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Abstract 
The ongoing Coronavirus Disease 2019 (COVID-19) pandemic has affected more than 100 mil- 
lion people and clinics are being established for diagnosing and treating lingering symptoms, 
so called long-COVID. A key concern are neurological and long-term cognitive complications. 
At the same time, the prevalence and nature of the cognitive sequalae of COVID-19 are un- 
clear. The present study aimed to investigate the frequency, pattern and severity of cognitive 
impairments 3–4 months after COVID-19 hospital discharge, their relation to subjective cog- 
nitive complaints, quality of life and illness variables. We recruited patients at their follow- 
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up visit at the respiratory outpatient clinic, Copenhagen University Hospital, Bispebjerg, ap- 
proximately four months after hospitalisation with COVID-19. Patients underwent pulmonary, 
functional and cognitive assessments. Twenty-nine patients were included. The percentage of 
patients with clinically significant cognitive impairment ranged from 59% to 65% depending on 
the applied cut-off for clinical relevance of cognitive impairment, with verbal learning and 
executive functions being most affected. Objective cognitive impairment scaled with subjec- 
tive cognitive complaints, lower work function and poorer quality of life. Cognitive impair- 
ments were associated with d-dimer levels during acute illness and residual pulmonary dys- 
function. In conclusion, these findings provide new evidence for frequent cognitive sequelae 
of COVID-19 and indicate an association with the severity of the lung affection and potentially 
restricted cerebral oxygen delivery. Further, the associations with quality of life and func- 
tioning call for systematic cognitive screening of patients after recovery from severe COVID- 
19 illness and implementation of targeted treatments for patients with persistent cognitive 
impairments. 
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY 
license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

he ongoing Coronavirus Disease 2019 (COVID-19) pandemic 
aused by the SARS-CoV-2 virus has so far affected more 
han 100 million people and led to more than two million 
eaths worldwide. While a key focus in the acute treatment 
f hospitalized patients is to limit fatality, it has become 
lear that there may also be significant detrimental long- 
erm effects of a COVID-19 infections. Hence, healthcare 
ystems have now also begun to open clinics dedicated to di- 
gnosing and treating lingering symptoms following COVID- 
9, so called long-COVID. Long-lasting symptoms are fre- 
uent; a new large-scale study found that 75% of people hos- 
italized with COVID-19 experience symptoms for at least 
ix months after recovery, including fatigue, muscle weak- 
ess, depression and sleep difficulties ( Huang et al., 2021 ). 
hile the severity of persistent symptoms is often related 
o the severity of symptoms during the acute illness phase, 
tudies found that long-lasting symptoms can also occur af- 
er mild illness and across all ages ( Townsend et al., 2020 ). 
A key concern is the neurological complications of COVID- 

9, which are most common in severely affected patients 
 Avula et al., 2020 ; Desforges et al., 2019 ; Dube et al.,
018 ; Gu and Korteweg, 2007 ; Helms et al., 2020 ; Li et al.,
020 ; Mao et al., 2020 ; Moriguchi et al., 2020 ; Nath, 2020 ;
xley et al., 2020 ; Toscano et al., 2020 ; Troyer et al., 
020 ; Wu et al., 2020 ). These include mild symptoms like 
eadaches, loss of smell and taste, tingling sensations, 
izziness, nausea and severe fatigue, as well as more se- 
ere outcomes such as aphasia, strokes and seizures. It 
s still unclear whether the effects of SARS-CoV-2 on the 
rain are indirect (mediated by oxygen starvation of the 
rain and/or the body’s extreme inflammatory response in 
everely affected patients) or direct (mediated by virus in- 
asion in the brain), or both ( Lucchese and Floel, 2020 ; 
atoli et al., 2020 ; Zhou et al., 2021 ). A large proportion
f COVID-19 patients exhibit extremely low (around 70%) 
lood oxygen saturation but, remarkably, experience dis- 
roportionately few symptoms of cerebral hypoxia, a phe- 
omenon coined ‘happy hypoxia’ ( Couzin-Frankel, 2020 ). 
nderrecognised oxygen starvation of the brain could there- 
ore be partially responsible for neurological damage – par- 
40 
icularly in brain regions highly susceptible to hypoxia, such 
s the hippocampus. There is also evidence for a role of 
nflammation, leakiness of the blood brain barrier and mul- 
iple brain abnormalities – including intracerebral haemor- 
hagic lesions, white matter microhemorrhages and hyper- 
ntensities – in COVID patients with neurological symptoms 
 Achar and Ghosh, 2020 ; Kremer et al., 2020 ; Lersy et al.,
021 ). 
Regardless of the mechanisms, the neuronal damage 

aused by the SARS-CoV-2 can have long-term negative im- 
act on cognitive functions, daily functioning and qual- 
ty of life. Accordingly, emerging reports indicate that a 
arge proportion of patients experience persistent cognitive 
roblems with memory difficulties and impaired ability to 
oncentrate for several months after their recovery from 

