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Abstract

:

Objective: Cognitive dysfunction is one of the most frequently reported symptoms in post-acute sequelae of COVID-19 (PASC) and has become a common reason for neuropsychological referral. While data are emerging, we aimed to address possible cross-cultural patterns of neuropsychological outcomes that remain underexplored. Methods: In this cross-sectional, retrospective study, we characterize the cognitive performance, demographic makeup, and clinical characteristics of 84 PASC patients (Mage = 57 years) referred for neuropsychological evaluation to three USA sites and one in Germany. Neuropsychological data (mean demographically adjusted z-scores and frequencies of impairment) were examined across six cognitive domains. Independent t-tests compared performances of previously hospitalized and non-hospitalized patients. Results: Patients were assessed on average seven months post-COVID-19 infection. The majority were women and non-hospitalized. Mean cognitive performance was within the normative range, but high variability existed within and between sites. Deficits were generally mild and most frequent in processing speed (range across sites: 9–57% of patients), executive functioning (range across sites: 4–43% of patients) and attention/working memory (range across sites: 0–43% of patients). Hospitalized patients showed greater cognitive impairment than those not requiring hospitalization. Mood symptoms and fatigue/sleep disturbance were more frequent than objective cognitive impairments. At the time of assessment, most patients were unable to return to work. Conclusions: Cognitive performance in clinically referred PASC patients was, overall, within the normative range. Mild deficits were most frequent in time-based attentional/executive tasks. Other factors, such as affective symptoms and fatigue, were frequent and may significantly impact functioning, perhaps more than cognition. Further work with larger samples and longitudinal measures is needed to clarify the impact of COVID-19 on cognitive function and psychiatric distress.
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1. Introduction


Since its initial identification, the impact of coronavirus disease (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has been far-reaching, leading to devastating public health burden worldwide. Ongoing efforts to better characterize COVID-19’s clinical repercussions have revealed that its clinical manifestations can range from asymptomatic and mildly symptomatic, to acute respiratory distress syndrome (ARDS) and death [1]. While the most prominent symptoms of COVID-19 are respiratory in nature, there is accumulating evidence that the SARS-CoV-2 virus, similar to other human coronaviruses, such as severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome coronavirus (MERS-CoV), can produce a gradient of neuropsychiatric sequelae during both acute and post-acute phases of the diseases [2,3,4,5,6,7]. At this time, studies exploring the specific impact of the SARS-CoV-2 infection on cognition following the acute phase of illness continue to be a burgeoning area of clinical interest as patients recover from the acute phase of illness and move toward rehabilitative management. To date, most studies have examined cross-sectional samples of post-hospitalized patients. Findings have revealed that these patients display the most pronounced deficits in reaction time [8], sustained attention [9,10], and executive functions [11,12,13]. Several factors have been found to relate to cognitive functioning in patients with COVID-19 following hospital discharge, including length of hospital stay [14], premorbid cognitive functioning [15], and serum C-reactive protein (CRP) levels at the time of admission. Other factors known to be associated with increased risk of developing severe complications, such as pre-existing conditions and medical comorbidities, as well as longstanding systemic health and social inequities that have contributed to a disproportionate burden of COVID-19 among underrepresented racial/ethnic minority groups [16], remain understudied.



It is now well-documented that, for many patients, symptoms may persist into the post-acute phase and beyond [17,18,19]. This phenomenon is not exclusive to patients who experienced severe COVID-19 symptoms, as similar persistent and debilitating issues have been described in patients who experienced only mild initial COVID-19 illness [8,20]. For example, in a study of non-hospitalized COVID-19 patients with residual neurologic symptoms (i.e., “brain fog,” headache, dysgeusia, anosmia, myalgia) five months after acute viral illness, 53% of patients had an abnormal neurological exam and lower than expected performance on cognitive measures of attention and working memory, compared to a demographic-matched U.S. normative population [21]. Nonetheless, less evidence is available from clinical-based settings, and it remains to be seen whether such evidence and observed cognitive profiles translate to other cultural and socioeconomical groups.



Thus, in the current study, we sought to retrospectively characterize cognitive performance in PASC patients with persistent cognitive concerns who were referred for outpatient neuropsychological evaluation. As an international, multi-site collaboration, our aim was also to describe possible cross-cultural contributions to the pattern of neuropsychological outcomes in PASC.




2. Materials and Methods


2.1. Design and Sampling


We report cross-sectional findings of a multi-site, retrospective consecutive sample of adult patients referred for neuropsychological evaluation in the context of cognitive changes after confirmed COVID-19 infection. The sample is non-probabilistic and was selected based on convenience in three clinics in the United States of America (USA, Division of Medical Psychology at the Johns Hopkins Hospital in Baltimore, Maryland (JH DMP), the Massachusetts General Hospital Psychology Assessment Center in Boston, Massachusetts (MGH PAC) and the Massachusetts General Hospital Multicultural Assessment and Research Center in Charlestown, Massachusetts (MGH MARC)) and one clinic in Germany (Department of Neurology of the RWTH Aachen University Hospital in Aachen (UKA)). These sites were selected by a working group of clinical researchers affiliated with the International Neuropsychological Society (INS) Special Interest Group in COVID-19 who had a mutual goal of examining neuropsychological outcomes in a cross-cultural sample of PASC patients.



The JH DMP is a clinic dedicated to clinical neuropsychology and consultation–liaison psychology; patients within the JH DMP subsample were referred from their post-acute COVID-19 team clinic. The MGH PAC is an outpatient clinic dedicated to clinical neuropsychological assessment for patients across the lifespan. The MGH MARC is an outpatient clinic comprised of bilingual (English/Spanish) clinicians dedicated to multicultural neuropsychological assessments for adult patients; patients within the MGH PAC and MGH MARC subsamples were referred primarily from the MGH COVID-19 Survivors Clinic and from MGH specialty (e.g., neurology, psychiatry, etc.) and primary care providers. Patients from the UKA were referred to the Memory or Neurological Post COVID-19 outpatient clinics of the Department of Neurology, either via internal referral (Pneumology or general Neurology outpatient clinics), general practitioner, or an external assisting neurologist.



