknowledged by the World Health Organisation (WHO) as a global public health concern (Lane et al., 2018). According to Zhang X. X. et al. (2021), AD is the primary cause of dementia and accounts for 50–70% of cases. The virus responsible for the global COVID-19 pandemic is the Severe Acute Respiratory Syndrome Coronavirus 2, commonly referred to as SARS-CoV-2 (Ciaccio et al., 2021). Recent research has demonstrated how COVID-19 affects the CNS and results in neurological problems (Fotuhi et al., 2020). As amyloid beta and neurofibrillary tangles (NFT) are accumulated, the hippocampus, which oversees memory and learning, deteriorates (Rahman et al., 2020). Patients with AD rely on their loved ones and carers to meet their requirements. Managing both Alzheimer’s disease (AD) patients and their caregivers during the COVID-19 pandemic poses significant challenges. The protocols and measures required to manage COVID-19, such as isolation and social distancing, contradict the principles of Alzheimer’s disease management. This incongruence between the two creates complex difficulties for individuals with AD and their caregivers (Rahman et al., 2020).

Additionally, Patients who recovered from severe COVID-19 infection are more likely to acquire stable neuropsychiatric and neurocognitive conditions like depression, obsessive-compulsive disorder, psychosis, Parkinson’s disease, and Alzheimer’s disease. The CNS may be harmed by SARS-CoV-2 directly by the release of neurotoxins or concomitantly through activation of the immune system, which may result in cellular senescence, neurodegeneration, and demyelination (Kumar, 2022). Additionally, research has demonstrated that SARS-CoV-2-infected AD patients had a higher mortality rate. In a study from the Department of Neuroscience at the University of Madrid, 204 participants with Frontotemporal Dementia (FTD) and Alzheimer’s disease (AD) were enrolled. According to the study, 15.2% of these individuals had COVID-19 infection, and sadly, 41.9% of those who had the virus died as a result of their illness (Matias-Guiu et al., 2020).

Based on a recent study, the OAS1 gene is the genetic link between AD and catastrophic COVID-19 results. The study indicates the way oligoadenylate synthetase 1 (OSA1) contributes to a risk factor for AD by enhancing transcriptional networks, which are produced by the microglia (Magusali et al., 2021). By using both animal and human test subjects, they were able to determine that the OSA1 variant, rs1131435, increases the likelihood of acquiring AD (Magusali et al., 2021). Interestingly, this same genetic locus of OAS1 has also been found to have a connection with SARS-CoV-2, the virus causing COVID-19 (Magusali et al., 2021). According to the study, the single nucleotide polymorphism rs1131454(A) and rs4766676(T) are associated with AD, whereas rs10735079(A) and rs6489867(T) are associated with SARS-CoV-2 infections (Magusali et al., 2021). The study shows rs1131454 is inside linkage disequilibrium with newly identified single nucleotide polymorphisms associated with acute COVID-19 infections, suggesting that the spot controls of COVID-19 and AD risk (Magusali et al., 2021). The same study’s functional experiment with human iPSC-derived microglia demonstrated how OSA1 levels control myeloid cells’ pro-inflammatory response to increased interferon levels (Magusali et al., 2021). Therefore, individuals with lowered or impaired levels of OSA1 due to expressive quantitative trait loci (eQTL) variants could demonstrate an inflammatory response to COVID-19 as well as AD-associated pathology, which can trigger a ‘cytokine storm’ and potentially cause cell death and damage to neighbouring cells such as of the alveoli and neurons (Magusali et al., 2021).

In another study, researchers attempt to determine the neurochemical crosstalk between AD and COVID-19. According to studies, during the invasion, SARS-CoV-2 stimulates a neuroinflammatory cascade, astrogliosis, and microglia activation (Rahman et al., 2020). This causes the blood–brain barrier (BBB) to have cooperated due to the inflammation and disrupted homeostasis of the brain (Rahman et al., 2020). Inflammatory mediators are released due to infection of SARS-CoV-2, which is related to a higher BBB permeability and heightened hypoxia (Wu et al., 2020). Acute encephalitis, infectious, toxic encephalopathy, and cerebrovascular attacks (CVAs) occur when the central nervous system (CNS) lacks histocompatibility antigen and predominantly depends on cytotoxic T lymphocytes (Wu et al., 2020). Acute encephalitis symptoms consist of headache and seizures, infectious, toxic encephalopathy symptoms include delirium and coma, as well as a greater risk of CAV caused by a cytokine storm generated by SARS-CoV-2 and coagulation problems (Wu et al., 2020). Additionally, this study examines and demonstrates the relationships between AD and COVID-19 with inflammatory signals such as interleukin 6 (IL-6), interleukin 1 (IL-1), and cytoskeleton-associated protein 4 (CKAP4).

Another link found between AD and COVID-19 is anosmia. The AD symptoms will become more obvious in old age (60 years or more; Mohammad Azizur et al., 2020). However, If AD’s management is managed from an early-stage of Alzheimer’s disease, the progression of these symptoms may be decreased (Mohammad Azizur et al., 2020). Moreover, the “anosmia” novel was an approach to diagnosing AD pathogenesis (Mohammad Azizur et al., 2020). People who carry the e4 allele of apo-lipoprotein E4 (Apo E4) have a higher risk of developing AD and anosmia (Manzo et al., 2021). Anosmia has become one of the most prevalent symptoms of people infected with SARS-CoV-2 (Mohammad Azizur et al., 2020). SARS-CoV-2 uses the ACE2 receptor on the cell’s membrane to enter the cell, and the olfactory tissue has an abundance of ACE2 receptors (Mohammad Azizur et al., 2020). The loss of smell is an early indicator of COVID-19, and for AD, this proves that anosmia is the connection between AD and COVID-19 (Mohammad Azizur et al., 2020).



3 Biomarkers of cognition in COVID-19 and Alzheimer’s disease

Restrictions on research due to the recency of COVID-19 have led to the discovery of various cytokines correlating with Alzheimer’s disease. Through genome-wide association studies, it was discovered that ACE2 expression increased in the brain tissue of severely affected Alzheimer’s Disease patients and posed a potential risk for Covid transmission (Ciaccio et al., 2021). This is because increased levels of ACE-2 will constitute an increase the risk of viral entry (Toniolo et al., 2021). Generally, ACE-2 is not just expressed in glial cells, neurons, and arterial and endothelial smooth muscle cells. Still, it is also indicated in the hippocampus and temporal lobe, which are the regions involved in the pathogenesis of AD (Ciaccio et al., 2021). Other than this biomarker, the apolipoprotein E ε4 genotype is also another important association between AD and Covid-19, as it is both a biomarker for Covid-19 increased severity and a genetic risk factor for late-onset AD (Frontera et al., 2022). Polymorphism APOE ε4 will also increase the risk of AD when the homozygous genotype of ε4 is associated with a 14-fold (Ciaccio et al., 2021). Those who are homozygous for APOE 4 have also demonstrated a greater prevalence of SARS-CoV-2 infection. According to Kuo (2020), APOE ε4 can increase the vulnerability to neurodegeneration and viral infection in our body. So, this will postulate SARS-CoV-2 infection in individuals with susceptible genetic variants (Ciaccio et al., 2021). The recent study done by UK-Biobank which has shown that APOE ε4 homozygotes have a 2.2-fold increased risk for the infection of Covid-19, and if it is a 4.3-fold case, it could turn into a fatal case (Toniolo et al., 2021).

Furthermore, systemic inflammation will activate astrocytes and microglia, which will then help to secrete pro-inflammatory cytokines, including IL-6, IL-1β, IL-12, and TNF-α. These biomarkers can cause synaptic dysfunction, potentially leading to AD, and inflammatory biomarkers like IL-6, galectin-3 (Gal-3), and IL-1 have been showing a linkage between AD and Covid-19 (Ciaccio et al., 2021). IL-6 represents not just a prognostic biomarker that is reliable in SARS-CoV-2 infection but also in AD. When the levels of IL-6 are increased, it will progress to AD and lead to worse cognitive performance, and this will cause a higher risk of developing severe Covid-19 and mortality (Ciaccio et al., 2021). When IL-6 interacts with IL-6R to exert biological effects, it could be soluble or expressed in the epithelial cells, immune membrane, and liver cells (Ciaccio et al., 2021). In the same way, glial cells and neurons produce the pro-inflammatory cytokine IL-1 (Ciaccio et al., 2021). In the brains of individuals affected by both Alzheimer’s disease (AD) and COVID-19, there is an observed increase in the levels of IL-1 (Interleukin-1; Ciaccio et al., 2021). Since it is involved in the regulation of memory processes physiologically and physiologically regulation of hippocampal plasticity, Covid-19 patients may enhance cognitive decline, and this will lead them to develop AD in the future (Ciaccio et al., 2021).

In addition to these biomarkers, transforming the growth factor of beta 1 (TGFB1), a vascular cell adhesion protein 1 (VCAM1), and ras-related protein Rab-7a (RAB7A) are the additional biomarkers that have demonstrated a connection between AD and Covid-19 (Zhou et al., 2021). The blood expression level of an individual is favourably correlated with their performance on the high memory test, making RAB7A a potential biomarker for AD (Zhou et al., 2021). It is also a top host factor in SARS-CoV-2 datasets based on the CRISPR-Cas9 and a direct target of SARS-CoV-2’s non-structural protein 7 (nsp7), which will aid in lowering SARS-CoV-2 entry into cells. VCAM1 is a target for treating age-related neurodegeneration since it is connected to changes in the white matter’s structure and the severity of dementia (Zhou et al., 2021). In contrast to moderate individuals, significantly increased serum levels of VCAM were found in patients with severe COVID-19. Then there is TGFB1, a cytokine that regulates cell differentiation and growth. Through the analysis of a substantial dataset of RNA sequencing data obtained from peripheral blood mononuclear cells of individuals diagnosed with COVID-19, researchers discovered a noteworthy observation. The expression of TGFB1 (Transforming Growth Factor Beta 1) was found to be significantly reduced in patients with mild COVID-19 symptoms as well as those who required intensive care unit (ICU) level care, in comparison to individuals who were not affected by COVID-19 (Zhou et al., 2021). The infection of SARS-CoV-2 led to alterations in various Alzheimer’s disease (AD) markers within peripheral blood mononuclear cells (PBMCs). These changes affected several proteins, including SERTA domain-containing protein 3 (SERTAD3), TGFB1, kinase D-interacting substrate of 220 kDa (KIDINS220), glutathione S-transferase M3 (GSTM3), arylsulfatase B (ARSB), insulin-like growth factor 1 (IGF1), and natural killer tumour recognition (Zhou et al., 2021). Among both Alzheimer’s disease (AD) and COVID-19 patients, certain biomarkers exhibited changes in a similar direction, while others displayed alterations in a different direction. Notably, the expression of TNF receptor superfamily member 1B (TNFRSF1B) consistently showed changes in cerebrospinal fluid (CSF) samples obtained from patients affected by both COVID-19 and AD (Zhou et al., 2021). In a recent study, researchers have identified and chosen three cerebrospinal fluid (CSF) markers, TNFRSF1B, CXCL10, and SPP1, along with three blood markers associated with Alzheimer’s disease (AD), which are GSTM3, TGFB1, and NKTR. These markers have been specifically selected for their relevance and potential implications in understanding AD (Zhou et al., 2021). The findings of the recent study reveal that NKTR exhibits interactions with several host factors involved in SARS-CoV-1 and SARS-CoV-2, such as zinc finger CCCH-type containing 18 (ZC3H18), MERS-CoV, as well as casein kinase II subunit alpha (CSNK2A2). This highlights the potential significance of NKTR in the context of these viral infections (Zhou et al., 2021). These have demonstrated that SARS-CoV-2 infection would change some of the expression for the chosen AD markers, impacting various immune-related genes and perhaps causing the patients to experience neurologic impairment resembling AD (Zhou et al., 2021).