OVID-19. A large US survey study with data from > 1500 
espondents with previous COVID-19 found that difficulty 
oncentrating and focusing was experienced by more than 
0% of patients and was the fourth most reported long- 
erm symptom after COVID-19 ( Lambert, 2020 ). In keep- 
ng with this, a study of 29 middle-aged patients recov- 
red from COVID-19 found sustained attention impairments 
 Zhou et al., 2020 ) while executive dysfunction was found 
n a study of 58 patients 2–3 months after hospital dis- 
harge ( Raman et al., 2021 ). At larger scale, internet-based 
esting of cognitive functions in > 84,000 people with sus- 
ected or biologically confirmed COVID-19 revealed even 
roader cognitive impairments across memory, attention 
nd executive functions after recovery from COVID-19 ill- 
ess when controlling for age, sex, education levels and 
re-existing comorbidity ( Hampshire et al., 2020 ). Cogni- 
ive impairments were most pronounced in people who had 
een hospitalized but, importantly, were also observed in 
on-hospitalised patients with no reported breathing diffi- 
ulties ( Hampshire et al., 2020 ). 
Aside from the above few studies, little is known about 

he pattern and severity of cognitive impairments after 
OVID-19 and their association with illness variables. 
pecifically, it is unclear how many patients continue 
o show clinically relevant cognitive impairments after 
heir recovery. Another challenge is that subjective self- 
eported cognitive problems do not necessarily scale with 
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bjective performance deficits on neuropsychological tests 
 Jensen et al., 2015 ; Miskowiak et al., 2016 ; Ott et al.,
015 ). It is also unclear whether persistent objective cog- 
itive impairments after COVID-19 illness are related to 
atients’ quality of life and work functions. Investigation 
f the relation between subjective and objective cognitive 
equalae of COVID-19 – and their association with quality 
f life and functioning – would thus be important to guide 
ognition assessments in long-COVID clinics. Finally, investi- 
ation of the association between the severity of long-term 

ognitive impairments and biological measures of illness 
ctivity will provide key insights into the pathogenic mech- 
nisms. Importantly, understanding the specific pathogenic 
rivers of cognitive impairments – such as cerebral hypoxia 
r systemic inflammation – is pertinent to guiding the 
est management strategies for acute COVID-19. These 
nowledge gaps are addressed in the present report, which 
s based a cohort study of residual symptoms of COVID-19 
fter recovery in hospitalised patients (IMPACT-COVID). 
pecifically, we here investigate: (I) the frequency, pat- 
ern and severity of cognitive impairments 3–4 months 
fter COVID-19 applying different cut-offs for ‘clinically 
elevant’ impairments, (II) the associations between ob- 
ectively measured cognitive impairments, subjectively 
eported cognitive difficulties, quality of life and work 
unction, and (III) the association between objective cogni- 
ive impairments, severity of the acute COVID-19 illness and 
easures of lung function and oxygen uptake post-COVID. 

. Methods 

he IMPACT-COVID study is a prospective study examining all pa- 
ients admitted acutely for COVID-19 to Bispebjerg Hospital from 

he start of the epidemic in Denmark in March 2020 until the end of
he first wave of cases in June 2020. All admitted patients were re- 
erred from a post discharge assessment and offered participation, 
ith a visit 3–4 months and 12 months after discharge. 
Here, we present data from patients who underwent cognitive 

esting from June to November 2020 as part of our cohort study 3–4 
onths post COVID-19 at the respiratory outpatient clinic at Bispe- 
jerg Hospital, Capital region of Denmark (IMPACT-COVID). Diagno- 
is of COVID-19 was made by a positive polymerase chain reaction 
PCR) test for SARS-CoV-2 from the upper respiratory tract or a posi- 
ive IgG titre for COVID-19. The study was approved by the regional 
thics committee in the Capital Region of Denmark (protocol no. 
-20035553) and all patients gave written informed consent. 

.1. Procedures 

uring hospitalisation for COVID, blood tests were taken for eval- 
ation of immune response including d-dimer, C-Reactive Protein 
CRP) and ferritin levels, and High Flow Nasal Canula (HFNC), and 
otal oxygen requirements were recorded. As part of the follow- 
p evaluation, patients were assessed with physical examination, 
lood tests, chest high resolution computed tomography scan- 
ing (HRCT), high resolution 12-lead electrocardiogram (ECG), and 
uestionnaires including the Chronic Obstructive Pulmonary Dis- 
ase (COPD Assessment Test; CAT; Celli et al., 2004 ), Medical Re- 
earch Council (MRC) dyspnoea assessment ( Stenton, 2008 ), asthma 
ontrol questionnaire (ASQ; Juniper et al., 1999 ), Work Produc- 
ivity and Activity Impairment Questionnaire (WPAI; Reilly et al., 
993 ) and EQ-5D-5L quality of life questionnaire (EQ5D; Lloyd and 
41 
ickard, 2019 ) and were assessed for objective and subjective cog- 
itive functions. 