We emphasize that our investigation is based on retrospective analyses of clinical referrals for outpatient neuropsychological evaluation. No control group was used, and no a priori hypotheses were formulated. Rather, the current study utilized an exploratory approach with normative data used from standardized measures for purposes of comparison. Patients were deemed eligible for inclusion if they had been referred for clinical neuropsychological assessment after COVID-19 illness and did not have a pre-existing diagnosis of dementia or other acquired cognitive disorder. We refer to patients who were hospitalized during the acute phase of COVID-19 infection as ‘hospitalized’ and those who did not require hospitalization as ‘non-hospitalized.’




2.2. Ethical Considerations


The study was approved by the Massachusetts General Brigham Human Research Review Board, the Institutional Review Boards of John Hopkins Medicine, and the Ethics Committee of the RWTH Aachen Faculty of Medicine (EK192/20). Any shared data across sites were de-identified.




2.3. Outcome Variables and Statistical Analyses


We collected data on demographics (sex, age, education, race, and ethnicity) and clinical characteristics (time since infection, need for hospitalization, comorbidities) for all patients. Information on subjective complaints and psychosocial outcomes (e.g., ability to return to work) were captured by self-report. All patients underwent comprehensive neuropsychological evaluations in their primary language (English, Spanish, or German); no tests were translated. Evaluations included standardized measures of cognition and mood (depression and/or anxiety). Test batteries varied slightly across patients, as test selection was individualized based on the clinical referral, setting of assessment (i.e., in-person versus telehealth), and language of test administration (i.e., English, Spanish, or German). Patients’ raw scores were compared to normative data—adjusted for age, years of formal education, and/or other variables depending on availability and appropriateness (e.g., primary language, sex, type of electronic device, country of origin, etc.)—and standardized z-scores were calculated. The same normative data used for in-person testing was applied when telehealth assessments were conducted, as prior studies show a very high level of concordance in patients’ performances between both testing modalities [22]. Composite z-scores were created for the following six cognitive domains: language/semantic access, processing speed, executive functioning, attention/working memory, memory encoding, and delayed memory. These cognitive domains are common to comprehensive neuropsychological examination and were selected in this study to facilitate examination of differences in performance by domain across sites and between hospitalized and non-hospitalized patients. See Table S1 for a list of site-specific neuropsychological measures by composite. Impairment was defined as composite z-scores ≥ 1.5 standard deviations below the mean. Composite z-scores of patients who were hospitalized and non-hospitalized during the acute stages of illness were compared using independent t-tests and effect sizes (Cohen’s d). Statistical analyses were conducted using IBM SPSS Statistics for Windows, version 20.0, (IBM Corp., Armonk, NY, USA) with an alpha <0.05 as the statistical threshold for significance.





3. Results


As shown in Table 1, a total of 84 patients were assessed between July 2020 and May 2021, on average 7 months (range 1–13 months) after SARS-CoV-2 infection. The majority were female; age (range 22–85 years). Years of education (range 5–20 years) broadly spanned but differed slightly across sites. Patients from MGH MARC and JH DMP were older and had lower educational attainment. While the majority of our sample self-identified as White or European, race and ethnicity varied by site: UKA (97.6% European; 2.4% North African, Middle Eastern, and Central Asian), MGH PAC (88.9% White; 7.4% Hispanic/Latino; 3.7% Black or African American), JH DMP (62.5% Black or African American; 37.5% White), MGH MARC (100% Hispanic/Latino). Approximately half of the patients were assessed via telehealth (virtual administration of tests), with half of the sites conducting only in-person assessment and the remaining sites performing both in-person and telehealth assessments.



The proportion of hospitalized patients ranged from 30% to 100% across sites, with mean hospitalization duration between 14 and 27 days. Within hospitalized patients, the proportion of those needing mechanical ventilation ranged from 15% to 71% across sites. At the time of their hospitalizations, most patients across sites presented with premorbid medical, psychiatric, and/or neurological comorbidities prior to infection. In addition to post-COVID-19 cognitive complaints, the majority of patients also presented with other post-COVID-19 subjective complaints including fatigue (range: 50–81%), sleep difficulties (range: 44–100%), and mood disturbances (range: 19–100%). The frequency of other subjective complaints varied across sites.



At the time of neuropsychological assessment, a significant proportion of patients were unable to return to work at their baseline capacity (range: 48–85%), with the proportion losing employment or requiring PASC-associated disability leave ranging from 0% to 71% across sites. Between 26% and 50% of patients had or were still receiving physical therapy for post-COVID-19 symptoms. Cognitive interventions were less frequent (0% to 29%) at the time of assessment, but such interventions were frequently recommended, based on cognitive performance.



The proportion of PASC patients exhibiting at least mild impairment (z-scores ≤ −1.5) in at least one cognitive domain varied across sites (range: 0–57%), with patients from MGH MARC showing the highest rates of impairment, and those from UKA showing the lowest. When a more liberal impairment cutoff z-score of >1 standard deviation below the mean was applied, the proportion of patients exhibiting impairment in at least one cognitive domain increased (range: 0–86%), with similar trends in impairment distribution by site (MGH MARC: highest; UKA: lowest) (see Table 2).



Mean z-scores for each cognitive domain were > −1.5 (above the cutoff for impairment) across sites. However, when the more liberal impairment cutoff z-score was applied, patients within the JH DMP showed cognitive impairment in processing speed, executive functioning, and attention/working memory. Patients within the MGH MARC also showed cognitive impairment in processing speed and executive functioning, as well as in encoding and delayed memory (see Table 2). Importantly, there was significant variability both across and within sites (see Figure 1).