Besides, evidence suggests that Aβ peptides are one of the factors that increase the risks in Covid-19 patients to get diagnosed with AD, which these peptides act as antimicrobial peptides (Ciaccio et al., 2021). Loss of pericytes and endothelial dysfunction will reduce the cerebral metabolites’ clearance, including Aβ peptides (Ciaccio et al., 2021). As a result, there will be an accumulation and excess of Aβ protein in the senile plaques, especially in the hippocampus, representing the main pathophysiological mechanism underlying AD (Ciaccio et al., 2021). To diagnose of AD depends on the detection that we get from the CSF biomarker profile, which are the ratio Aβ 1–42/1–40, decrease in amyloid beta 1–42 (Aβ 1–42), and the increase of p-Tau and t-Tau levels (Ciaccio et al., 2021). T-tau protein is a biomarker of neuronal damage or death, and according to Ciaccio et al., some of the authors have found that there was an increase of CSF t-Tau levels in COVID-19 patients, in which the increased levels of this biomarker will cause several neurodegenerative diseases, including AD (See Figure 1; Ciaccio et al., 2021). Furthermore, in severe COVID-19 patients, it is found to have increased levels of Gal-3, and this will progress COVID-19 due to lung fibrosis and hyper-inflammation reaction (Ciaccio et al., 2021). In AD patients’ serum, it has also been found to have increased levels of Gal-3 (Ciaccio et al., 2021). Gal-3, a lectin-family member that binds carbohydrates, is crucial for pathological and physiological processes like fibrosis and inflammation (Ciaccio et al., 2021). Gal-3 is thought to be involved in aggregation and the production of amyloid plaques. Therefore, the elevated levels in Covid-19 patients may harm them and eventually result in the development of AD (Ciaccio et al., 2021).
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FIGURE 1
 Alzheimer’s disease pathological features. A diagram depicting the pathogenic alterations in AD brains compared to normal brains. Brain atrophy caused by neuronal loss is visible at the gross anatomical level. At the microscopic level, toxic amyloid-β, intraneuronal neurofibrillary tangle development, synaptic loss, activation of microglia, astrogliosis, cytokine overproduction, and neurite dystrophy are detected.




4 Prevention and treatment

According to the World Health Organisation (WHO), the second-highest neurological disorder that affects people worldwide happens to be Alzheimer’s disease (AD). Due to this, many of these Alzheimer’s patients may face various conditions or complications if they get affected by the COVID-19 coronavirus. In terms of prevention and treatment, no outright cure is known for AD. Still, there are several ways to slow down the progression of Alzheimer’s in patients affected by COVID-19 since it is known to speed up AD progression. There are also ways to reduce the risk of an elderly patient with COVID-19 from developing Alzheimer’s. Firstly, anti-inflammatory therapy can be carried out. According to Wang et al. (2021), Systemic inflammation from COVID-19 and AD is brought on by a rise in TNF- and other pro-inflammatory chemicals. Studies on anti-inflammatory treatments conducted in mice, rats, and monkeys demonstrate favourable outcomes (Wang et al., 2021). It has been demonstrated that using TNF inhibitors as a treatment reduces neurofibrillary tangles, amyloid precursor protein, and amyloid beta (A) plaques and functions as an important immune modulator that aids in the prevention of AD (Wang et al., 2021). In addition to TNF inhibitors, a different study discovered that long-term usage of non-steroidal anti-inflammatory medicines could suppress the microglial activation brought on by A oligomers that cause neuronal ectopic cell cycle events, which will aid in preventing the onset of AD (Wang et al., 2021).

Next, another method that can be used is antioxidant therapy. Antioxidant therapies can help Alzheimer’s patients with COVID-19 as both these diseases are known to increase oxidative stress on the human body (Wang et al., 2021). Certain antioxidants, such as vitamin E and its derivatives, were shown to mitigate oxidative stress and mitochondrial dysfunction in brain cells (Wang et al., 2021).

Anticholinesterase Inhibitors and Memantine are frequently used in COVID-19 Infected Alzheimer’s Patients (Brown et al., 2020). Anticholinesterase inhibitors, which are also known as cholinesterase inhibitors, are a type of drug that will reduce the breakdown of acetylcholine, which is a neurotransmitter that is found in the brain and the nervous system. As for memantine, it is a medication that helps to slow down the progression of AD. For dementia (BPSD), behavioural and psychological symptoms that could compromise isolation efforts, such as motor agitation, intrusiveness, or wandering, medications such as antidepressants, antiepileptics, and other psychotropic medications are commonly used as well (Brown et al., 2020). For COVID-19, some potential drugs such as hydroxychloroquine (HCQ) and chloroquine (CQ) could interact with the cholinesterase inhibitors, which could lead to the alteration of the pharmacological function of the cholinesterase functions (Xia et al., 2021). It can increase the chance of toxic side effects and adverse events such as bradycardia, gastrointestinal issues, falls, fractures, heart attacks, or strokes (Balli et al., 2020).

Nutritional intervention is also another method that was also recently found to be useful in slowing down AD progression and prevention as well. Nutritional interventions were shown to reduce the rate of occurrence and severity of AD through modulation of the flora of the gut and cerebral Aβ production (Wang et al., 2021). Prebiotics, like wheat bran, has been shown to reduce neuroinflammation, encourage the growth of commensal bacteria, positively influence the gut-brain axis, and delay the onset and progression of AD (Wang et al., 2021). Other than nutritional interventions, physical exercise is also a viable option as it is shown to prevent several AD risk factors. Physical exercise’s main benefit will be the anti-inflammatory and antioxidative effects and greater cerebral blood flow (Wang et al., 2021).

Another method that may be effective may be controlling blood glucose levels. Both AD and diabetes mellitus have the same pathophysiological factors, such as severe inflammation, oxidative stress, and dysfunction of the mitochondria (Wang et al., 2021). COVID-19 can cause the development of dysglycemia and possibly type 1 Diabetes Mellitus (Wang et al., 2021). As a result, AD may subsequently develop because of this. Fiore et al. (2019) demonstrate how hyperglycemia and hypoglycemia can result in cognitive impairment and AD. Hence, methods for controlling blood glucose levels may positively benefit Alzheimer’s patients with COVID-19 by minimising the risk of AD or slowing down its progression.



5 COVID-19 long-term effects on Alzheimer’s disease patient

Elderly people with Alzheimer’s disease and other dementias are more vulnerable to the COVID-19 pandemic (Palmieri et al., 2020). Research by Luigi et al. has carried out a study to examine symptoms and pre-existing comorbidities by analysing clinical reports of COVID-19 deaths. The results suggested comorbidities are related to a higher mortality risk and negative consequences in COVID-19 patients (Palmieri et al., 2020). Moreover, it is shown that SARS-CoV-2 can damage the peripheral and the central nervous system through both direct and indirect pathways, potentially leaving COVID-19 patients at higher risks for neurological difficulties, including depression, Parkinson’s disease, AD, etc., after recovering from severe symptoms (Palmieri et al., 2020). Severe symptoms of COVID-19 in patients with pre-existing dementia can be explained through several reasons (Mok et al., 2020). Firstly, demented patients are prone to have a high viral load as it is comparatively more difficult for them to understand the importance of standard operating procedures (SOPs) and to comply with public health measures (Mok et al., 2020). Second, the important population of AD patients takes residence in care homes where the infection is likely to spread (Mok et al., 2020). Lastly, COVID-19 causes a secondary effect on underlying brain pathologies as SARS-CoV-2 has been shown to trigger or accelerate neurodegeneration processes that possibly explain long-term neurodegenerative effects in the elderly population (Vincent).


5.1 Non-neurological effects of COVID-19 on AD patients

In response to the impact of COVID-19 in 2020, governments worldwide acted promptly by implementing various public health measures. These measures included the enforcement of movement restriction orders, mandatory wearing of face masks in public settings, and the promotion of social distancing to mitigate the spread of the virus (Vincent, 2020). During this period, people with cognitive impairments such as dementia or AD may experience greater stress and anxiety due to sudden changes in the environment and people’s behaviour (Vincent, 2020). Movement controls during quarantine cause AD patients to be restricted to confined spaces which can further lead to depression or apathy (Palmieri et al., 2020). The pandemic and quarantine also cause AD patients to be isolated in hospital environments or care homes, away from their family and friends, increasing the risk for further dementia-related decline (Palmieri et al., 2020). It is also significantly harder for AD patients to comprehend and execute defensive measures such as wearing face masks and sanitising frequently (Mok et al., 2020). Patients with agitation and wandering conditions are exposed to higher risks of infection (Mok et al., 2020).

Furthermore, physical distancing does not apply to AD patients as they depend on caregivers to carry out daily tasks such as bathing. In contrast, some patients reside in care houses where patients live close to other people (Mok et al., 2020). This makes them more vulnerable to infection than non-demented people (Palmieri et al., 2020). AD patients are usually diagnosed with age-related sensory deficits and perceptual troubles (Gil and Arroyo-Anlló, 2021). This leads to prosopagnosia, commonly known as face blindness or the inability to recognise other people through their morphological structures of faces (Gil and Arroyo-Anlló, 2021). Wearing face masks during the pandemic has become a common practice. Still, it increases the difficulty for AD patients to recognise their family members and friends as the face is partially concealed (Gil and Arroyo-Anlló, 2021). Fragmented perception of the face also reduces the ability of AD patients to discriminate facial emotions (Gil and Arroyo-Anlló, 2021).



5.2 Neurological effects of COVID-19 on AD patients

Studies have shown that COVID-19 will likely leave long-term neurological complications in patients who survive and recover from the infection (Chen et al., 2022). Meanwhile, neuroinflammation is suggested to be the underlying cause of neurological complications and the important bridge between COVID-19 and AD (Finelli, 2021; Chen et al., 2022). There are a few potential mechanisms that increase the risk of developing long-term neurological consequences, leading to the acceleration of pre-existing AD progression or initiating AD development in COVID-19 patients (Iodice et al., 2021). These potential mechanisms include Renin-angiotensin system (RAS) hyperactivation, systemic inflammation, and damage to the CNS by direct viral infection (Heneka et al., 2020).

COVID-19 neurological effects research has highlighted a need for a better knowledge of how the virus may damage brain health and may contribute to the advancement of Alzheimer’s disease. Table 1 shows recent clinical investigations reveal that people with Alzheimer’s disease may be more likely to have serious problems if they contract COVID-19.