.2. Cognition assessments 

bjective cognitive functions were assessed with a brief ( < 20 min)
erformance-based cognition test battery consisting of the Screen 
or Cognitive Impairment in Psychiatry Danish Version (SCIP-D 
 Jensen et al., 2015 ; Purdon, 2005 ) and the Trail Making Test-
art B (TMT-B; Army Battery, 1944 ). These tests measure verbal 
earning and memory, working memory, verbal fluency, processing 
peed, and executive function. In addition, subjective cognitive 
unctions were assessed with the Cognitive Failures Questionnaire 
CFQ; Broadbent et al., 1982 ). 

.3. Statistical analyses 

tatistical analyses were carried out using IBM SPSS statistics 25 
or windows (IBM Corporation, Armonk, New York). Statistical sig- 
ificance for all analyses was set to an alpha-level of p < 0.05
two-tailed). 
Research question (I) regarding the frequency, pattern and 

everity of cognitive impairments 3–4 months after COVID-19 
as investigated with two complementary approaches: (A) by 
omparing patients’ cognitive performance to their expected 
erformance calculated with the regression based formulas based 
n their age, sex and years of education (Supplementary Table 1), 
nd (B) by comparing patients’ cognitive performance to that of 
n age-, and education-matched sample of n = 100 healthy control 
HC) participants from our pre-established normative data set 
 Ott et al., 2021 ). 
Regarding (A), we used regression-based formulas for prediction 

f each patient’s expected SCIP test scores based on their age, 
ex and years of education. The use of regression-based formulas 
nable calculation of demographically corrected normative scores 
hat are applicable at an individual level ( Duff, 2012 ). For each pa-
ient, this provides an easy and precise estimation of whether their 
ognition score is similar to or deviates from what is expected of a
erson with similar demographic characteristics. Specifically, reli- 
ble change indexes (RCI) provide standardized scores for the de- 
iation of the observed scores from the predicted scores. The RCIs 
re calculated as (observed score – predicted score)/SEE, where 
EE is the standard error of the estimate for the regression equa-
ion ( Attix et al., 2009 ). The implemented regression-based mod- 
ls to calculate RCI are displayed in Supplementary Table 1. Given 
he lack of consensus on what constitutes clinically relevant cog- 
itive impairments (see Miskowiak et al., 2018 ; Ott et al., 2021 ),
e applied two different cut-offs for clinical relevance of global 
ognitive impairments : (a) the previously recommended cut-off de- 
ned as performance ≥0.5 standard deviations (SD) under the ex- 
ected SCIP total score based on patients’ age, sex and education 
 Ott et al., 2021 ) and (b) a more conservative cut-off defined as
erformance ≥1 SD under the expected SCIP total score based on 
atients’ age, sex and education. Further, selective cognitive im- 
airments were defined as performance ≥1SD under the expected 
cores on ≥2 individual tests based on their demographic character- 
stics based on previous recommendations ( Miskowiak et al., 2018 ; 
tt et al., 2021 ). 
Regarding (B), we estimated the frequency of clinically relevant 

ognitively impairments based on the matched HC sample; cut-off
or global cognitive impairments was defined as performance ≥1SD 
nder the normative HC mean and – for selective impairments – as 
1SD under the mean of HC on ≥2 individual tests. Second, the pat-
ern and severity of cognitive impairments was investigated through 
roup comparisons across the individual cognition test scores be- 
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Fig. 1 Flow-chart for recruitment of patients in post-COVID 
cognition assessments. 
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ween patients and the HC group with independent samples t -tests 
r Mann–Whitney U tests for normally and non-normally distributed 
ata, respectively. Effect sizes for significant differences were es- 
imated with Cohen’s d . 
Research questions (II) and (III), regarding the relation be- 

ween objective cognitive impairments and subjective cognitive 
omplaints, quality of life and work function, and between ob- 
ective cognition and illness variables were analysed with Pear- 
on’s correlations or Spearman’s rho for normally and non-normally 
istributed data, respectively. Consistent with our previous ap- 
roach ( Ott et al., 2021 ), the RCI for patients’ SCIP Total scores
as used as a measure of ‘global cognitive impairment’ in the 
nalyses of associations between cognitive impairment and illness 
ariables. 