Despite variability and differing impairment cutoff scores, the most robust findings (see Table 2 and Figure 1) across sites were deficits in processing speed, followed by executive functioning and attention/working memory. Although still generally within the normative range, compared to non-hospitalized patients (see Table 3 and Figure 1), hospitalized patients exhibited greater impairment in processing speed and executive functioning, with medium to large effect sizes.



Within the MGH PAC (77%), MGH MARC (71%), and JH DMP (67%), most patients reported at least mild depressive symptoms, compared to a smaller percentage within the UKA (24%). Across sites, over one third to one half reported at least mild anxiety symptoms (MGH PAC: 37%; MGH MARC: not formally assessed; JH DMP: 50%; UKA: 52%).




4. Discussion


To our knowledge, this is one of the first multicenter, international studies of neuropsychological outcomes of COVID-19 in a sample of both hospitalized and non-hospitalized patients who were clinically referred for neuropsychological examination based on persistent cognitive concerns. Accordingly, we are in a unique position to comment on (1) salient similarities across sites, to help inform disease impact on cognition globally and (2) notable differences between sites, to help identify possible sociocultural factors affecting disease outcomes.



Within our sample, the frequency of cognitive impairment varied across sites, with up to 57% of PASC patients exhibiting impaired performance (z-score ≤ −1.5) in at least one of six cognitive domains (up to 86% exhibited impairment when more a more liberal cutoff z-score of ≤−1 was applied). Among patients who exhibited impairment, the most robust findings were in processing speed, followed by executive functioning and attention/working memory; there was more variability within the findings on memory (encoding and delayed memory) and language/semantic access domains across sites. At the individual test level, patients tended to exhibit the most difficulty on executive tasks that were time-based (e.g., verbal fluency).



Our results are generally consistent with the recent, emerging literature on neuropsychological outcomes after COVID-19, describing deficits in processing speed, basic and sustained attention, working memory, and executive functioning [6,7,8,10,11,19,21,23,24]. While systematic reviews [6,25] have reported that global cognitive impairment is frequent in PASC patients compared to matched controls, most studies have relied on cognitive screening measures (e.g., MoCA, MMSE), which may not adequately capture PASC cognitive deficits [26]. Overall, our findings suggest that COVID-19 infection may have an impact on fronto–striatal networks, which are known to support cognitive efficiency, attention, and executive processes.



Although most patients presenting with PASC experienced a milder disease severity in the acute phase [27], it is generally assumed that severity of illness, for which we used the need for hospitalization as a proxy, and its associated factors or complications (e.g., delirium, treatment, mechanical ventilation) may be associated with worse cognitive outcomes. As such, patients hospitalized with severe COVID-19 illness may be at an increased risk of neuropsychiatric sequelae [5,28]. Similar to previous reports [6,8,10,11,13,29,30,31,32], the cognitive profile of hospitalized patients within our sample was subtle but depressed relative to non-hospitalized patients. From the comparisons between these groups, hospitalized patients showed greater impairment, particularly in processing speed and executive functioning. This is in agreement with previous studies on cognitive outcomes after hospitalization due to COVID-19, that describe marginal rates of impairment in executive and memory functions [29,33], in addition to deficits in attention, processing speed, and memory encoding, with preservation of consolidation [8,13]. On average, our patients were evaluated further out from acute infection than patients described in previous reports. The finding that cognitive impairment was still detected in a similar percentage of patients raises concerns regarding the persistence of cognitive symptoms and the need for post-acute cognitive rehabilitation services.



The question remains whether cognitive impairments, both acute and post-acute, following COVID-19 infection are distinct from those seen in post-infectious syndromes and critical illness more generally. The prevalence of cognitive dysfunction in patients recovering from ARDS alone (approximately 80%) is higher than what we observed in PASC regardless of ARDS [34]. The cognitive pattern we describe, namely subtle deficits in processing speed, executive functioning, and memory beyond the acute illness phase, is nevertheless similar to that which has been described in studies assessing cognitive outcomes following critical illness, and specifically those after ARDS [34,35,36]. Given the small sample size, we were not able to address the role of specific treatment modalities, such as mechanical ventilation and oxygenation, or complications, such as delirium, which are known to also impact neuropsychological functioning [37], although this should be addressed in future studies and taken into consideration in clinical practice.



While our study sheds light on the impact of COVID-19 cross-culturally, we acknowledge key differences across sites. First, the MGH MARC (100% Hispanic/Latino population; high percentage of hospitalized patients) and JH DMP (62.5% Black or African American population; only hospitalized patients) had the highest percentage of cognitively impaired patients. This could reflect demographic confounders associated with the older age and lower educational level of both groups, but also a higher severity of illness. Referral bias at these sites, whereby the threshold for referral for neuropsychological evaluation was high, such that only the most severely affected patients were referred or sought out consultation for persistent symptoms, is also a likely contributing factor. Correspondingly, the MGH MARC and JH DMP sub-samples also presented with high percentages of psychosocial burden (e.g., loss of employment/PASC-associated disability) relative to other sites. The high cognitive and psychosocial burden on these sub-samples may reflect longstanding systemic health and socioeconomic inequities, which have been identified as contributors to a disproportionate burden of COVID-19 among traditionally underserved groups [16]. Although these interpretations warrant caution, given the smaller sample sizes of those sites, they undoubtedly justify the need for further evidence regarding the impact of cultural and socioeconomical factors on post-COVID-19 neuropsychological outcomes.



Another notable difference identified across our sites was that a higher percentage of patients (67–77%) within the USA-based sub-samples reported at least mild depressive symptoms than the UKA site (24%). Conversely, patients within the UKA sub-sample reported higher levels of anxiety (52%) than the USA-based subsamples (≤50%). While this may reflect differences in how depression and anxiety are operationalized across different self-report mood questionnaires, we need to consider the possibility that psychological outcomes in COVID-19 may manifest differently based on culture.