TABLE 1 Clinical findings between alzheimer’s disease and COVID-19.
[image: Table1]


5.2.1 Renin-angiotensin system hyperactivation

The renin-angiotensin system (RAS) remains a hormone system that regulates blood pressure, electrolyte balance, and vascular resistance (Wang et al., 2021). The RAS contained in the pathogenicity of COVID-19 is angiotensin-converting enzyme 2 (ACE2), which acts as a critical point for SARS-CoV-2 and belongs to part of this system (Sarzani et al). Within the RAS, ACE2 regulates blood pressure by converting angiotensin 2 (Ang-II) into angiotensin (Ang), thus inhibiting the RAS pathway (Wang et al., 2021). During an infection, ACE2 binds to the protein of spike from SARS-CoV-2, causing a reduction in enzymatic function (Wang et al., 2021). As a result, Ang-II levels are increased, disturbing the signalling pathway in RAS and promoting brain degeneration (Wang et al., 2021). Moreover, the binding of the SARS-CoV-2 and ACE2 triggers the formation of a cytokine storm, characterised by increasing stages of IL-1, IL-6, and TNF (El-Arif et al., 2021). Another way through which SARS-CoV-2 can cause RAS hyperactivity in the brain through stimulating the production of neurotoxins and proinflammatory factors (Wang et al., 2021). RAS hyperactivation caused by elevated Ang-II leads to microglial inflammatory response and oxidative stress, favouring AD development (Wang et al., 2021). Ang-II activates NLRP3 inflammasome, which, as mentioned, is a key mediator in AD (Miners et al., 2020). Meanwhile, RAS hyperactivation also impairs Aβ clearance (Miners et al., 2020). These factors altogether contribute to AD development (Miners et al., 2020). However, ACE2 expression and the consequence on AD pathology remains controversial and requires support from further studies (Chen et al., 2022).



5.2.2 Systemic inflammation

Severe systemic inflammation caused by SARS-CoV-2 is predicted to have long-term negative consequences like cognitive impairment (Finelli, 2021). SARS-CoV-2 infection causes immune system dysfunction, which can lead to suppression of neurogenesis, synaptic damage, and neuronal death, all of which are associated with the aetiology of Alzheimer’s disease (Chen et al., 2022).


5.2.2.1 Cytokine storm

Cytokines are messenger molecules immune cells produce (Rahman et al., 2020). It alters the function of proteins and changes the gene expression of receptor molecules (Ragab et al., 2020). Proinflammatory cytokines endorse inflammation, while anti-inflammatory cytokines decrease inflammation (Ragab et al., 2020). Further, cytokines are categorised based on their functions into 4 major groups, which are Interleukins (IL), Tumour Necrosis Factor (TNF), and Interferons and Colony Stimulating factors (CSF; Ragab et al., 2020).

During an infection, the invasion of SARS-CoV-2 stimulates humoral and cell-mediated immunity to battle infection (Hu et al., 2021). However, a deadly and uncontrolled inflammatory response known as the ‘cytokine storm’ can lead to the fast secretion of pro-inflammatory cytokines, creating an inequity between pro-inflammatory cytokines and anti-inflammatory cytokines (Ragab et al., 2020). The cytokine storm increases vascular permeability and abnormal blood coagulation. It explains the multi-organ damage found in COVID-19 patients (Wang et al., 2020), as the effects of SARS-CoV-2 in CNS also explained as the cytokines can attack brain regions, resulting in harm to healthy neurons (Hardan et al., 2021). Moreover, Proinflammatory cytokines like interleukin (IL)-1β, IL-17, IL-6, also tumour necrosis factor-α (TNF-α) that are involved in AD development are significantly elevated in cerebrospinal fluid of COVID-19 patients (Finelli, 2021; Wang et al., 2021). High levels of IL-1β decrease hippocampal neurogenesis and increase apoptosis (Boldrini et al., 2021) IL-17 targets neutrophils, promoting inflammation and brain tissue damage (Wang et al., 2021). TNF-α links peripheral and central inflammation and modulates neuropathological mechanisms in AD. In contrast, higher stages in COVID-19 individuals are associated with a higher percentage of cognitive impairment months after infection (Finelli, 2021). Elevated levels of IL-6 are related to hippocampus shrinkage and decreased human cognitive performance, one of the early symptoms of AD (Mohammad Azizur et al., 2020). Acknowledge a nucleic acid, which contains amyloid fibrils, Type I interferons (IFN) mediate inflammation, ultimately leading to synaptic loss, an effect that is strongly related to cognitive decline (Hardan et al., 2021). Through these mechanisms, proinflammatory cytokines play a significant part in AD progression (Wang et al., 2021).



5.2.2.2 NLRP3

Inflammasomes are multiprotein complexes that build or activate cytokines during an inflammatory response. An inflammasome called NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3) controls inflammatory signalling and the release of proinflammatory cytokines IL-1 and IL-18 (Wang et al., 2021). Initiating caspase-1 self-cleavage to create active caspase-1 when NLRP3 is activated is crucial for the maturation of IL-1 and IL-18 (Wang et al., 2021). Inflammasome activation may occasionally result in cell death (Mark et al., 2021). Although inflammasomes are beneficial immune responses to infections, at the same time, they might also cause collateral damage to recipient cells due to hyperinflammatory responses and are also known to be the key mediator of AD development. (Ding et al., 2018 Mark et al., 2021) In a COVID-19 patient, overstimulation in the NLRP3 inflammasome pathway leads to a systemic inflammatory response during infection (Wang et al., 2021). Consequently, the impairment of useful immune functions in the brain is caused by the NLRP3 inflammasome-driven inflammation and aberrant accumulations of peptides linked to neurodegeneration, such as fibrillar amyloid (Finelli, 2021). A work by Ising et al. (2019) showing that NLRP3 inflammasome produces hyperphosphorylation and aggregation and is crucial for the emergence and advancement of beta-amyloid pathology in mice supports this. Additionally, it has been demonstrated that NLRP3 inflammasome activation encourages tau pathology, which speeds up the development of AD (Chen et al., 2022).

Through both direct and indirect processes, including ARDS, hypercapnia, and ORF3a protein-mediated activation, SARS-CoV-2 has been exposed to raise NLRP3 levels (Ren et al., 2020). In the study by Ren et al. (2020), NLRP3 inflammasome was discovered for the first time in similarly stimulated epithelial cells infected with SARS-CoV-2. Furthermore, the SARS-CoV genome encodes three ion channel proteins, namely ORF3a, ORF8a, and E (Ren et al., 2020). It is noteworthy that ORF3a plays a role in virus-host interactions. The secretion of the proinflammatory cytokine IL-1 and the activation of the NLRP3 inflammasome by the SARS-CoV-2 ORF3a protein leads to the demise of respiratory tract epithelial cells (Xu et al., 2022). This conclusion is further supported by the observation that lung alveolar epithelial cells obtained from autopsy samples of COVID-19 patients who passed away exhibit significant activity of the NLRP3 inflammasomes (Toldo et al., 2021).

Acute respiratory distress syndrome is a common complication in severe COVID-19 patients, and it is caused by dysregulated hyperinflammation caused by SARS-CoV-2 (Wang et al., 2021). Invasion of the virus stimulates innate immune response and activates NLRP3 inflammasome (Wang et al., 2021). The NLRP3 inflammasome then functions to mediate lung inflammation in SARS-CoV-2 infection. As stated, SARS-CoV-2 targets ACE2 receptors found on type II alveolar epithelial cells, causing them to undergo cell apoptosis (Mark et al., 2021). Signals of cellular damage or stress released can lead to NLRP3 inflammasome activation (Mark et al., 2021). Activation stimuli of NLRP3 inflammasome include foreign matter, extracellular adenosine triphosphate (ATP), toxins, and mitochondrial processes (Mark et al., 2021). During an infection, alveolar macrophages initiate a proinflammatory response which triggers the secretion of cytokines like TNF-α and IL-1β (Freeman and Swartz, 2020). Secretion of these cytokines induces a widespread NLRP3 activation to form a proinflammatory positive feedback cascade (Freeman and Swartz, 2020). Hypercapnia, defined by high levels of arterial carbon dioxide, is a side effect caused by protective lung ventilatory strategies used to treat severe ARDS patients (Freeman and Swartz, 2020). However, it is shown that hypercapnia can also activate NLRP3 inflammasomes to induce IL-1β overproduction, which is linked to neuroinflammation, increased neuronal cell death, and contributes to the pathogenesis of cognitive impairments (Freeman and Swartz, 2020).



5.2.2.3 Oxidative stress

Reactive oxygen species (ROS) encompass a group of chemically reactive oxygen-containing molecules, including peroxides, superoxide, hydroxyl radicals, and more, that are produced during instances of inflammation (Ionescu-Tucker and Cotman, 2021). The existence of an unpaired valence electron makes ROS free radicals attack the different cells and damage DNA, proteins, and lipids (Ionescu-Tucker and Cotman, 2021). In contrast, antioxidants are chemicals that lessen the effect of free radicals (Wang et al., 2021). An imbalance in the amount of ROS and antioxidants within the human body causes oxidative stress, which plays a part in both the pathogenesis of SARS-CoV-2 infection and AD (Wang et al., 2021). This suggests that SARS-CoV-2 might contribute to AD through an oxidative stress mechanism (Wang et al., 2021).

During SARS-CoV-2 infection, angiotensin-converting enzyme 2 (ACE2) binds its viral protein, increasing Ang-II (Kumar et al., 2022). As Ang II acts as an oxidative stress enhancer, the increased presence of Ang-II promotes the presence of ROS and creates oxidative stress in the body (Meinhardt et al., 2021). In comparison, decreased ACE2 is also related to the production of ROS in CNS (Meinhardt et al., 2021). ROS are harmful as they can cause lipid peroxidation and mitochondrial dysfunction (Meinhardt et al., 2021). To gain stability, ROS can donate an electron to a nearby lipid molecule from the phospholipid bilayer (Butterfield, 2020). This causes the lipid molecules to become reactive and initiate a chain reaction that results in cell membrane damage and lysis (Butterfield, 2020). In addition, oxidative damage is a major character in the brain of AD patients. At the same time, studies suggest that lipid peroxidation is the first type of oxidative damage associated with amyloid β (Aβ). This amino acid is critical to the pathophysiology of AD (Butterfield, 2020).

In the mitochondria, superoxide radicals are created by-products of the electron transport chain (Ionescu-Tucker and Cotman, 2021) naturally. Excessive mitochondrial ROS can cause damage to the electron transport chain, subsequent in increased generation of superoxide radicals in a positive feedback cycle (Ionescu-Tucker and Cotman, 2021). Frequent damage to the mitochondria eventually results in degradation (Ionescu-Tucker and Cotman, 2021). Significantly, dysfunctional mitochondria are one of the first markers and a vital cause of Alzheimer’s disease (Ionescu-Tucker and Cotman, 2021). Loss of mitochondrial function interferes with the expression and processing of amyloid precursor protein (APP) and facilitates the formation of beta-amyloid plaques (Ionescu-Tucker and Cotman, 2021). This relationship further demonstrates the possible role of the virus in the expansion of AD and other associated neurodegenerative diseases (Ionescu-Tucker and Cotman, 2021).




5.2.3 Damage to the CNS by a direct viral infection

According to studies, SARS-CoV-2 can penetrate the CNS and cause neuroinflammation and neuronal damage, which aids in the emergence of neurodegenerative disorders like Alzheimer’s disease (Wang et al., 2020). The blood–brain barrier (BBB), olfactory nerve channels, and trans-synaptic routes are possible routes by which SARS-CoV-2 could enter the brain (Zhang Q. et al., 2021).