. Results 

.1. Participant characteristics 

ig. 1 illustrates the recruitment process. Following hos- 
italisation for COVID-19 at Bispebjerg Hospital, 70% of 
ospitalised patients ( n = 83) were offered a 3–4 months 
ollow-up visit of whom n = 71 (86%) accepted. Of these, 
 = 12 patients were excluded due to substantial language 
arriers or disabilities. Of the 59 eligible patients, n = 34 
67%) chose to take part in the study. The remaining pa- 
ients stated that they had insufficient time and energy to 
ake part. Of the patients who agreed to take part, n = 5 
atients were excluded from the cognition assessments 
ecause of insufficient fluency in Danish or pre-existing 
eurological comorbidity. The final sample or the cognition 
ssessments thus included n = 29 patients. 
42 
Table 1 displays demographic and clinical characteristics 
f patients and demographic characteristics of the pre- 
xisting matched healthy control (HC) group ( n = 100). 
atients were generally healthy prior to their COVID-19 
nfection with the main comorbidity being asthma (34%). 
he HC control group drawn from our pre-existing norma- 
ive database was matched to patients on age, sex and 
ducation levels ( Table 1 ). 

.2. (I) What is the frequency, pattern and 

everity of patients’ cognitive impairments? 

ig. 2 illustrates the proportion of patients with clinically 
elevant global and selective cognitive impairments, re- 
pectively, based on two applied cut-offs for clinically rel- 
vant impairments in comparison with the expected per- 
ormance based on their age, sex and education levels (A 
nd B) and in comparison with the age-, sex- and education- 
atched HC group (C). Using the recommended criterion for 
lobal impairment defined as SCIP total scores ≥ 0.5 SD be- 
ow the demographically adjusted predicted scores, 18 pa- 
ients (62%) were classified as globally cognitively impaired 
ith one additional patient (3%) showing selective cognitive 
mpairment (A); hence, yielding a total of n = 19 (65%) of 
atients being classified as cognitively impaired. Using the 
ore conservative cut-off for global cognitive impairment, 
efined as SCIP total scores being ≥1 SD below demographi- 
ally adjusted norms, yielded n = 11 patients (38%) as glob- 
lly impaired and another six (21%) with selective impair- 
ents; hence, in total n = 17 (59%) of the patient sam- 
le being cognitively impaired (B). Finally, the frequency 
f clinically relevant impairments was estimated based on 
omparisons with the matched HC sample. Using the cut-off
f SCIP total scores ≥1SD below the HC group mean (i.e., 
ut-off ≤66), n = 11 patients (38%) were identified as glob- 
lly impaired, and n = 7 patients (24%) as selectively im- 
aired (scores ≥1SD below HC group mean on ≥2 tests); 
n total, n = 18 patients (62%) showing cognitive impair- 
ents; i.e., the same as in (B). Subjective cognitive diffi- 
ulties in daily life were generally high, with 83% of patients 
xperiencing severe cognitive difficulties (CFQ scores ≥43; 
able 2 ). 
Fig. 3 illustrates the patients’ actual SCIP and TMT-B 

cores in comparison with (A) their expected demographi- 
ally adjusted normative scores on the SCIP Total and five 
ubtests based on the regression-based formula (Supple- 
entary Table 1) and the Danish age- and education ad- 
usted TMT-B norms ( Joergensen, 2012 ) and (B) the per- 
ormance of the matched HC sample on the SCIP Total 
nd the five SCIP subtests (TMT-B scores had not been 
ollected in our HC sample). Comparison between pa- 
ients actual and expected scores revealed that on aver- 
ge, patients displayed pronounced global cognitive im- 
airment on the SCIP with a large effect size (SCIP To- 
al: t = −3.60, df = 28, p = 0.001, Cohen’s d = −0.85) and
erbal learning and executive function impairments with 
arge effect sizes for (VLT-l: t = −3.12, df = 28, p = 0.004,
ohen’s d = −0.81; TMT-B: t = −3.46, df = 28, p = 0.002,
ohen’s d = −0.81). Moderate impairments were observed 
ithin working memory, verbal fluency and psychomotor 
peed (WMT: t = −2.33, df = 28, p = 0.03, Cohen’s d = −0.70;
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Table 1 Demographics and clinical characteristics, quality of life and work function at the four months follow-up assessment 
after hospitalisation with COVID 19. 

Patients ( n = 29) Healthy controls ( n = 100) P -value 

Demographics 
Age (years), mean (SD) 56.2 (10.6) 56.0 (6.9) 0.92 
Sex, no. females (%) 12 (41) 59 (59) 0.09 
Years of education, mean (SD) 14.3 (3.9) 14.3 (3.0) 0.90 
BMI (kg/m 

2 ) 29. (5.7) – –
Work status, no. employed (%) 21 (72) – –
Clinical characteristics 
Charlson comorbidity score 2.9 (2.4) – –
Asthma, no (%) 10 (34.5) – –
MRC score, mean (SD) 2.2 (0.8) 
CAT score, mean (SD) 12.9 (6.7) 
ACQ score, mean (SD) 1.3 (0.8) 
EQ-5D-5L Quality of Life Questionnaire 