Prior literature has shown that COVID-19 infection is associated with high rates of anxiety, depression, fatigue, sleep disruption, and post-traumatic stress (see Vanderlind et al. [25], for a review), which raises the importance of such factors and their impact on patients’ cognitive and functional status. Consistent with previous findings, most patients within our sample reported at least mild depressive symptoms and nearly half reported at least mild anxiety symptoms on self-report questionnaires; many patients also reported high levels of fatigue and sleep disturbance.



Overall, the rates of psychiatric symptoms (depression; anxiety) and fatigue/sleep disturbance in our sample were greater than the proportion of patients exhibiting cognitive impairment on objective testing. Given that the vast majority of patients in our sample reported subjective cognitive impairment (“brain fog”), this finding raises the possibility that mood and fatigue may have a greater influence on PASC patients’ perception or experience of cognitive functioning, as reported by previous studies [8]. Further, higher rates of post-COVID-19 psychiatric symptoms and fatigue may have a greater impact on patients’ quality of life and functional status than actual cognitive impairment [21].



Notably, most patients in our sample were unable to return to work at their baseline level (per self-report) at the time of assessment, and some patients experienced a loss of employment or required PASC-associated disability. These factors are likely compounded by other psychosocial stressors associated with the COVID-19 pandemic, such as increased social isolation and financial hardships. While these results may reflect patient group characteristics and regional differences regarding health and social care systems, they do highlight the need for cognitive rehabilitation and psychotherapeutic intervention to help patients return to their previous level of functioning.



We acknowledge several limitations that are mostly associated with the inherent characteristics of a retrospective, clinical multicenter study. There are inevitable discrepancies between assessment protocols, particularly between instruments used, availability of norms (based on language of administration, age and/or education, and lack of adjustment for race/ethnicity), and in-person vs. remote assessment. We strived to achieve uniformity between assessment protocols by calculating composite scores for a priori defined cognitive constructs, based on available normative data. In addition to issues related to intra-individual dispersion, the use of normative data might lead to over- and under-estimation of deficits, depending on cohort characteristics and the quality of available normative sets. Such effects may be further influenced by the lack of premorbid estimates. Because the majority of our sample had a high educational level, there is also the risk that normatively within-average performance may actually represent a decline in individual cases, relative to their own premorbid function. While the assessment protocols were quite comprehensive and included all major cognitive domains, we may have overlooked measures with higher sensitivity. Similarly, stand-alone performance validity measures were not uniformly administered, which poses another important limitation, particularly considering the frequency of other symptoms, such as mood disorders and fatigue. Another limitation is that we did not capture the frequency of other symptoms and possible confounders, such as rates of exercise intolerance or postural orthostatic tachycardia syndrome (POTS), both of which are commonly seen in PASC and may impact cognition [38].



Given the relative dearth of data on cognitive outcomes of COVID-19, we cannot comprehensively assess the representativeness and generalizability of our results. Referral bias is likely present, as the vast majority of patients had subjective cognitive complaints, which are frequently associated with other contributing factors such as the presence of affective symptoms and psychosocial distress. Other issues, such as the impact of “long-hauler syndrome” in the media, which may influence patients to over-identify with symptoms, should be taken into consideration when investigating the frequency and characteristics of subjective complaints in this population. We also excluded patients with neurodegenerative disorders to avoid it as a confounder, but the impact of COVID-19 in patients with neurodegenerative disease is an important topic for neuropsychological research and clinical practice. Longitudinal studies are needed to investigate possible phenotypes based on patient and illness characteristics, how cognitive profiles change over time, and rehabilitation efficacy. Given its exploratory design and retrospective clinic samples, our study did not include control or patient comparison groups. Thus, our study cannot determine definitively whether prior COVID-19 infection—independently or in interaction with other risk factors—contributed to the cognitive and psychosocial symptoms assessed herein. The lack of control/comparison groups is a problem in much of the post-COVID-19 syndrome literature and should be addressed in future work.




5. Conclusions


Fundamentally, additional data and stronger evidence is needed to develop a more reliable clinical profile that can inform neuropsychological diagnostic and therapeutic practices in PASC patients. Based on our findings, the use of comprehensive neuropsychological testing is warranted within this population, as deficits may not be captured by commonly used screening instruments (i.e., MoCA, MMSE). Along with our findings demonstrating deficits in processing speed, we highlight the importance of including time-based tasks in cognitive assessment of PASC patients, as reduced cognitive efficiency may emerge as a hallmark of PASC and, in fact, is a common subjective complaint of patients at their initial presentation. When patients do exhibit post-COVID cognitive impairment it is generally mild, and other factors, including affective symptoms, sleep disorder and fatigue, all of which are known to impact cognitive performance and functionality, may also play a significant role. Collectively, our cognitive findings, along with contributions of other persistent, self-reported post-COVID-19 factors (e.g., sleep problems/fatigue; mood symptoms), suggest possible dysfunction within fronto–striatal systems in a subset of PASC patients, although future imaging studies are needed to further examine this hypothesis.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/covid2090092/s1, Table S1: List of neuropsychological measures by site.





Author Contributions


Conceptualization, C.D.K., A.S.C. and Y.T.Q.; Data curation, C.D.K., P.A., C.V.-C., S.M.B., D.K.L. and J.B.; Formal analysis, C.D.K., A.S.C. and S.M.B.; Investigation, C.D.K., A.S.C., T.D.V., P.A., C.V.-C., L.P., D.K.L. and J.B.; Methodology, C.D.K. and A.S.C.; Resources, T.D.V., J.C.S., K.R. and Y.T.Q.; Supervision, T.D.V., J.C.S., K.R. and Y.T.Q.; Visualization, A.S.C.; Writing—original draft, C.D.K., A.S.C. and P.A.; Writing—review & editing, T.D.V., C.V.-C., S.M.B., L.P., D.K.L., J.C.S., J.B., K.R. and Y.T.Q. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was approved by the Massachusetts General Brigham Human Research Review Board, the Institutional Review Boards from John Hopkins Medicine, and the Ethics Committee from the RWTH Aachen Faculty of Medicine (EK192/20). Any shared data across sites were de-identified.