A complex system called the Blood–Brain Barrier (BBB) encircles most of the brain’s blood vessels (kadry et al). By serving as a barrier between the bloodstream and the brain’s extracellular space, it regulates the flow of substances between them (Zhang Q. et al., 2021). The BBB protects most blood vessels in the brain, except for blood vessels in circumventricular organs (CVO), as their function requires access to the bloodstream (Zhang Q. et al., 2021). Recent research has shown that SARS-CoV-2 can infect ACE2 receptors on the vascular endothelium of the BBB, allowing blood material to reach the brain (Zhang Q. et al., 2021). By causing instability or by way of monocytes, the activation of inflammatory cytokines might raise the BBB’s permeability and allow the entry of cytokines and SARS-CoV-2 into the brain parenchyma (Zhang Q. et al., 2021) as shown in Figure 2.
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FIGURE 2
 Potential entry points for SARS-CoV-2 entering the CNS. Based on the tissue/cell expression patterns of the viral binding receptor ACE2 and cell entry-associated proteases TMPRSS2 on the olfactory epithelium, myelin-forming cells, enteric neurons, and vascular endothelium, it is possible that SARS-CoV-2 enters the human blood–brain barrier through the neural route of myeline sheaths of olfactory, enteric, and vagal nerves, as well as the hematogen.


Reactive astrogliosis, microglial activation, and a neuroinflammatory cascade are brought on by SARS-CoV-2 upon invasion (Iodice et al., 2021). Disruption of brain homeostasis and neuronal death damages the function of BBB, leading to long-term neuropsychiatric consequences (Iodice et al., 2021). Furthermore, the virus can reach brain tissue via CVOs and has been found in brain vascular endothelium (Boldrini et al., 2021). CVO and brain stem viral infection explains COVID symptoms such as ageusia, nausea, and vomiting, as also autonomic abnormalities, and anxiety (Boldrini et al., 2021). Due to the penetration of blood content, viral particles can enter and damage neurons directly as ACE2 receptors are present (Majid et al., 2021). In addition, recent studies have shown that immune cells that express ACE2 receptors, such as lymphocytes, granulocytes, monocytes, and monocyte derivatives, provide another pathway for entering through the BBB through a trojan horse mechanism (Wang et al., 2020). The SARS-CoV-2 will enter the cytoplasm of these immune cells and cross the BBB to access the CNS for replication (Pezzini and Padovani, 2020).

Several types of research have shown trans-synaptic transfer through peripheral nerve terminals (Pezzini and Padovani, 2020). By binding to ACE2 receptors on peripheral neurons, it can spread through the axonal endoplasmic reticulum over large distances (Fenrich et al., 2020). Additionally, SARS-CoV-2 can penetrate the CNS via the olfactory route, which explains the loss of smell in COVID-19 patients (Meinhardt et al., 2021; Chen et al., 2022). As a part of the respiratory system, the olfactory mucosa is in the upper region of the nasal cavity (Wang et al., 2020). The olfactory epithelium consists of 10–20 million olfactory receptor neurons that detect the sense of smell (Wang et al., 2020). Unsurprisingly, the entry proteins ACE2 and TMPRSS2 involved in the binding of SARS-CoV-2 are found in abundance in these olfactory receptor neurons (Wang et al., 2020). Following infection, the virus binds to ACE2 receptors on olfactory receptor neurons, spreads through the olfactory bulb, and eventually reaches the hippocampus and other brain structures (Pezzini and Padovani, 2020). Notably, the hippocampus is one of the brain areas affected during the early stages of AD progression (Iodice et al., 2021).

Regardless of the pathway used by SARS-CoV-2, it enters the CNS and initiates viral replication, resulting in neuronal cell death and immune system activation in the brain, which may explain the acute symptoms of COVID-19 and long-term complications of SARS-CoV-2 infection in Alzheimer’s disease patients (Wang et al., 2020).




5.3 The comparison of AD patients with COVID-19 and AD patients without COVID-19

Based on the selected reviews, we have compiled a table (Table 2) that compares AD patients with COVID-19 to AD patients without COVID-19. According to a study by Frontera et al. (2022), hospitalised COVID-19 patients exhibited greater levels of neurodegenerative biomarkers than non-COVID subjects with normal cognition, mild cognitive impairment, or Alzheimer’s dementia. The results showed that various neurodegenerative biomarkers, including t-tau, p-tau181, UCHL1, GFAP, and NfL, were raised in hospitalised COVID-19 patients. The Table 2 provides an overview of various biomarkers and pathological features in Alzheimer’s disease (AD) patients with and without COVID-19 infection. The findings suggest that COVID-19 infection has a significant impact on the pathogenesis of AD, leading to alterations in inflammatory responses, oxidative stress, ACE2 functions, and neurodegenerative biomarkers. Notably, the presence of COVID-19 in AD patients appears to exacerbate some of the AD-related pathological changes, such as increased proinflammatory cytokines, NLRP3 activation, and oxidative stress. Additionally, direct viral infection in AD patients with COVID-19 leads to damage to the central nervous system, which can accelerate AD progression. These observations highlight the importance of monitoring AD patients who contract COVID-19 and considering potential implications for disease management and intervention strategies. Further research is needed to elucidate the underlying mechanisms and long-term consequences of COVID-19 on AD pathology.



TABLE 2 Comparison of AD patients with and without COVID-19 based on relevant biomarkers and pathological features.
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6 Conclusion

In conclusion, COVID-19 has generated a worldwide outbreak, resulting in a slew of issues for humans, particularly those suffering from Alzheimer’s disease. Its ability to invade the central nervous system through the hematogenous and neural routes, besides attacking the respiratory system, has the potential to worsen cognitive decline in Alzheimer’s disease patients. Apart from that, the impact of Covid-19 on the brain can be concluded to be like the impact given by Alzheimer’s Disease, as these both cause inflammation. This inflammation, if left untreated, could surely predispose someone who had Covid-19 before to develop Alzheimer’s later, especially if they were seriously infected and experienced long-covid symptoms. Hence, Covid-19 worsens the cognitive decline or impairment in patients with Alzheimer’s and increases the risk of those who had a Covid-19 infection towards developing Alzheimer’s later in life. The severity of this issue must be highlighted.

Moreover, being the most common and prominent type of dementia, Alzheimer’s damage to our cognitive system is beyond our knowledge, and Covid-19 infections further worsen it. Though many research papers are looking at the effects of COVID-19 concerning neurological diseases, such as Alzheimer’s, a definite conclusion has yet to be proven. In this paper, the possible effects of COVID-19 concerning AD, as well as the effects of COVID-19 on AD patients, have been explored. A correlation between the two ailments can be hypothesised. However, still, no finalised answer can be made as to whether one of the aftermath conditions of COVID-19 is a neurological disorder such as Alzheimer’s disease.
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Lise Beier Havdal1*†, Joel Selvakumar1,2, Lise Lund Berven1, Tonje Stiansen-Sonerud1,3, Henrik Zetterberg4,5,6,7,8, Kaj Blennow4,5, Trygve Holmøy2,9 and Vegard Bruun Bratholm Wyller1,2


1Department of Paediatrics and Adolescent Health, Akershus University Hospital, Lørenskog, Norway

2Institute of Clinical Medicine, University of Oslo, Oslo, Norway

3Department of Clinical Molecular Biology (EpiGen), University of Oslo and Akershus University Hospital, Lørenskog, Norway

4Institute of Neuroscience and Physiology, Department of Psychiatry and Neurochemistry, Sahlgrenska Academy, University of Gothenburg, Mölndal, Sweden

5Clinical Neurochemistry Laboratory, Sahlgrenska University Hospital, Mölndal, Sweden

6UCL Institute of Neurology, Department of Neurodegenerative Disease, Queen Square, London, United Kingdom

7UK Dementia Research Institute, London, United Kingdom

8Hong Kong Center for Neurodegenerative Diseases, Kowloon, Hong Kong SAR, China

9Department of Neurology, Akershus University Hospital, Lørenskog, Norway

Edited by
 Pankaj Seth, National Brain Research Centre (NBRC), India

Reviewed by
 Penghui Wei, Qilu Hospital of Shandong University (Qingdao), China
 Samir Abu Rumeileh, Martin Luther University of Halle-Wittenberg, Germany
 Jolanta B. Zawilska, Medical University of Lodz, Poland

*Correspondence
 Lise Beier Havdal, lise.beier.havdal@ahus.no 

†ORCID: Lise Beier Havdal http://Orcid.org/0000-0001-7429-8119

Received 21 December 2023
 Accepted 24 January 2024
 Published 07 February 2024

Citation
 Havdal LB, Selvakumar J, Lund Berven L, Stiansen-Sonerud T, Zetterberg H, Blennow K, Holmøy T and Wyller VBB (2024) Neurological involvement among non-hospitalized adolescents and young adults 6 months after acute COVID-19. Front. Neurol. 15:1345787. doi: 10.3389/fneur.2024.1345787
 

Introduction: The post-COVID-19 condition (PCC) is characterized by debilitating persistent symptoms, including symptoms suggesting neurological aberrations such as concentration difficulties, impaired memory, pain, and sleep disturbances. The underlying mechanisms remain elusive. This study aimed to investigate brain injury biomarkers, neurocognitive test performance, and self-reported neurological and neuropsychological symptoms in young people with PCC.

Methods: A total of 404 non-hospitalized adolescents and young adults aged 12–25 years who tested positive for SARS-CoV-2, along with 105 matched SARS-CoV-2 negative individuals, were prospectively enrolled and followed-up for 6 months (Clinical Trials ID: NCT04686734). All participants underwent comprehensive assessment encompassing clinical examinations, questionnaires, neurocognitive testing and blood sampling. Serum samples were immunoassayed for the brain injury biomarkers neurofilament light chain (Nfl) and glial fibrillary acidic protein (GFAp). At 6 months, cross-sectional analyses of serum Nfl/GFAp, neurocognitive test results and symptom scores were performed across groups based on adherence to PCC criteria as well as initial SARS-CoV-2 test results. Also, associations between Nfl/GFAp, neurocognitive test results, and symptom scores were explored.

Results: A total of 381 SARS-CoV-2 positive and 85 SARS-CoV-2 negative were included in the final analysis at 6 months, of whom 48% and 47%, respectively, adhered to the PCC criteria. Serum levels of Nfl and GFAp were almost equal across groups and did not differ from reference values in healthy populations. Also, neurocognitive test results were not different across groups, whereas symptom scores were significantly higher in patients fulfilling PCC criteria (independent of initial SARS-CoV-2 status). No significant associations between Nfl/GFAp, neurocognitive test results, and symptom scores were found.