Movement 1.7 (0.9) – –
Personal care 1.2 (0.5) – –
Usual activity 2.0 (1.2) – –
Pain 2.3 (1.1) – –
Anxiety/depression 1.7 (1.0) – –
Work productivity and activity impairment 
Percent work time missed due to ∗ health (absenteeism) 0.0 [0.0, 41.0] – –
Percent impairment while working due to health (presenteeism) 10.0 [0.0, 80.0] – –
Percent overall work impairment due to health ∗ 10.0 [0.0, 82.0] – –
Percent activity impairment due to health ∗ 20.0 [0.01, 100.0] – –

Data is presented as mean (SD) or number (percentage) for demographics, clinical characteristics and quality of life data. Work Productivity 
and Activity Impairment data is reported as median [minimum, maximum]. Abbreviations: no, number, BMI, body mass index, SD, standard 
deviation; EQ5D, EQ-5D-5L quality of life questionnaire. ∗Data for these variables only available for 13–15 of the 21 employed patients. 

Fig. 2 Proportion of patients with clinically relevant global or selective cognitive impairments using different approaches for 
determining the clinically relevance of impairments. ( A) Using the recommended cut-off for global impairment defined as scores 
≥0.5 below the expected SCIP Total scores and – for selective impairments – scores ≥1 SD below the expected scores on ≥2 individual 
tests based on patients’ age, sex and education years yielded n = 18 patients 62%) with global impairments (dark red) and n = 1 
patient (3%) with selective impairments (light red); i.e., 65% patients being cognitively impaired. ( B) With a more conservative cut- 
off for global impairment defined as SCIP Total scores ≥1 below demographically adjusted norms and – for selective impairments 
– performance ≥1 SD below the demographically adjusted norms on ≥2 individual tests yielded n = 11 patients (38%) with global 
impairments (dark red) and n = 6 patients (21%) with selective impairments (light red); i.e., 59% patients being cognitively impaired. 
(C) Finally, comparisons with age- and education matched healthy controls ( n = 100) and use of the cut-off for global and selective 
impairments as in ( B) , indicated that n = 11 patients (38%) had global impairments (dark red) and n = 7 (24%) had selective 
impairments (light red); i.e., 62% showed clinically relevant cognitive impairments. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 

43 
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Table 2 Objective and subjective cognition data from patients and a matched control group as well as the expected scores 
based on patients age, sex and education. 

Patients 
( n = 29) 

Expected scores 
based on age, sex, 
and education 

Healthy controls 
( n = 100) 

P -value all 
patients actual vs. 
expected 

P -value all patient 
vs. healthy 
controls 

SCIP total score, 
mean (SD) 

67.4 (13.9) 75.2 (4.6) 75.0 (9.1) 0.001 0.01 

VLT-L, mean (SD) 19.9 (4.2) 22.1 (1.2) 22.1 (3.0) 0.004 0.003 

WMT, mean (SD) 18.2 (4.2) 19.9 (0.7) 1.9 (2.5) 0.002 0.04 

VFT, mean (SD) 14.3 (4.7) 16.1 (1.4) 16.0 (4.5) 0.03 0.17 
VLT-D, mean (SD) 6.3 (2.8) 7.0 (0.6) 7.0 (1.9) 0.16 0.08 
PMT, mean (SD) 9.0 (3.2) 10.1 (1.2) 10.1 (2.3) 0.04 0.09 
TMT-B, mean (SD) 116.2 (65.0) 80.6 (18.7) – 0.002 –
CFQ total 61 (15) – – – –
Proportion with 
severe complaints, 
scores ≥43, number 
(%) 

19 (83) 

Data is presented as mean (SD) or number (percentage). CFQ data was only available for 23 of the 29 patients; SCIP, Screen for Cognitive 
Impairment in Psychiatry; SD, standard deviation; VLT-L, verbal learning test-learning; WMT, working memory test; VFT, verbal fluency test; 
VLT-D, verbal learning test-delayed recall; PMT, psychomotor speed test; TMT-B, Trail Making Test B; CFQ, Cognitive Failures Questionnaire. 