Informed Consent Statement


Patient consent was waived due to retrospective nature of anonymized clinical data.




Data Availability Statement


Anonymized data is available on request after data share agreement.




Acknowledgments


The authors thank the psychometricians at the three US sites (JH DMP: Jessica Kilgore, Laura Stolpe, Mark Yoon; MGH PAC: Sarah Mancuso, Kathryn Pasquariello, Emily Monaco, Tipkasone Souvannavong; MGH MARC: Jairo Martinez, Alex Badillo), as well as neuropsychologists Jennifer Michels and Inez Ramakers (UKA) for their help with neuropsychological test administration and scoring.




Conflicts of Interest


Under a private license agreement, Vannorsdall is entitled to a share of royalty from sales of products described in this article. The terms of this arrangement are being managed by the Johns Hopkins University in accordance with its conflict-of-interest policies. Quiroz has provided consulting services for Biogen, and received research support from NIH NIA, the Alzheimer’s Association and the MGH ECOR grants. Vila-Castelar received research support from the Alzheimer’s Association (2019-AARF-644631).




References


	



Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [Google Scholar] [CrossRef]

	



Crook, H.; Raza, S.; Nowell, J.; Young, M.; Edison, P. Long covid-mechanisms, risk factors, and management. BMJ 2021, 374, n1648. [Google Scholar] [CrossRef] [PubMed]

	



Ermis, U.; Rust, M.I.; Bungenberg, J.; Costa, A.; Dreher, M.; Balfanz, P.; Marx, G.; Wiesmann, M.; Reetz, K.; Tauber, S.C.; et al. Neurological symptoms in COVID-19: A cross-sectional monocentric study of hospitalized patients. Neurol. Res. Pract. 2021, 3, 17. [Google Scholar] [CrossRef] [PubMed]

	



Rogers, J.P.; Watson, C.J.; Badenoch, J.; Cross, B.; Butler, M.; Song, J.; Hafeez, D.; Morrin, H.; Rengasamy, E.R.; Thomas, L.; et al. Neurology and neuropsychiatry of COVID-19: A systematic review and meta-analysis of the early literature reveals frequent CNS manifestations and key emerging narratives. J. Neurol. Neurosurg. Psychiatry 2021, 92, 932–941. [Google Scholar] [CrossRef]

	



Clift, A.K.; Ranger, T.A.; Patone, M.; Coupland, C.A.C.; Hatch, R.; Thomas, K.; Hippisley-Cox, J.; Watkinson, P. Neuropsychiatric Ramifications of Severe COVID-19 and Other Severe Acute Respiratory Infections. JAMA Psychiatry 2022, 79, 690–698. [Google Scholar] [CrossRef]

	



Crivelli, L.; Palmer, K.; Calandri, I.; Guekht, A.; Beghi, E.; Carroll, W.; Frontera, J.; Garcia-Azorin, D.; Westenberg, E.; Winkler, A.S.; et al. Changes in cognitive functioning after COVID-19: A systematic review and meta-analysis. Alzheimers Dement. 2022, 18, 1047–1066. [Google Scholar] [CrossRef]

	



Garcia-Sanchez, C.; Calabria, M.; Grunden, N.; Pons, C.; Arroyo, J.A.; Gomez-Anson, B.; Lleo, A.; Alcolea, D.; Belvis, R.; Morollon, N.; et al. Neuropsychological deficits in patients with cognitive complaints after COVID-19. Brain Behav. 2022, 12, e2508. [Google Scholar] [CrossRef]

	



Bungenberg, J.; Humkamp, K.; Hohenfeld, C.; Rust, M.I.; Ermis, U.; Dreher, M.; Hartmann, N.K.; Marx, G.; Binkofski, F.; Finke, C.; et al. Long COVID-19: Objectifying most self-reported neurological symptoms. Ann. Clin. Transl. Neurol. 2022, 9, 141–154. [Google Scholar] [CrossRef]

	



Becker, J.H.; Lin, J.J.; Doernberg, M.; Stone, K.; Navis, A.; Festa, J.R.; Wisnivesky, J.P. Assessment of Cognitive Function in Patients After COVID-19 Infection. JAMA Netw. Open 2021, 4, e2130645. [Google Scholar] [CrossRef]

	



Zhou, H.; Lu, S.; Chen, J.; Wei, N.; Wang, D.; Lyu, H.; Shi, C.; Hu, S. The landscape of cognitive function in recovered COVID-19 patients. J. Psychiatr. Res. 2020, 129, 98–102. [Google Scholar] [CrossRef]

	



Vannorsdall, T.D.; Brigham, E.; Fawzy, A.; Raju, S.; Gorgone, A.; Pletnikova, A.; Lyketsos, C.G.; Parker, A.M.; Oh, E.S. Rates of Cognitive Dysfunction, Psychiatric Distress, and Functional Decline After COVID-19. J. Acad. Consult.-Liaison Psychiatry 2021, 63, 133–143. [Google Scholar] [CrossRef]

	



Helms, J.; Kremer, S.; Merdji, H.; Clere-Jehl, R.; Schenck, M.; Kummerlen, C.; Collange, O.; Boulay, C.; Fafi-Kremer, S.; Ohana, M.; et al. Neurologic Features in Severe SARS-CoV-2 Infection. N. Engl. J. Med. 2020, 382, 2268–2270. [Google Scholar] [CrossRef]

	