Conclusion: Normal brain injury biomarkers and neurocognitive performance 6 months after mild COVID-19 implies that the persistent symptoms associated with PCC are not concurrent with ongoing central nervous system damage or permanent disruption of cognitive functions. This finding contradicts the notion of neuroinflammation as a likely explanation for the persistent symptoms.
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Introduction

The majority of individuals infected with Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the virus that causes Corona Virus Disease of 2019 (COVID-19), typically recover to their baseline health status within a few weeks after the acute infection. However, a substantial portion of individuals experience persistent post-infective symptoms (1–3). Persisting symptoms have been reported in patients regardless of the severity of the acute COVID-19 infection (4), and even children and young adults who experienced predominantly mild cases of acute COVID-19 may endure prolonged symptoms (5). These enduring health issues commonly include various neurological complaints such as fatigue, post-exertional malaise, headache, memory difficulties, and sleep disturbances (6–8). The World Health organization (WHO) has defined these long-lasting symptoms following confirmed or suspected COVID-19 infection, with no alternative diagnosis to explain them, as Post-COVID-19 condition (PCC) (9). PCC exhibits significant clinical overlap with post-infective fatigue syndrome (PIFS) (10), and numerous queries concerning the underlying mechanisms of disease and its natural progression still lack definite answers. Further, it is still to be established whether the subjective experience of neurological and neuropsychological symptoms in PCC correspond with objectively measurable deficits (8, 11–13).

Multiple mechanisms have been suggested as potential underlying mechanisms of neurobiological aberrations in COVID-19 and PCC. In the acute and subacute stages, CNS involvement may be due to immune activation triggered by systemic inflammation, microvascular damage, thromboembolic events, or non-specific hypoxic effects resulting from severe illness (14, 15). One mechanism proposed to account for the manifestations of PCC revolves around activation of the neuroimmune system (16, 17). Alternatively, the symptoms of PCC may be explained from functional CNS alterations (18), analogous to common mechanisms of chronic pain conditions (19). This latter explanation acknowledges that symptoms may arise independently of neuronal damage and/or interoceptive afferent signals, and resonates with previous published evidence of psychosocial factors as important predictors of persistent symptoms (20, 21).

The intra-axonal protein neurofilament light chain (Nfl) is a validated biomarker for neuroaxonal injury and neuroinflammation regardless of cause (22–24). Numerous studies have demonstrated a strong correlation between levels of Nfl in cerebrospinal fluid (CSF) and blood serum samples (25, 26) rendering it widely applicable as a biomarker for neuroinflammation and neurodegeneration. Glial fibrillary acidic protein (GFAp) is an astrocytic cytoskeletal protein upregulated in activated astrocytes, recognized for its swift elevation in both CSF and serum in response to acute brain injuries. Studies have evidenced a robust correlation between the levels of GFAp detected in CSF and blood serum samples (27–30). Elevated serum levels of these biomarkers in the acute phase of COVID-19 infection provides evidence of astrocytic and neuroaxonal damage in patients undergoing a severe course of SARS-CoV-2 infection (13, 31–34). We have previously reported these biomarkers to be slightly elevated in the subacute phase of SARS-CoV-2 infection in adolescents and young adults with mildly symptomatic disease (11). Studies examining neuroinflammatory biomarkers during follow-up after COVID-19 infection yield varied outcomes, even when they are limited to mild initial cases (35, 36).

In the current study we report serum levels of NfL and GFAp at 6-This study aimed to investigate brain injury biomarkers, neurocognitive test performance, and self-reported neurological and neuropsychological symptoms in young people with PCC. We examined cross-sectional data from 6-month follow-up of a large prospective cohort of adolescents and young adults with and without COVID-19.



Methods


Study design

The long-term effects of COVID-19 in Adolescents (LoTECA) project is a longitudinal observational cohort study of non-hospitalized adolescents and young adults. Participants testing positive and negative for SARS-CoV-2 were included, with follow-up at 6 and 12 months (Clinical Trials ID: NCT04686734). Details of the study design have been described previously (20). This study reports results from the 6-month follow-up visit.

Ethical approval for this project was granted by The Regional Committee for Ethics in Medical Research. Written informed consent was obtained from each participant at study inclusion.



Participants

Between 24 December 2020 and 18 May 2021, a consecutive cohort of adolescents and young adults undergoing SARS-CoV-2 testing with reverse transcription-polymerase chain reaction (RT-PCR) were enrolled. All participants were recruited from one of two microbiological laboratories, Fürst Medical Laboratory or Department of Microbiology and Infection Control at Akershus University Hospital, both located in Southeast Norway. The prevailing strain of SARS-CoV-2 in this geographical area during most of the recruitment period was B.1.1.7 (Alpha). Any SARS-CoV-2 positive individuals were considered eligible for enrolment after fulfilling a 10-day quarantine. Concurrently, a SARS-CoV-2 negative control group was recruited among individuals exhibiting a similar distribution of sex and age as the SARS-CoV-2 infected cases. Within the SARS-CoV-2 negative group, some individuals had undergone testing due to acute infectious symptoms, while others were asymptomatic close contacts of confirmed cases.

Exclusion criteria at baseline encompassed the following: (1) A duration of more than 28 days since onset of symptoms; (2) Hospitalization due to COVID-19; (3) Pregnancy; and (4) Serological evidence of SARS-CoV-2 infection (in the SARS-CoV-2-negative group).



Investigational program

At enrolment and each follow-up assessment, all participants attended a comprehensive assessment program at the study center at Akershus University Hospital, Norway. This program encompassed clinical interview, physical examination, blood sample collection, vital sign recording, functional and neurocognitive testing, and completion of questionnaires. The complete investigational program of the LoTECA project has been published previously (20).



Laboratory assays

Blood samples were collected via antecubital venepuncture as the first part of the 6-month follow-up visit. Samples were subjected to analysis for routine clinical markers. To identify previous infection with COVID-19, serum samples were analyzed for SARS-CoV-2 nucleocapsid and receptor binding antibodies.

Serum samples for measurement of GFAp and Nfl was collected in 3.5 mL Vacuette R (Greiner bio-one GmbH) with gel. Samples underwent clotting for a minimum of 30 min. Within 2 h, they were processed by centrifugation at 2,200 g for 10 min. The aliquots were stored immediately at −80°C until analysis. Serum GFAp and Nfl measurement was conducted at the Clinical Neurochemistry Laboratory, Sahlgrenska University Hospital, Sweden, by certified laboratory technicians blinded to clinical data. The analysis was performed utilizing commercially available Single Molecule Array (Simoa) assays on an HD-X analyzer (Human Neuro 2-plex B assay), as instructed by the manufacturer (Quanterix, Billerica, MA). Calibrators were run in duplicates, while the samples were diluted four-fold and run as singlicates. To monitor assay performance, two quality control (QC) samples, with different concentration levels, were run in duplicates at the beginning and end of each analytical run. For the QC sample with a Nfl concentration of 14.1 pg./mL, repeatability and intermediate precision were both 6.2%, and for QC samples with a concentration of 77.3 pg./mL, both repeatability and intermediate precision was 5.9%. For GFAp CQ samples with concentration 99.4 pg./mL, repeatability was 4.4% and intermediate precision was 8.3%. For GFAp QC samples with concentration 281 pg./mL, repeatability was 5.6% and intermediate precision was 6.3%.



Neurocognitive testing

During the 6-month follow-up visit, all study participants underwent neurocognitive assessment with two standardized tests: the Digit-Span Test from the Wechsler Intelligence Scale for Children, 4th edition (WISC) (37), and the Hopkins Verbal Learning Test-Revised (HVLT-R) (38).

The Digit-Span Test is a tool for evaluating verbal and auditory working memory. An examiner presents a series of random digits verbally. The initial digit sequence comprises two random numbers, and with each subsequent sequence, an additional digit is included. During the digit span forward mode, the participant is tasked with repeating the digits in the same order as they were presented, while in the digit span backward mode, the digits are to be repeated in reverse order. A score of one point is assigned for each correctly recalled digit sequence. The test is discontinued when the participant provides incorrect responses for two sequences of equal length. Results are reported in the form of sum scores for digit span forward and backward, as well as a total sum score.

The HVLT-R test is designed to assess verbal learning, delayed recall, and recognition. A standardized procedure is followed, where the examiner orally presents a list of 12 words, and the participant is tasked with repeating as many of these words as possible in three consecutive trials. The cumulative score for verbal learning memory is determined by summing the total number of words remembered across the three trials, with a possible range of scores ranging from 0 to 36. To evaluate delayed verbal memory, the number of words successfully recalled after a 20-min interval is recorded; score ranges from 0 to 12. Subsequently, a list of 24 words is presented, of which 12 words are identical to those from the initial list. The number of correctly recognized words and falsely recognized words are recorded separately; scores range from 0 to 12.



Questionnaires

A questionnaire was employed to gather information regarding comorbidities, family medical history, current medication, smoking habits, substance abuse, physical activity and parental occupation. Parental occupation was used to gauge socioeconomic status.

Sleep problems and pain were recorded through the Karolinska Sleep Inventory and the Brief Pain Inventory, respectively (39, 40). In the Karolinska Sleep Inventory, a total of 12 items addressed frequency of sleep disturbances on 6-point Likert scales, where 1 is “never” and 6 is “all the time”; then, the scoring was reversed, and total sum score was computed across all items ranging from 12 to 72, where lower scores indicate more sleep disturbances. Accordingly, indexes for insomnia, awakening problems, and sleepiness were computed as sum scores across relevant items. In the Brief Pain Inventory, a total of four items addressed different aspects of pain on 10-point Likert scales, where 1 is “no pain” and 10 is “worst pain imaginable”; total sum score was computed across all items ranging from 4 to 40, where higher scores indicate more pain.

In addition, five neurological/neurocognitive symptoms were assessed: Concentration difficulty, difficulty making decisions, memory difficulty, feeling confused or disoriented, and headache. The frequency of these symptoms were assessed using five-point Likert scales, ranging from 1 to 5, with options spanning from “never” to “each day/always.”



SARS-CoV-2 immunization

Data pertaining to vaccination status was acquired through linkage with the Norwegian Immunization Register (41).



Case definitions

The WHO definition of Post COVID-19 Condition (PCC) (9) and the modified Fukuda-case definition of Post-Infective Fatigue Syndrome (PIFS) (42) were applied and operationalized at 6-month follow-up, as thoroughly described previously (20). In brief, all participants were categorized as either case or non-case in accordance with both definitions. To enhance accuracy, a distinction was drawn between definite and uncertain classifications, considering concurrent medical and psychiatric comorbidities that could potentially account for the reported symptoms. Both clinical findings, laboratory reports and questionnaire data from baseline and at 6-month follow-up were considered in the identification of PCC and PIFS cases. Two medical doctors blinded to the participants’ initial SARS-CoV-2 status conducted the assessment independently.

Participants were stratified into four groups based on COVID status and adherence to PCC criteria as follows: (1) COVID-19 positive individuals who adhered to PCC criteria (COVID+PCC+); (2) COVID-19 positive individuals who did not adhere to PCC criteria (COVID+PCC-); (3) COVID-19 negative individuals who adhered to PCC criteria (COVID-PCC+); and (4) COVID-19 negative individuals who did not adhere to PCC criteria (COVID-PCC-). A similar categorization was undertaken based on adherence to PIFS criteria (PIFS+ or PIFS-).



Statistical analysis

For cross-sectional comparisons between COVID-19 positive and COVID-19 negative cases, chi-square test and Wilcoxon rank-sum test were applied as appropriate based on distribution of the data. For comparison across the four groups according to COVID status and PCC/PIFS adherence, one-way ANOVA or Kruskal-Wallis tests were used as appropriate. Post-hoc analyses were conducted to investigate differences between groups that exhibited statistically significant results.