Fig. 3 Pattern of cognitive impairments in patients ( n = 29) four months after COVID-19 in comparison ( A ) with normative scores 
adjusted for age, sex and education estimated with regression models and ( B ) with an age-, sex- and education-matched healthy 
control group ( n = 100). Most pronounced impairments were seen in verbal learning (VLT-L) and executive function (TMT-B). Graphs 
represent the mean and error bars the standard error of the mean. ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001. 
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(

FT: t = −2.32, df = 28, p = 0.03, Cohen’s d = −0.59; PMT:
 = −2.15, df = 28, p = 0.04, Cohen’s d = −0.51). In contrast,
atients were not significantly impaired on the test of de- 
ayed verbal memory (VLT-D: p = 0.16). 
Similar findings were obtained in analyses comparing 

atients with the matched HC group; Patients displayed 
lobal cognitive impairments with a moderate to large ef- 
ect size (SCIP total: t = −2.78, df = 35.3, p = 0.01; Cohen’s
44 
 = −0.70), and moderate impairments in verbal learning 
nd working memory (VLT-l: t = −3.06, df = 127, p = 0.003,
ohen’s d = −0.62; WMT: t = −2.11, df = 34.0, p = 0.04, Co-
en’s d = −0.44). Again, patients’ delayed memory perfor- 
ance was unimpaired (VLT-D: p = 0.17), whereas there was 
nly a non-significant trend toward verbal fluency and psy- 
homotor speed impairments in patients compared with HC 

VFT: p = 0.08; PMT: p = 0.09). 
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.3. (II) Are objective cognitive impairments 
ssociated with subjective cognitive complaints, 
uality of life and work function? 

ubjective cognitive complaints (CFQ Total scores) cor- 
elated significantly with objectively measured global 
ognitive impairments (Pearson’s correlation; SCIP Total 
eviation from expected scores; r = −0.62, p = 0.002) 
nd executive dysfunction (Pearson’s correlation; TMT-B 
eviation from expected scores; r = −0.45, p = 0.03). 
Regarding quality of life measurements, more global cog- 

itive impairment and executive dysfunction both corre- 
ated with greater difficulty within EQ5D ‘usual activity’ and 
anxiety and depression’ (Pearson’s correlations between 
CIP and: usual activity: r = −0.47, p = 0.03; anxiety and 
epression: r = −0.64, p = 0.001, and between TMT-B and: 
sual activity: r = 0.49, p = 0.02; anxiety and depression: 
 = 0.51, p = 0.01). More executive dysfunction also cor- 
elated with greater difficulties in the domain of ‘personal 
are’ (Pearson’s correlation; r = 0.46, 0.03) and more ab- 
enteeism (Spearman’s rho: r = −0.62, p = 0.01). 

.4. (III) Is the severity of cognitive impairments 
ssociated with illness severity variables? 

nvestigation of the relation between cognitive status and 
everity of acute COVID-19 illness revealed no associations 
etween global cognitive impairments and length of hospi- 
alisation, total oxygen requirements during hospitalisation, 
ime since discharge or the following acute illness sever- 
ty markers: lymphocytes, CRP, ferritin, or need for high 
ow nasal oxygen (HFNC) ( p -levels > 0.56). There was also 
o significant correlation between maximum d-dimer levels 
nd global cognitive impairment ( p -levels ≥0.10). However, 
igher d-dimer levels did correlate moderately with poorer 
elayed verbal recall and psychomotor speed, respectively 
Pearson’s correlations: VLT-D: r = −0.50, p = 0.03; PMT: 
 = −0.64, p = 0.004). 
With respect to pre-existing comorbidity and other po- 

ential sources of cognitive impairments, cognitive impair- 
ents were not significantly associated with co-existing 
sthma, number of pre-existing comorbidities according to 
he Charlson comorbidity index or high body mass index 
BMI) ( p -values ≥0.09). Only one patient had required me- 
hanical ventilation, rendering the effects of mechanical 
entilation on cognition impossible to assess in this study. 
Regarding associations between cognitive and pulmonary 

ysfunction, more global cognitive impairment and execu- 
ive dysfunction both correlated with severity of respiratory 
ymptoms according to the ACQ (Spearman’s rho: SCIP Total 
eviation: r = −0.56, p = 0.009; TMT-B deviation: r = 0.44, 
 = 0.02) and CAT (Spearman’s rho: SCIP total deviation, 
 = −0.39, p = 0.050; TMT-B: r = 0.64, p < 0.001). More global
ognitive impairment also correlated with poorer pulmonary 
unction, as reflected by lower forced expiratory volume in 
ne second (FEV1; Spearman’s rho, r = 0.37, p = 0.049). 
n contrast, there was no correlation between global cog- 
itive impairments and MRC dyspnoea, CT or DLCO scores 
 p -levels ≥0.18). 
45 
. Discussion 

n this study at the outpatient clinic at the Department 
f Respiratory Medicine, Copenhagen University Hospital, 
e examined objective performance-based and subjec- 
ively rated cognitive functions in 29 COVID-19 patients 3–
 months after their hospital discharge. The percentage of 
atients with clinically significant objective cognitive im- 
airment ranged from 59% to 65%, depending on the cut-off
cores applied for determining clinically relevance of the 
mpairment, with verbal learning and executive functions 
eing most affected. More than 80% of patients reported ex- 
eriencing severe cognitive difficulties in daily life. Greater 
bjective cognitive impairments were associated with more 
ubjective cognitive difficulties, absenteeism and poorer 
uality of life. Poorer pulmonary function and more respi- 
atory symptoms after recovery were associated with more 
ognitive impairments. Among acute illness severity mark- 
rs, higher maximum d-dimer levels correlated with poorer 
erbal recall and psychomotor speed. In contrast, cogni- 
ive performance was not associated with length of hospi- 
alisation, oxygen requirements, CT scores, comorbidity or 
nflammation. 
Given the lack of consensus what constitutes clinically 