Jaywant, A.; Vanderlind, W.M.; Alexopoulos, G.S.; Fridman, C.B.; Perlis, R.H.; Gunning, F.M. Frequency and profile of objective cognitive deficits in hospitalized patients recovering from COVID-19. Neuropsychopharmacology 2021, 46, 2235–2240. [Google Scholar] [CrossRef]

	



Negrini, F.; Ferrario, I.; Mazziotti, D.; Berchicci, M.; Bonazzi, M.; de Sire, A.; Negrini, S.; Zapparoli, L. Neuropsychological Features of Severe Hospitalized Coronavirus Disease 2019 Patients at Clinical Stability and Clues for Postacute Rehabilitation. Arch. Phys. Med. Rehabil. 2021, 102, 155–158. [Google Scholar] [CrossRef]

	



Batty, G.D.; Deary, I.J.; Gale, C.R. Pre-pandemic cognitive function and COVID-19 mortality: Prospective cohort study. Eur. J. Epidemiol. 2021, 36, 559–564. [Google Scholar] [CrossRef]

	



Webb Hooper, M.; Napoles, A.M.; Perez-Stable, E.J. COVID-19 and Racial/Ethnic Disparities. JAMA 2020, 323, 2466–2467. [Google Scholar] [CrossRef]

	



Ladds, E.; Rushforth, A.; Wieringa, S.; Taylor, S.; Rayner, C.; Husain, L.; Greenhalgh, T. Persistent symptoms after Covid-19: Qualitative study of 114 “long Covid” patients and draft quality principles for services. BMC Health Serv. Res. 2020, 20, 1144. [Google Scholar] [CrossRef]

	



Lancet, T. Facing up to long COVID. Lancet 2020, 396, 1861. [Google Scholar] [CrossRef]

	



Chen, C.; Haupert, S.R.; Zimmermann, L.; Shi, X.; Fritsche, L.G.; Mukherjee, B. Global Prevalence of Post COVID-19 Condition or Long COVID: A Meta-Analysis and Systematic Review. J. Infect. Dis. 2022, jiac136. [Google Scholar] [CrossRef]

	



Goertz, Y.M.J.; Van Herck, M.; Delbressine, J.M.; Vaes, A.W.; Meys, R.; Machado, F.V.C.; Houben-Wilke, S.; Burtin, C.; Posthuma, R.; Franssen, F.M.E.; et al. Persistent symptoms 3 months after a SARS-CoV-2 infection: The post-COVID-19 syndrome? ERJ Open Res. 2020, 6, 00542-2020. [Google Scholar] [CrossRef]

	



Graham, E.L.; Clark, J.R.; Orban, Z.S.; Lim, P.H.; Szymanski, A.L.; Taylor, C.; DiBiase, R.M.; Jia, D.T.; Balabanov, R.; Ho, S.U.; et al. Persistent neurologic symptoms and cognitive dysfunction in non-hospitalized Covid-19 “long haulers”. Ann. Clin. Transl. Neurol. 2021, 8, 1073–1085. [Google Scholar] [CrossRef] [PubMed]

	



Munro Cullum, C.; Hynan, L.S.; Grosch, M.; Parikh, M.; Weiner, M.F. Teleneuropsychology: Evidence for video teleconference-based neuropsychological assessment. J. Int. Neuropsychol. Soc. 2014, 20, 1028–1033. [Google Scholar] [CrossRef] [PubMed]

	



Darley, D.R.; Dore, G.J.; Cysique, L.; Wilhelm, K.A.; Andresen, D.; Tonga, K.; Stone, E.; Byrne, A.; Plit, M.; Masters, J.; et al. Persistent symptoms up to four months after community and hospital-managed SARS-CoV-2 infection. Med. J. Aust. 2021, 214, 279–280. [Google Scholar] [CrossRef] [PubMed]

	



Whiteside, D.M.; Basso, M.R.; Naini, S.M.; Porter, J.; Holker, E.; Waldron, E.J.; Melnik, T.E.; Niskanen, N.; Taylor, S.E. Outcomes in post-acute sequelae of COVID-19 (PASC) at 6 months post-infection Part 1: Cognitive functioning. Clin. Neuropsychol. 2022, 36, 806–828. [Google Scholar] [CrossRef]

	



Vanderlind, W.M.; Rabinovitz, B.B.; Miao, I.Y.; Oberlin, L.E.; Bueno-Castellano, C.; Fridman, C.; Jaywant, A.; Kanellopoulos, D. A systematic review of neuropsychological and psychiatric sequalae of COVID-19: Implications for treatment. Curr. Opin. Psychiatry 2021, 34, 420–433. [Google Scholar] [CrossRef]

	



Hellmuth, J.; Barnett, T.A.; Asken, B.M.; Kelly, J.D.; Torres, L.; Stephens, M.L.; Greenhouse, B.; Martin, J.N.; Chow, F.C.; Deeks, S.G.; et al. Persistent COVID-19-associated neurocognitive symptoms in non-hospitalized patients. J. Neurovirol. 2021, 27, 191–195. [Google Scholar] [CrossRef]

	



Boesl, F.; Audebert, H.; Endres, M.; Pruss, H.; Franke, C. A Neurological Outpatient Clinic for Patients With Post-COVID-19 Syndrome - A Report on the Clinical Presentations of the First 100 Patients. Front. Neurol. 2021, 12, 738405. [Google Scholar] [CrossRef]

	



Heesakkers, H.; van der Hoeven, J.G.; Corsten, S.; Janssen, I.; Ewalds, E.; Simons, K.S.; Westerhof, B.; Rettig, T.C.D.; Jacobs, C.; van Santen, S.; et al. Clinical Outcomes Among Patients With 1-Year Survival Following Intensive Care Unit Treatment for COVID-19. JAMA 2022, 327, 559–565. [Google Scholar] [CrossRef]

	