Associations between symptoms, neurocognitive test results, neurological findings and the two brain injury biomarkers Nfl and GFAp were investigated using the non-parametrical Spearman’s rho test.

Statistical analyses were executed using Stata Statistical Software: Release 16 (Statacorp LLC, College Station, TX). A significance threshold of p < 0.05 was adopted (two-sided test). Bonferroni correction was incorporated in the spearman’s rho test to account for test multiplicity.




Results

At baseline 509 (404 SARS-CoV-2 positive, 105 SARS-CoV-2 negative) children and young adults were included in the study. A total of 26 participants were lost to follow-up (22 COVID-19 cases and 4 COVID-19 negative controls). Of the COVID-19 negative controls, 16 were excluded from analyses at 6 months due to SARS-CoV-2 infection during the follow-up period, either self-reported or diagnosed from the appearance of plasma SARS-CoV-2 nucleocapsid antibodies. In addition, one COVID-19 case suffering from multiple sclerosis was excluded from the current analysis of neurological involvement. A total of 466 participants (381 SARS-CoV-2 positive, 85 SARS-CoV-2 negative) were included in the final analysis of the present paper.

The median time from baseline visit to follow-up was 193 days for both the SARS-CoV-2 positive and SARS-CoV-2 negative group. An overview of demographics and background characteristics are reported in Table 1.



TABLE 1 Cohort characteristics at 6-month follow-up by SARS-CoV-2 status on inclusion.
[image: Table1]

As previously reported (20), there was no difference in adherence to the WHO post-COVID-19 condition nor in adherence to the criteria of post infectious fatigue syndrome based on previous COVID-19 exposure.


Comparison according to COVID-19 status and PCC adherence

Results from comparison across the four groups according to COVID status and PCC adherence are presented in Table 2. Significant differences between groups were found for all symptoms of neurocognitive dysfunction, as well as pain and sleep difficulties. Post-hoc test results are reported in Supplementary Table 1. Generally, the post-hoc tests of reported symptoms showed significant differences between groups that differed in PCC adherence, but not between groups with differences in COVID status and similar PCC adherence.



TABLE 2 Cross-sectional comparison of symptoms, clinical and laboratory findings, and neurocognitive test results among COVID-19 cases and non-COVID controls for participants with and without post-COVID-19 Condition (PCC) at 6 months follow-up.
[image: Table2]

Brain injury biomarkers, neurocognitive test performance, and clinical neurological findings did not differ across the four groups (Table 2; Figure 1). Similarly, there were no differences across four groups stratified according to COVID-19 status and adherence to PIFS criteria (Figure 2; Supplementary Tables 2, 3).

[image: Figure 1]

FIGURE 1
 Comparison of serum levels of neurofilament light chain (A) and glial fibrillary acidic protein (B) at 6-months follow-up within groups of COVID-19 status and PCC adherence. Kruskal-Wallis test was conducted to examine the differences between groups. Panel (A): Chi square = 5.22, p = 0.156, df = 3; Panel (B): Chi square = 1.84, p = 0.607, df = 3.
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FIGURE 2
 Comparison of serum levels of neurofilament light chain (A) and glial fibrillary acidic protein (B) at 6-months follow-up within groups of COVID-19 status and PIFS adherence. Kruskal-Wallis test was conducted to examine the differences between groups Panel (A): Chi square = 0.89, p = 0.827, df = 3; Panel (B): Chi square = 0.87, p = 0.834, df = 3.




Associations to PCC within the SARS-CoV-2 positive cohort

Associations between PCC, PIFS, as well as subjectively reported symptoms, brain injury biomarkers, and neurocognitive test results are presented in Figure 3. Neither of the biomarkers, Nfl or GFAp, demonstrated any association with PCC nor PIFS, nor were they associated with the reported symptoms or neurocognitive test results. In contrast, both PCC and PIFS exhibited significant association with any subjective symptoms of pain, sleep disturbances, memory issues, difficulty concentrating, decision-making challenges and feeling confused or disorientated. However, none of the subjective symptoms was associated with neurocognitive test results. Complete overview of correlation coefficients and significance levels from the spearman’s rho test are provided in Supplementary Table 4.
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FIGURE 3
 Heatplot of Spearman’s Rho correlation coefficients for variables of neurocognitive symptoms, neurocognitive test results and adherence to PCC and PIFS, respectively. Coefficients marked with *, are significant at a Bonferroni adjusted significance level of α = 0.05/162 = 0.0003.





Discussion

In the present study of a large group of young, non-hospitalized COVID-19 convalescents, the main findings were: (a) That brain injury biomarkers were normalized 6 months after acute infection; (b) That neither brain injury biomarkers, neurocognitive test performance nor clinical neurological finding were associated with PCC or PIFS; and (c) That the burden of subjective neurological and/or neuropsychological symptoms is high in both PCC and PIFS.

In baseline data from our cohort, we observed a slight increase in Nfl and GFAp levels in the sub-acute phase of COVID-19 (11). Our current finding of these brain injury biomarkers returning to normal levels 6-months after mild COVID-19 infection aligns with the findings of others. Kanberg et al. found that Nfl and GFAp serum concentrations were normalized 6 months post-infection in a cohort of mild, moderate and severe COVID-19 cases (43), and Rogatzki et al. found normalization of serum levels of Nfl/GFAp as early as 1 month following mild COVID-19 infection in young adults (35).

Both Nfl and GFAp has previously been suggested as useful biomarkers for identification of patient suffering from neurological sequelae following COVID-19 infection (44). In a study of critically ill COVID-19-patients investigated 3 to 6 months after discharge from the intensive care unit, GFAp and Nfl were found to be associated with neurocognitive dysfunction and neuropsychiatric outcome (45). Contrary, in our cohort of young individuals with mild disease course, there were no association between GFAp/Nfl and neurocognitive symptoms or post-COVID-19 symptomatology. This corroborates with previous reports on milder cases. De Boni et al. reported lower levels of Nfl and GFAp in patients with persistent post-COVID-19 headache compared to patients with severe COVID-19 (46). Lennol et al. evidenced normalization of plasma GFAp and Nfl within 2 months following acute infection in patients with or without symptoms of fatigue, headache and memory loss (47), and Farhadian et al. found no evidence of neuroinflammation or blood–brain barrier dysfunction in a cohort of adults with self-reported PCC (48).

Our results are in contrast to those of Telser et al. (36) who reported higher GFAp levels among participants adhering to PCC criteria compared to those without PCC adherence. However, the study by Telser et al. is limited by the rather small sample size of 146 COVID-19 positive participants and the lack of a COVID-19 negative control group. Additionally, the patients’ COVID-19 status was determined retrospectively based on the presence of antibodies, and differences in time span to the acute infection were not accounted for.

In line with previous reports, the present data confirm a high burden of neurological and/or neuropsychiatric symptoms among patients with PCC and PIFS (49, 50). However, these previous reports do not include measures of neuronal damage nor objective testing of neurocognitive performance. A striking result from the present study is the discrepancy between subjective symptoms and objective findings. This resonates with findings from PIFS in the aftermath of other infections (51, 52).

Various hypotheses have been suggested to explain the pathogenesis of PCC. These include systemic chronic inflammation (53), as well as neuroinflammation and autoimmunity (54). In severe cases of acute COVID-19 there is evidence that the neuroinflammation is linked to cytokine storms, as elevated serum Nfl and GFAp are associated with elevations in pro-inflammatory cytokines (55, 56). Elevated levels of Nfl have even been found to have prognostic value in acute, severe cases of COVID-19 (57). The normalization of brain injury biomarkers 6 months after mild COVID-19 infection found in the current study, suggests that the neurological symptoms associated with PCC do not align with enduring or ongoing CNS injury. This argue against the notion of neuroinflammation as an explanation for the persisting symptoms. In a previous publication (58), we reported a distinct immune signature associated with COVID-19 at 6-month follow-up. However, this did not appear to be connected to PCC symptomatology. In the current study, we found no evidence of ongoing neuroinflammation, and neither brain injury biomarkers nor neurocognitive test results were associated with subjective reported symptomatology. Hence, the findings from the present study adds to a growing body of evidence suggesting that PCC may be associated with functional CNS alterations and have origins more related to a combination of biological, psychological and social factors, rather than being solely biomedical in nature (59).

The small number of COVID-19 negative controls is a limitation to the study. Further, controls were recruited following SARS-CoV-2 testing for either infectious symptoms, or suspected SARS-CoV-2 exposure. Other viral diseases could have caused the symptoms leading to testing. Considering the established role of Epstein–Barr virus (EBV) as a trigger for post-infectious fatigue syndrome (60), individuals with recent EBV infection were not included in the analysis. To further strengthen the quality of the control group, SARS-CoV-2 antibody testing was conducted both at inclusion, and 6 months follow-up. Participant displaying antibodies indicative of prior COVID-19 infection were excluded from the control group.

The external validity of the study is limited by the potential for self-selection bias. It is plausible that our participants exhibited a higher prevalence of symptoms compared to the general population. This selection bias might be even more relevant in the control group. Further, the current study only focused on a cohort of young individuals, mostly infected with the B1.1.7 variant of SARS-CoV-2. Therefore, the generalizability of our findings to other viral strains, and to older age groups, who could exhibit increased vulnerability to both COVID-19 and PCC remains uncertain.



Conclusion

In the current study, we found that brain injury biomarkers were normalized 6 months after acute COVID-19 and that the post-COVID-19 condition, despite high symptom burden, was not associated with brain injury biomarkers, neurocognitive test performance or clinical neurological symptoms. Hence, among adolescents and young adults, neurological symptoms linked to post-COVID-19 condition do not align with continuous CNS damage, thereby challenging the notion of neuroinflammation as an underlying cause of the enduring symptoms.
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Characteristic Participants, No. (%)

SARS-CoV-2 Positive group SARS-CoV-2 Negative group ~ p-value!