elevant cognitive impairment, we applied two distinct 
ut-offs –one that was previously recommended for pa- 
ients with psychiatric disorders (see Miskowiak et al., 2018 ; 
tt et al., 2021 ), and a more conservative cut-off con- 
istent with other studies ( Gualtieri and Morgan, 2008 ; 
ensen et al., 2015 ; Ott et al., 2015 ). We also compared
atients’ cognitive performance to that of a healthy con- 
rol group matched for age, sex and education years to 
xamine the validity of our newly developed regression- 
ased formulas for estimating patients’ expected cogni- 
ive performance adjusted for their age, sex and educa- 
ional levels ( Ott et al., 2021 ). These different cut-offs and 
omplementary approaches revealed highly consistent re- 
ults, categorising 59–65% of patients with clinically rele- 
ant impairments with large effect sizes for verbal learn- 
ng and executive functions ( Figs. 2 and 3 ). Our observa- 
ion of broad cognitive impairments across verbal learn- 
ng, executive function and working memory is consistent 
ith the findings of a largescale internet-based study of 
 84,000 people that showed substantial cognitive impair- 
ents across several cognitive domains in both hospitalised 
nd non-hospitalised patients ( Hampshire et al., 2020 ). Im- 
aired executive functions were also observed in 33% of 
OVID-19 patients after hospital discharge ( Helms et al., 
020 ) and in patients with other acute respiratory dis- 
ress syndrome diseases before the COVID-19 pandemic 
 Sasannejad et al., 2019 ). In contrast, only selective sus- 
ained attention difficulties were observed in a study in 29 
atients who had recovered from COVID-19 without hospi- 
alisation ( Zhou et al., 2020 ), while only selective execu- 
ive dysfunction was found in 58 patients 2–3 months af- 
er hospital discharge ( Raman et al., 2021 ) despite struc- 
ural brain abnormalities. This discrepancy may be ex- 
lained by suboptimal cognitive test batteries in the two 
atter studies that either tapped into only sustained atten- 
ion and executive function ( Zhou et al., 2020 ) or were de-
igned for dementia evaluation and thus likely associated 
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ith ceiling effects in younger, non-demented populations 
 Raman et al., 2021 ). 
While it is unclear how long the cognitive impairments af- 

er COVID-19 prevail, hospitalised patients with other respi- 
atory diseases have been found to display impairments for 
everal years ( Hopkins et al., 2005 ; Sasannejad et al., 2019 ). 
e found no association between the length of time since 
ospital discharge and the severity of cognitive impairments 
n this cross-sectional report but our planned follow-up as- 
essments again 12 months after hospital discharge will pro- 
ide better insight into whether impairments resolve with 
ime. Nevertheless, the observed cognitive impairment in 
9–65% of our patient cohort four months after hospital dis- 
harge and its association with poorer quality of life (in- 
luding more depression and anxiety) and impaired work 
unctioning point to a pressing need for systematic cognition 
creening and targeted treatments for patients with persis- 
ent cognitive impairments after COVID-19. Based on these 
bservations, we now offer patients who have been hospi- 
alised with COVID-19 at Bispebjerg Hospital, Copenhagen, 
ognition screening as part of their four months follow-up 
ssessment at the hospital’s multi-disciplinary long-COVID 

utpatient clinic. It is likely that the observed association 
etween cognitive impairments and anxiety and depression 
as bi-directional: more cognitive impairments may create 
ore anxiety and depression due to difficulties with over- 
oming cognitive challenges in daily life; conversely, more 
nxiety and depression symptoms could also impair cogni- 
ive test performance. Attention should therefore be given 
o both cognitive and mood symptoms after severe COVID- 
9. Specifically, treatments that improve cognitive func- 
ions may also aid patients’ stress resilience and, thereby, 
heir mental health outcomes after COVID-19 hospitalisa- 
ion ( Vinkers et al., 2020 ). One of the most promising treat- 
ents is with the multifunctional hormone erythropoietin 
EPO), which plays a key role in neuroprotection and neu- 
oplasticity and has been found by our and other groups to 
mprove cognitive functions across a range of neuropsychi- 
tric diseases ( Ehrenreich et al., 2020 ). Future studies are 
hus warranted to investigate the potential of EPO to re- 
erse cognitive impairments after COVID-19. 
In our patient cohort, persistent pulmonary dysfunc- 