Almeria, M.; Cejudo, J.C.; Sotoca, J.; Deus, J.; Krupinski, J. Cognitive profile following COVID-19 infection: Clinical predictors leading to neuropsychological impairment. Brain Behav. Immun. Health 2020, 9, 100163. [Google Scholar] [CrossRef]

	



Fernandez-de-Las-Penas, C.; Martin-Guerrero, J.D.; Cancela-Cilleruelo, I.; Rodriguez-Jimenez, J.; Moro-Lopez-Menchero, P.; Pellicer-Valero, O.J. Exploring trajectory recovery curves of post-COVID cognitive symptoms in previously hospitalized COVID-19 survivors: The LONG-COVID-EXP-CM multicenter study. J. Neurol. 2022, 269, 4613–4617. [Google Scholar] [CrossRef]

	



Ferrucci, R.; Dini, M.; Rosci, C.; Capozza, A.; Groppo, E.; Reitano, M.R.; Allocco, E.; Poletti, B.; Brugnera, A.; Bai, F.; et al. One-year cognitive follow-up of COVID-19 hospitalized patients. Eur. J. Neurol. 2022, 29, 2006–2014. [Google Scholar] [CrossRef]

	



Serrano-Castro, P.J.; Garzon-Maldonado, F.J.; Casado-Naranjo, I.; Ollero-Ortiz, A.; Minguez-Castellanos, A.; Iglesias-Espinosa, M.; Baena-Palomino, P.; Sanchez-Sanchez, V.; Sanchez-Perez, R.M.; Rubi-Callejon, J.; et al. The cognitive and psychiatric subacute impairment in severe Covid-19. Sci. Rep. 2022, 12, 3563. [Google Scholar] [CrossRef]

	



Miskowiak, K.W.; Johnsen, S.; Sattler, S.M.; Nielsen, S.; Kunalan, K.; Rungby, J.; Lapperre, T.; Porsberg, C.M. Cognitive impairments four months after COVID-19 hospital discharge: Pattern, severity and association with illness variables. Eur. Neuropsychopharmacol. 2021, 46, 39–48. [Google Scholar] [CrossRef]

	



Honarmand, K.; Lalli, R.S.; Priestap, F.; Chen, J.L.; McIntyre, C.W.; Owen, A.M.; Slessarev, M. Natural History of Cognitive Impairment in Critical Illness Survivors. A Systematic Review. Am. J. Respir. Crit. Care Med. 2020, 202, 193–201. [Google Scholar] [CrossRef]

	



Pandharipande, P.P.; Girard, T.D.; Jackson, J.C.; Morandi, A.; Thompson, J.L.; Pun, B.T.; Brummel, N.E.; Hughes, C.G.; Vasilevskis, E.E.; Shintani, A.K.; et al. Long-term cognitive impairment after critical illness. N. Engl. J. Med. 2013, 369, 1306–1316. [Google Scholar] [CrossRef]

	



Hewitt, K.C.; Marra, D.E.; Block, C.; Cysique, L.A.; Drane, D.L.; Haddad, M.M.; Lojek, E.; McDonald, C.R.; Reyes, A.; Eversole, K.; et al. Central Nervous System Manifestations of COVID-19: A Critical Review and Proposed Research Agenda. J. Int. Neuropsychol. Soc. 2021, 28, 311–325. [Google Scholar] [CrossRef]

	



Riordan, P.; Stika, M.; Goldberg, J.; Drzewiecki, M. COVID-19 and clinical neuropsychology: A review of neuropsychological literature on acute and chronic pulmonary disease. Clin. Neuropsychol. 2020, 34, 1480–1497. [Google Scholar] [CrossRef]

	



Raj, S.R.; Arnold, A.C.; Barboi, A.; Claydon, V.E.; Limberg, J.K.; Lucci, V.M.; Numan, M.; Peltier, A.; Snapper, H.; Vernino, S.; et al. Long-COVID postural tachycardia syndrome: An American Autonomic Society statement. Clin. Auton. Res. 2021, 31, 365–368. [Google Scholar] [CrossRef]








[image: Covid 02 00092 g001 550] 





Figure 1. Cognitive performance of PASC patients by cognitive domain and hospitalization status. 






Figure 1. Cognitive performance of PASC patients by cognitive domain and hospitalization status.



[image: Covid 02 00092 g001]







[image: Table] 





Table 1. Post-COVID patient demographics and clinical characteristics by site.
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Site






	

	
UKA a (N = 42)

	
MGH PAC b (N = 27)

	
JH DMP c (N = 8)

	
MGH MARC d

(N = 7)




	
Variable

	

	

	

	




	
Sex (F/M)

	
24/18

	
19/8

	
3/5

	
3/4




	
Race/Ethnicity (% White or European)

	
97.6%

	
88.9%

	
37.5%

	
0%




	
Age (years)

	
48.39

	
51.93

	
64.3

	
63.57




	
Range

	
22–65

	
25–84

	
44–85

	
51–79




	
Education (years)

	
15

	
16

	
13

	
9




	
Range

	
9–20

	
12–20

	
6–16

	
5–13




	
Time from COVID Diagnosis to NP Evaluation (months)

	
6.58

	
7.55

	
4.30

	
10.57




	
Range

	
1–12

	
2–10

	
2–7

	
9–13




	
Date of COVID Diagnosis

	
February 2020–January 2021

	
March 2020–January 2021

	
April 2020–November 2020

	
March–April 2020




	
Conducted Remotely

	
0%

	
93%

	
63%

	
0%




	
Date of NP Evaluation

	
August 2020–April 2021

	
July 2020–May 2021

	
July 2020–February 2021

	
October 2020–April 2021




	
Language of Test Administration

	
German

	
English

	
English

	
Spanish




	

	
% Yes




	
Comorbidities Prior to COVID

	

	

	

	