N =381 N =85
Background
Sex
Female-N (%) 229 (60) 31 (64)
Male 152 (40) 54(36) 0559"
Age at baseline, median (iqr) 17.5 (148-213) 17.7 (15.3-20.0) 0.655*
Days since baseline visit, median (iqr) 193 (188-199) 193 (188-205) 0473
Immunization against COVID-19 278 (73%) 78 (92%) <0001
BMI kg/m?2, mean (SD) 23.2(470) 232(43) 0.489"
Ethnicity
Caucasian, No. (%) 286 (75%) 83 (98%)
Other, No. (%) 95 (25%) 2(24%) <0001
Chronic disease, self, No. (%) 65 (17%) 17.(20%) 05412
Chronic disease, family member', No. (%) 122 (33%) 30 (36%) 0677
ISEL-08 Index of socioeconomy—median (iqr) 603 (36.4-75.5) 624 (47.3-73.4) 0517
Biomarkers
B-Hemoglobin g/dL, mean (SD) 136 (118) 13.6(1.03) 0437
B-Leukocytes*10/L, mean (D) 6.1(1.76) 59(151) 0878
B-Platelets*10"/L, mean (SD) 270 (59) 276 (58) 0.180

S-CRP'mg/L, no (%)

<5 354 (95%) 76 (92%)

5 19.(5%) 7(8%) 0235
P-Ferritin pg/L, median (iqr) 45 (30-76.5) 44 (33-63) 0.809
$-Sodium mmol/L, mean (SD) 139(1.76) 139(1.82) 0.676
S-Potassium mmol/L, mean (SD) 40/(024) 4.1(0.28) 0051
P-Creatinine, mean (D) 67(13.3) 68 (11.7) 0.384
P-LD U/L, mean (SD) 161 (31.6) 158 (34.1) 0759
P-ALAT, median (iqr) 17(13-23) 16.(13-20) 0.146'
S-Neurofilament light chain, pg/mL., median (iqr) 472.1) 4.6(1.8) 0374
$-Glial fibrillary acidic protein, pg./mL, median 65.1(34.8) 70.1(33.8) 0.381°
Caseness

PCC cases-no. of cases (%) 184 (48%) 40 (47%) 0837
PIFS cases-no. of cases (%) 53 (14%) 7(8%) 0.158°

“T-test unless otherise stated. “Chi2 test. ‘Wilcoxon-rank test. ‘Self-reported, from questionnaires. *Serum CRP levelsare low in the majority of cases. The participants are therefore reported
as frequencies within categories, maximum observation of 118 mg/L in COVID-19 positive group.
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Reported symptoms COVID-19 cases Non-COVID controls

COVID+PCC+ COVID+PCC- COVID-PCC+ COVID-PCC- p-value®

Symptoms suggesting neurocognitive aberrations

Concentration difficulty, score-mean (SD) 33(12) 19(L1) 3311 21(10) <0.001
Confidence interval 3235 17-20 29-36 18-24

Difficulty making decisions, score-mean (SD) 27(13) 16(09) 23(L1) 16(09) <0.001
Confidence interval 2528 1417 2027 1319

Memory difficulty; score-mean (SD) 29(13) 17 (10) 26(13) 18(1.2) <0.001
Confidence interval 27-31 L6-18 1230 14-21

Feeling confused or disoriented, score-mean (SD) 1811 12(06) 1507) 12(07) <0.001
Confidence interval 17-20 1113 13-18 10-15

Sleep

Karolinska sleep questionnaire, total score-mean (SD) 407 (11.1) 55.0(104) 428(8.2) 514(100) <0.001
Confidence interval 39.1-423 535-56.5 01454 48.4-51.4

Insomnia subscore, ~mean (SD) 146 (45) 187 (39) 15.1(4.0) 17.7 (4.0) <0.001
Confidence interval 14.0-153 18.2-193 13.8-164 165-18.9

Awakening problems subscore-mean (SD) 89(37) 133(3.6) 93(3.0) 122(.2) <0.001
Confidence interval 83-94 128-138 83-103 113-13.1

Sleepiness subscore, ~mean (SD) 142(38) 188 (3.6) 15.1(3.0) 176 (3.6) <0.001
Confidence interval 13.6-148 18.2-193 14.2-16.1 165-18.7

Pain

Headache, score-mean (SD) 16(08) 23(10) 20(09) <0.001
Confidence interval 1518 20-26 17-23

Brief pain inventory total score, mean (SD) 115 (5.5) 77(38) 11.745) 9.7(45) <0.001
Confidence interval 108-12.4 7283 103-13.1 84-11.1

Worst pain in 24h, mean (SD) 4423 3021) 52(23) 40(23) <0.001
Confidence interval 41-48 27-32 45-59 34-47

Least pain in 24h, mean (SD) 19(15) 14(L1) 14(07) 18(18) <0.001
Confidence interval 1721 13-16 12-16 1223

Pain on average, mean (SD) 32(18) 1901.2) 30(0.4) 25(20) <0.001
Confidence interval 2934 1821 26-35 19-3.1

Pain right now, mean (SD) 21(16) 14(1.2) 21(13) 14(0.6) <0.001
Confidence interval 19-23 12-16 17-25 1215

Neurological findings and brain injury biomarkers

Neurological examination, any findings -No. (%) 5(27%) 8(4%) 2(5%) 3(67%) 0.625

Neurofilament light chain, pg./mL, median (iqr) 45(1.9) 49(25) 44(19) 46(1.9) 0.156"
Confidence interval 42-48 46-5.1 41-50 4451

Glial fibrillary acidic protein, pg./mL, median (iqr) 649(30.3) 658 (40.4) 622(304) 718(359) 0.607"
Confidence interval 60.2-68.8 61.1-728 59.8-86.7

Neurocognitive test results

Digit span forward, total sum score -mean (SD) 100 (25) 99(25) 97(22) 93(24) 0344

Confidence interval 96-104 96-10.3 9.0-104 86-100

Digit span backward, total sum score -mean (SD) 60(2.4) 61(22) 60(.1) 56(18) 0670
Confidence interval 57-64 57-64 50-69 50-6.1

Digit span summary score, ~mean (SD) 160 (4.3) 16,0 (4.0) 160 (4.0) 148(3.8) 0.368
Confidence interval 15.4-166 15.4-165 14.2-17.2 13.7-160

HVLT-R immediate recall, total sum score -mean (SD) 234(48) 239(44) 229(52) 230(46) 0.401

Confidence interval 227-241 233245 212216 216-243

HVLT-R delayed recall, total sum score -mean (SD) 83(23) 83(22) 79(25) 79(25) 0521

Confidence interval 80-87 80-86 7.1-87 7.2-87

HVLT-R correct recognition, mean (SD) 104 (L1) 114(09) 114(0.8) 1L4(1.0) 0941

Confidence interval 1L3-116 113-116 113-116 1L1-1L7

HVLT-R false recognition, mean (SD) 03(07) 03(06) 04(07) 05(0.9) 0349
Confidence interval 02-04 02-04 0.1-06 02-08

‘One-way ANOVA unless otherwise stated. *Kruskal- Wallis.
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Test name Result  Ref. range (units)
CD3 cells/100 cells 66.9 66.6-82.6 (%)
CD3 cells 547° 1,047-1,958 (Cell/jul)
CD3+CD4* cells/100 cells 538 41.4-61.3 (%)
CD3*CD4* cells 440° 701-1,352 (cell/pl)
CD3+CD8* cells/100 cells 12.9 13.4-29.6 (%)
CD3* CD8* cells 105% 215-667 (cell/pl)
CD19 cells/100 cells 29,5 6.8-17.0 (%)
CD19 cells 242 105-386 (cell/jul)
CD3”CDI16* CD56* cells/100 cells 300 6.8-19.3 (%)
CD3CDI6* CD56™ cells 25° 133-367 (cell/pul)
CD3*CD4" cells/CD3+CD8™ cells 4.17

IgA 1.56 0.85-3.85 (g/L)
IgM 1.40 0.53-3.75 (g/L)
IgG 5.90 5.60-17.70 (g/L)

2 Abnormal.
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62:38
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Acute (time not

given)

LE or CMI
(10.3) days

No LE or
CMB=10.6 (12.9)
days

23£157days

Acute (time not

given)

Acute (time not

given)

Acute (time not

given)

Median 34days

Acute (can calculate
if needed)

Acute (time not

given)

First MRI=22
(14-30]
Second MRI=49
(39-60]

Sdays

Acute (time not

given)

Acute (30days)
Follow-up at

3-month

Acute (time not

given)

Acute (time not

given)

Acute (0-30days)

7months post-

admission

Acute (time not

given)

Acute (time not

given)

Acute (can calculate

time)

26(20-31) days.
with WM
microhemorchages.
12 (6-18) days
without WM
microhemorchages
Acute (time not

given)

Acute (time not

given)

29.3weeks (3.3-
579)

2months

Acute
3months,

6months.

61days

13.67 (207-23.75)

hours postmortem

Acute (exact time

not given)

24days

94days

Acute (time not

given)

COVID-19 was definite cause
neurological symptoms in 20%
of patients. Symptoms were not
associated with imaging
findings.

30.4% of patients had CMB and
LE on neuroimaging. These
findings were associated with
lower neurological status
(GCs).

59% of patients had an
abnormal MRI finding. The
pattern of WM enhancement
and basal ganglia involvement
seenin COVID-19is unlike any
other previously characterized
condition/pathology:

MRI revealed an atypical
predilection for the corpus
callosum. Severe hypoxemia
and ventilation status was
common amongall patients
with MRI abormalities.

Brain lesions and perfusions
abnormalitis seen on MRI
strengthen the case for a
COVID-19 associated
encephalopathy and/or
encephalitis.

44% of patients who underwent
brain MRI had acute findings.
‘The main differential diagnoses
for the pattern of injury seen are
encephalitis and hypoxia.

Intra axial abnormalities,
leukoencephalopathy were
common. Pattern of imaging is
similar to endotheliopathy and
microthrombosis.

Imaging abnormalities were
heterogenous in nature, and
associated clinical symptoms
were also heterogenous. Three
dlinic radiological profiles were
identified: ischemic stroke,
LME, and encephalitis.

549% of patients experienced
COVID-19 related hemorrhagic
lesions (macro and micro).
‘These were associated with
worse neurological status. 43%
showed signal abnormalities in
the medical temporal lobe.
Increased ventricle size between
the two MRIs. Some patients
showed worsening of WM
changes on second MRI, some
showed improved, but the
majority remained stable.

MRI abnormalities were more
common in patients who
presented with non-focal
neurological manifestation o
had a lower GCS.

Neuroimaging evaluation of
olfactory bulbs showed lesions
in 12/12 patients. Given this,
anosmia may be considered a
central neurological symptom
rather than a flu-like symptom.
17% of patient had
hyperperfusion of the lower
coliculi on acute imaging
which was less pronounced at

follow-up.

Hemorrhagic and ischemic
microvascular lesions are
common in COVID-19 patients
with neurological deficits. These
imaging findings were
confirmed in one patient at
autopsy:

10.2% of patients had findings
consistent with the authors
definition of COVID-19-related

disseminated

leukoencephalopathy.

Rate of brain imaging and
cerebrovascular events was low:
No association between rate of
cerebrovascular events and

disease severity was found.

25/35 patients had an abnormal
MRIat the 7-month follow up.
Increased age and a higher
premorbid function category
were associated with an

abnormal brain MRI at follow

up.

72% of patient presented with
an abnormal brain MRI. Patient
with COVID-19
encephalopathy were more
likely to present with WM-

enhancing lesions on MRI.

13% of patients with severe
COVID-19 had abnormal
findings of the orbit or visual
pathway on brain MRI. Visual
impairments may go unnoticed
in patients under sedation due
to COVID-19.

16% of COVID-19 patients had
abrain MRI consistent with
Cerebral

cerebral vasculi
vasculitis was significantly less
common in patients without
SARS-CoV-2 infection.

249% of patients presented with
COVID-19 associated cerebral
microbleeds (CIAM). Patients
with CIAM presented with
worse neurological status than
those without CIAM.

13% of patients with COVID-19
were found to have microbleeds.
Presentation of patients was

heterogenous with various brain

pathologies seen on MRI.

(microbleed) pattern i seen in
patients who undergo ECMO.
Pattern on injury was diffuse

without relation to any specific

vascular ter

Ty
MRI findings were within
normal dlinical references
despite deficiencies in cognitive
performance. This may indicate
that even MRI is not sensitive
enough to detect subtle brain

changes in COVID-19.