ion was observed in most patients (Johnsen et al., in re- 
iew). The relation between more cognitive impairments 
nd poorer pulmonary function suggests that reduced oxy- 
en delivery to the brain may play a role in patients’ 
ognitive impairments. In keeping with this interpretation, 
oorer verbal memory and lower psychomotor speed corre- 
ated with higher d-dimer levels – a marker of thrombosis 
r pulmonary coagulation disorder, which may suggest vas- 
ular consequences cerebrally, perhaps with hypoxia of the 
rain or direct damage from micro-embolisms. This would 
xplain the pronounced impairments in verbal learning and 
emory, which depend on the integrity of the hippocampus, 
 brain region highly susceptible to hypoxia ( Hota et al., 
007 ). Importantly, these putative pathogenic processes 
ay not be specific to COVID-19; hypoxia has been high- 

ighted as a common cause of cognitive decline in acute res- 
iratory distress syndrome that is associated with cerebral 
trophy ( Hopkins et al., 2006 ) and degree of verbal mem- 
ry and executive function impairments ( Hopkins et al., 
005 ). In contrast, the lack of associations between cog- 
46 
itive impairments and inflammation markers indicate that 
mmune response and associated cerebral microglia activa- 
ion may not play a strong role in the cognitive sequelae of 
OVID-19. 
A key question is that of the generalisability of our find- 

ngs given potential biased sampling. As shown in Fig. 1 , 
ne-third of patients declined to take part in our study 
t their follow-up assessment. It is possible that these pa- 
ients declined because they experienced no lingering symp- 
oms consistent with evidence that 25% of hospitalised pa- 
ients do not experience long-COVID (1). Consequently, our 
ndings may primarily be generalised to more severely af- 
ected patients who experience long-COVID and should be 
nterpreted in the context of potentially confounding fac- 
ors such as hospitalization, isolation and medications. If, 
e hypothetically take account of these 25% and assum- 
ng that these patients had no subjective or objective cog- 
itive impairments, the percentage of patients with se- 
ere subjective cognitive difficulties would fall to about 
0%, while the percentage with clinically significant ob- 
ective cognitive impairments would fall to 35–40%; num- 
ers that would still be clinically significant. Further, it is 
otable that our patient sample had little pre-existing so- 
atic comorbid conditions and that cognitive impairments 
ere not associated with comorbidity. Consistent with this, 
 largescale internet-based cognition study found that the 
ognitive impairments after COVID-19 prevailed in analyses 
djusted for pre-existing comorbid conditions ( Hampshire 
t al., 2020 ). 
A strength of the study was its multi-disciplinary ap- 

roach, which enabled comprehensive investigation of phys- 
cal and cognitive consequences of illness and their rela- 
ion. A limitation, however, was the modest sample size 
hich may have masked any additional significant findings 
type II error). Another limitation was the absence of a con- 
rol group of patients who had been hospitalised with an- 
ther respiratory disease, which precluded inferences re- 
arding the specificity of patients’ cognitive impairments to 
OVID-19 illness. Further, the cross-sectional design was a 
imitation since it is unclear whether the cognitive impair- 
ents existed prior to COVID-19 or were a consequence of 

llness. However, our comparison between patients’ perfor- 
ance and (i) individually calculated expected performance 
ased on their age, sex and education and (ii) a matched HC 

ample provided highly consistent estimations of the pro- 
ortion with clinically relevant impairments as well as the 
rofile of these impairments. Finally, the SCIP is a brief cog- 
ition screener, originally developed and validated for pa- 
ients with psychiatric disorders ( Ott et al., 2021 ) and can- 
ot replace a comprehensive neuropsychological examina- 
ion. In the interest of brevity, the SCIP also does not as- 
ess executive functions. Executive function tests (like the 
MT-B) must thus be co-administered for insights into this 
ognitive domain. 
In conclusion, we demonstrate in our sample of 29 

atients that 59–65% suffer from clinically relevant cog- 
itive impairments 3–4 months after hospitalisation with 
OVID-19, which have large effect sizes for global cogni- 
ion, verbal learning and executive functions. Cognitive 
mpairments were associated with the degree of long-term 

ulmonary dysfunction and respiratory symptoms and with 
-dimer levels during acute illness, suggesting a potential 
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J  
ink to restricted oxygen delivery to the brain. Our findings 
re consistent with emerging evidence for high prevalence 
f cognitive consequences of COVID-19 and associated 
unctional impairments. Based on these findings, it is 
mperative that future studies investigate the long-term 

onsequences of COVID-19 for cognition, vocational func- 
ioning and quality of life. There is also a pressing need for 
nvestigation of potential pro-cognitive treatments, such as 
PO, for the substantial proportion of patients who suffer 
rom persistent cognitive and functional impairments after 
OVID-19 illness. 
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