	
Medical

	
62%

	
96%

	
88%

	
100%




	
Psychiatric

	
14%

	
56%

	
38%

	
43%




	
Neurologic

	
36%

	
44%

	
75%

	
0%




	
Primary Referral due to COVID

	
99%

	
93%

	
100%

	
100%




	
Self-Reported Post-COVID Symptoms

	

	

	

	




	
Brain Fog/Cognitive Changes

	
71%

	
100%

	
100%

	
100%




	
Fatigue

	
55%

	
81%

	
50%

	
71%




	
Mood Disturbance

	
19%

	
67%

	
63%

	
100%




	
Sleep Difficulties

	
48%

	
44%

	
50%

	
100%




	
Dysautonomia

	
24%

	
15%

	
0%

	
43%




	
Psychosocial Distress

	
-

	
26%

	
38%

	
100%




	
New Pain

	
10%

	
37%

	
63%

	
43%




	
Hospitalized

	
38%

	
30%

	
100%

	
71%




	
Days Hospitalized (mean)

	
26.93

	
24.50

	
24.80

	
14.00




	
Received Inpatient Treatment

	
40%

	
30%

	
75%

	
71%




	
On Ventilator

	
46%

	
15%

	
40%

	
71%




	
Delirium

	
2%

	
11%

	
38%

	
29%




	
Loss of Employment

	
0%

	
4%

	
67%

	
71%




	
Unable to Return to Work at Baseline Capacity

	
48%

	
85%

	
50%

	
71%




	
Financial/Housing Strain

	
-

	
18%

	
25%

	
57%




	
Grief/Health Impact on Family Members

	
2%

	
4%

	
0%

	
57%




	
Post-COVID Treatment

	

	

	

	




	
Physical Rehabilitation

	
36%

	
26%

	
50%

	
29%




	
Cognitive Intervention

	
14%

	
4%

	
0%

	
29%








Note: NP = neuropsychological. a Department of Neurology of the RWTH Aachen University Hospital (UKA), Aachen, Germany. b Massachusetts General Hospital, Psychology Assessment Center, Boston, MA, USA. c Division of Medical Psychology at Johns Hopkins Hospital, Baltimore, Maryland, US. d Massachusetts General Hospital Multicultural Assessment and Research Center, Boston, MA, USA.













[image: Table] 





Table 2. Cognitive test results by domain and site.
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UKA a

(N = 42)

	
MGH PAC b

(N = 27)

	
JH DMP c

(N = 8)

	
MGH MARC d

(N = 7)

	
UKA a

(N = 42)

	
MGH PAC b

(N = 27)

	
JH DMP c

(N = 8)

	
MGH MARC d

(N = 7)




	
Cognitive Domain

	
Z-Score: M (SD)

	
Patients with Z-Score ≤ −1.0/≤ −1.5






	
Language/Semantic Access

	
−0.27 (0.66)

	
−0.28 (0.98)

	
−0.33 (0.81)

	
−0.81 (0.65)

	
12%/4%

	
18%/11%

	
0%/0%

	
43%/29%




	
Processing Speed

	
−0.42 (0.67)

	
−0.98 (1.09)

	
−1.08 (0.71)

	
−1.45 (0.89)

	
14%/9%

	
37%/26%

	
63%/38%

	
86%/57%




	
Executive Functioning

	
−0.12 (0.76)

	
−0.25 (1.02)

	
−1.15 (0.96)

	
−1.29 (0.86)

	
12%/4%

	
18%/15%

	
63%/38%

	
57%/43%




	
Attention/Working Memory

	
−0.09 (0.76)

	
−0.37 (0.90)

	
−1.08 (0.88)

	
−0.58 (0.74)

	
12%/0%

	
29%/7%

	
50%/38%

	
29%/43%




	
Encoding

	
−0.24 (0.63)

	
−0.13 (1.10)

	
−0.86 (0.76)

	
−1.14 (0.98)

	
15%/0%

	
22%/7%

	
38%/13%

	
57%/14%




	
Delayed Memory

	
−0.27 (0.66)

	
0.00 (1.01)

	
−0.74 (0.80)

	
−1.37 (0.95)

	
9%/2%

	
11%/11%

	
38%/13%

	
71%/43%








a Department of Neurology of the RWTH Aachen University Hospital (UKA), Aachen, Germany. b Massachusetts General Hospital, Psychology Assessment Center, Boston, Massachusetts, US. c Division of Medical Psychology at Johns Hopkins Hospital, Baltimore, Maryland, US. d Massachusetts General Hospital Multicultural Assessment and Research Center, Boston, Massachusetts, US.
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Table 3. Group differences in cognitive performance (z-scores) based on hospitalization status during acute COVID-19 illness.
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Hospitalized

	
Non-Hospitalized

	

	

	




	

	
n

	
M (SD)

	
n

	
M (SD)

	
t (df)

	
p

	
Cohen’s d






	
Language/Semantic Access

	
33

	
−0.48 (0.76)

	
48

	
−0.21 (0.79)

	
1.53 (79)

	
0.130

	
0.35




	
Processing Speed

	
36

	
−1.01 (0.97)

	
48

	
−0.55 (0.80)

	
2.35 (82)

	
0.021 *

	
0.51




	
Executive Functioning

	
36

	
−0.64 (0.95)

	
48

	
−0.15 (0.91)

	
2.43 (82)

	
0.017 *

	
0.53




	
Attention/Working Memory

	
33

	
−0.44 (0.98)

	
42

	
−0.27 (0.77)

	
0.83 (73)

	
0.408

	
0.19




	
Memory Encoding

	
36

	
−0.53 (0.86)

	
47

	
−0.19 (0.90)

	
1.76 (81)

	
0.082

	
0.39




	
Delayed Memory

	
36

	
−0.49 (0.83)

	
47

	
−0.18 (0.93)

	
1.59 (81)

	
0.117

	
0.35








Note. * p < 0.05.
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