Patients with COVID-19 had

greater WM hyperintensities i
the right frontal and cight
parictoocipital lobe compared
0 healthy controls. This finding
corclated with worse memory
function.

Brain MRI abnormalities
typically regress (normalize) or
remain stable over time. New
complications months afier
COVID-19 are rare and their
relation to COVID-19 is

difficult to discern.

22% of patients had evidence on
CMBs on MRI. The pattern of
CMB was callosal and
juxtacortical which has been
previously seen in patients
requiring mechanical

ventilation;

Hemorrhagic, olfactory, and
PRES-related brain lesion were
common findings in deceased
COVID-19 patients. No
brainstem abnormalities were
observed, arguing against
brainstem contribution to

respiratory distress.

Microhemorrhages and
leukoencephalopathy 55 and
45% of patients, respectively.
Patients with severe COVID-19
are likely to have less brain
interconnectivity than healthy
controls.

Infarcts, encephalitis, and
encephalopathy were the most
common imaging abnormalities
reported. Overall, neurological
manifestations of COVID-19

are vast and heterogenous.

‘The main MRI findings were
‘macrohemorrhages, SWI
abnormalities, and acute
ischemia. ICU patients were
more likely to have positive

imaging findings.

Infarcts (acute and subacute)
were the most common findings
‘on brain MRI. 12% of patients
had cranial nerve abnormalities
and 6% had critical illness-

associated microbleeds.
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Type of Clinical findings  References

COVID-19

sample

A study conducted among | -Delirium being a Rudnicka-Drozak et al.
the UK Biobank leading symptom (2023)

community. ~Mortality rate was

higher among patients

COVID-19 patients with  -Prevalence of cognitive ~ Chaumont et al. (2020)

ARDS and neurological | impairment: 100%

‘manifestations admitted
toan ICU.

Patients admitted to an ~Prevalence of Helms etal. (2020)

ICU with ARDS dueto | dysexecutive syndrome

COVID-19. at discharge: 36%
COVID-19 hospitalised | -Prevalence of short-  Pinna et al. (2020)
patients admitted to.a term memory loss: 24%

neurology unit or with
neurological symptors.

CoroNerve Platform ~Prevalence of Varatharaj etal. (2020)
COVID-19 hospitalised  neurocognitive disorder:

patients with neurological | 4.8%

‘manifestations.

ARDS, Acute respiratory distress syndrome; ICU, Intensive care unit; UK, United Kingdom,
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Cytokine storm greatly increases number of proinflammatory
cytokines such as IL-6 and TNF-alpha.

SARS-CoV-2 induces activation of NLRP3, increasing NLRP3 levels.

ACE2 enzymatic functions is reduced.

Higher

Direct viral infection damages the blood-brain barrier and damages
brain tissue, accelerating AD progression.

t-tau, p-taul81, GFAP, and NfL significantly increased after
COVID-19 infection

COVID-19

no significant difference in cytokine levels

AD patients wit

no significant difference in NLRP3 levels
Functions and number of ACE2 unaffected
Lower

Neurological complications contributing to AD

progression at normal pace.
Lower when compared to AD patients with

COVID-19 (same-age group)

Frontera et al. (2022)

Ding etal. (2018)
Ding etal. (2018)
Suhail etal. (2020)

Kadry etal. (2020)
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Authors Journal Number of =~ Numberof  Gender Age (years) Timesince  Type of Main findings in patients

subjects controls distribution COVID-19 imaging
male/female infection
Sollinietal. (13) | Springer Nature | Prospective 13 26 8/5 54 (46-80) 132 4 31 days ISE-FDG 1SF-EDG uptake in “target” and
case-control PET/CT “non-target” tissues. Relative
study hypometabolism in the right

parahippocampus and thalamus.
Specific region(s) of hypometabolism in
patients with persistent
anosmia/ageusia, fatigue, and

vascular uptake.

Karimi- Academic Case study 1 N/A 01 27 6 weeks ISE-FDG- Hypometabolism in the orbitofrontal

Galougahi et al. Radiology PET/CT cortex.

(14)

Donegani et al. Biomedicines Longitudinal 2 61 12/10 644105 >1month ISE-FDG- Relative hypometabolism shown in

(15) cross-sectional PET/CT bilateral parahippocampus and fusiform
cohort study gyri and in left insula.

Hosp etal. (9) Oxford Prospective 29 45 18/11 6524 14.4 1 month average | 3T sMRI and MRI showed subacute infarcts. "*F-FDG

University Press | cohort study ISE-FDG PET/CT showed predominant
PET/CT frontoparietal hypometabolism.

Guedj et al. (16) Springer Nature Retrospective 35 44 20/15 55.06 + 11.22 >3 weeks BE-EDG Hypometabolism in olfactory gyrus and
case control PET/CT connected paralimbic/limbic regions,
study extended to the cerebellum and

brainstem.
Dressing et al. The Journal of Prospective 14 45 5/9 56.3+7.2 198.0 £ 63.5 SE-FDG No pathological findings found on
17) Nuclear cohort study days PET/CT imaging.
Medicine

Debs etal. (18) American Retrospective 45 52 24/21 58 (18-87) 6.57 +4.85 ISE-FDG- Focal hypometabolism peak in
Journal of single-center months PET/CT cerebellum and in bilateral frontal,
Neuroradiology study parietal, occipital, and posterior

temporal lobes, during the first 2
months, nearly resolved at 6 months
and disappeared at 12 months.
Hypermetabolism in brainstem,
cerebellum, limbic structures, frontal
cortex, and periventricular white matter
shown 2-6 months post-infection.

Jamoulle et al. Viruses Mixed method, 55 (32 for N/A 15/40 42.4 (12-79) 133489 SPECT-CT SPECT-CT showed cerebral
(19 cohort study imaging) (recovered mild hypoperfusion lesions consistent with
(Action and severe) 18.3 the severity of the condition.
research) =+ 5.9 (still ll,
very severe)
Ferrucci et al. Springer Nature Retrospective 7 N/A 413 56+ 12.39 >12 months BE-EDG ISE-FDG PET/CT showed various
©0) case study PET/CT and hypometabolism in the left temporal
18E-amyloid mesial, pontine, and bilateral prefrontal
PET/CT and parietal regions. '*F-amyloid

PET/CT done for the patient with the
greatest extent of hypometabolism
showed significant Ap deposition in the
superior and middle frontal cortex, in
the posterior cingulate, and mildly in
the rostral and caudal anterior cingulate

regions.
Thapaliya et al. Frontiers in Cross-sectional 8 10 3/5 432 £10.7 >3 months 7T sMRI Strong negative relationship between
©1) Neuroscience study midbrain volume and “breathing

difficulty”. Greater pons and whole
brainstem volumes in patients.

Cecchetti et al. Springer Nature Longitudinal 36 36 25/11 5854133 >30 = 15 days 3T sMRI No significant differences in total brain,

(22) quasi- gray, or white matter volumes were
experimental found between patients and controls.
study Greater total of right frontal and right

parieto-occipital white matter
hyperintensity volumes. Interrelated
cognitive, EEG and MRI alterations
were observed after two months of
COVID-19 resolution.

Douaud et al. Nature Longitudinal 401 384 172/229 62.1+67 141 £ 79 days sMRI, fMRI, Reduced total brain size, gray matter
(23) quasi- dMRI thickness and tissue contrast in
experimental orbitofrontal cortex and
cohort study parahippocampal gyrus. Greater

changes in patients regarding diffusion
measures in areas functionally
connected to the primary

olfactory cortex.
Kandemirli etal. | Academic Prospective case 23 N/A 9/14 29 (22-41) 1-4 months Paranasal sinus CT showed opacification in olfactory
(24) Radiology study CTand 3T MRI | cleft. MRI showed olfactory bulb
dedicated to degeneration and changes in shape. MRI

olfactory nerves | also showed diffused increase in signal
intensity from the olfactory bulb,
scattered hyperintense foci,

and microhemorrhages.
Besteher et al. Psychiatry Cross-sectional | 30 20 1317 75£115 8.65 (2-16) 3T SMRI Multiple clusters of significant bilateral
(25) Research study months gray matter volume enlargement in

fronto-temporal regions, insula,
hippocampus, amygdala, basal ganglia,

and thalamus.
Hellgren et al. BM] Open Ambidirectional 35 N/A 28/7 59 (51-66) 7 months 3T SWI, DWI, Multiple findings of white matter lesions
(26) observational and sMRI near gray-white matter junction in
cohort study frontal and parietal lobes.
Campabadal Annals of Prospective 48 N/A 10/38 48.04£7.5 9.94£3.83 3T sMRI and Reduced gray matter volume and
etal. (27) Clinical and cohort study (normal months DWI increased mean diffusivity in
Translational olfaction) olfactory-related areas explaining
Neurology 51.96 +7.92 persistent olfactory deficits in patients.
(olfactory Greater radial diffusivity in the anterior
dysfunction) corona radiata, the genu of the corpus

callosum, and uncinate fasciculus in
patients with deficits compared to those

without.
Yus etal. (28) Acta Cross-sectional 82 N/A 24/58 51.74 £ 10.85 1118 £3.78 ASL, sMRI, and Olfactory dysfunction associated with
Neurologica study months DTI lower tissue perfusion in orbital and
Scandinavica medial frontal areas. Absence of

statistically significant findings in brain
volumes and diffusion-tensor imaging.

Kiatkittikul etal. | Nuclear Retrospective 13 N/A 6/7 47 (42-54) >28 days SE.EDG 'SE-EDG PET/CT showed uptake in

(29) Medicine and case study PET/CT and 3T many organs. 'SF FDG PET showed
Molecular PET/rstMRI many areas of hypometabolism in the
Imaging thalamus, and in parietal, temporal,

frontal, and occipital lobes. rsfMRI
results showed abnormal brain
connectivity which is coherent with
ISE-EDG PET findings.

Churchill et al. Frontiers in Cross-sectional 51 15 17/34 41+12 4-5 months 3T sMRIand Lower connections in the thalamus and
(30) Neurology study average MRI decreased temporal subcortical
functional connectivity in patients.
Ajcevicetal. (31) | Nature Portfolio | Prospective 2 2 915 53.0 (£14.5) >4 weeks ASL MRI Hypoperfusion predominantly in
cohort study frontal, parietal, and temporal cortex.
Mishraetal. (32) | medRxiv Prospective 16 30 3115 3467 £9.51 <6 months 3T SWland Higher susceptibility imaging values in
pre-print, not cohort SMRI the frontal lobe and brainstem in
peer reviewed group-level patients. Observed cluster in midbrain
study and bilateral clusters in white matter

near the orbitofrontal gyri and the
gray-white matter junctions. Significant
clusters negatively correlated with
fatigue scores found in frontal lobe,
anterior cingulate cortex, and brainstem.

ISEFDG PET/CT, Positron emission tomography with 18 fluoro-D-glucose integrated with computed tomography; SPECT-CT, Single Photon Emission Tomography-Computed Tomography; sMRI, structural MRI; dMRI, diffusion MRI; SWI, susceptibility-weighted
imaging; DWI, diffusion-weighted imaging; DTI, diffusion-tensor imaging; ASL, arterial spin labeling.
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