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COVID-19; The ongoing Coronavirus Disease 2019 (COVID-19) pandemic has affected more than 100 mil-
Cognitive impairment; lion people and clinics are being established for diagnosing and treating lingering symptoms,
Quality of life; so called long-COVID. A key concern are neurological and long-term cognitive complications.
Pulmonary dysfunction 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-

* Corresponding author at: NEAD Group, Copenhagen Affective Disorder Research Centre (CADIC), Psychiatric Centre Copenhagen, Copen-
hagen University Hospital, Rigshospitalet, Blegdamsvej 9, DK-2100 Copenhagen, Denmark.
E-mail address: Kamilla.miskowiak@regionh.dk (K. Miskowiak).

https://doi.org/10.1016/j.euroneuro.2021.03.019
0924-977X/© 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/)


https://doi.org/10.1016/j.euroneuro.2021.03.019
http://www.elsevier.com/locate/euroneuro
http://crossmark.crossref.org/dialog/?doi=10.1016/j.euroneuro.2021.03.019&domain=pdf
mailto:Kamilla.miskowiak@regionh.dk
https://doi.org/10.1016/j.euroneuro.2021.03.019
http://creativecommons.org/licenses/by/4.0/

K. Miskowiak, S. Johnsen, S. Sattler et al.

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/)

1. Introduction
The ongoing Coronavirus Disease 2019 (COVID-19) pandemic
caused by the SARS-CoV-2 virus has so far affected more
than 100 million people and led to more than two million
deaths worldwide. While a key focus in the acute treatment
of hospitalized patients is to limit fatality, it has become
clear that there may also be significant detrimental long-
term effects of a COVID-19 infections. Hence, healthcare
systems have now also begun to open clinics dedicated to di-
agnosing and treating lingering symptoms following COVID-
19, so called long-COVID. Long-lasting symptoms are fre-
quent; a new large-scale study found that 75% of people hos-
pitalized with COVID-19 experience symptoms for at least
six months after recovery, including fatigue, muscle weak-
ness, depression and sleep difficulties (Huang et al., 2021).
While the severity of persistent symptoms is often related
to the severity of symptoms during the acute illness phase,
studies found that long-lasting symptoms can also occur af-
ter mild illness and across all ages (Townsend et al., 2020).
A key concern is the neurological complications of COVID-
19, which are most common in severely affected patients
(Avula et al., 2020; Desforges et al., 2019; Dube et al.,
2018; Gu and Korteweg, 2007; Helms et al., 2020; Li et al.,
2020; Mao et al., 2020; Moriguchi et al., 2020; Nath, 2020;
Oxley et al., 2020; Toscano et al., 2020; Troyer et al.,
2020; Wu et al., 2020). These include mild symptoms like
headaches, loss of smell and taste, tingling sensations,
dizziness, nausea and severe fatigue, as well as more se-
vere outcomes such as aphasia, strokes and seizures. It
is still unclear whether the effects of SARS-CoV-2 on the
brain are indirect (mediated by oxygen starvation of the
brain and/or the body’s extreme inflammatory response in
severely affected patients) or direct (mediated by virus in-
vasion in the brain), or both (Lucchese and Floel, 2020;
Natoli et al., 2020; Zhou et al., 2021). A large proportion
of COVID-19 patients exhibit extremely low (around 70%)
blood oxygen saturation but, remarkably, experience dis-
proportionately few symptoms of cerebral hypoxia, a phe-
nomenon coined ‘happy hypoxia’ (Couzin-Frankel, 2020).
Underrecognised oxygen starvation of the brain could there-
fore be partially responsible for neurological damage - par-
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ticularly in brain regions highly susceptible to hypoxia, such
as the hippocampus. There is also evidence for a role of
inflammation, leakiness of the blood brain barrier and mul-
tiple brain abnormalities - including intracerebral haemor-
rhagic lesions, white matter microhemorrhages and hyper-
intensities - in COVID patients with neurological symptoms
(Achar and Ghosh, 2020; Kremer et al., 2020; Lersy et al.,
2021).

Regardless of the mechanisms, the neuronal damage
caused by the SARS-CoV-2 can have long-term negative im-
pact on cognitive functions, daily functioning and qual-
ity of life. Accordingly, emerging reports indicate that a
large proportion of patients experience persistent cognitive
problems with memory difficulties and impaired ability to
concentrate for several months after their recovery from
COVID-19. A large US survey study with data from >1500
respondents with previous COVID-19 found that difficulty
concentrating and focusing was experienced by more than
50% of patients and was the fourth most reported long-
term symptom after COVID-19 (Lambert, 2020). In keep-
ing with this, a study of 29 middle-aged patients recov-
ered from COVID-19 found sustained attention impairments
(Zhou et al., 2020) while executive dysfunction was found
in a study of 58 patients 2-3 months after hospital dis-
charge (Raman et al., 2021). At larger scale, internet-based
testing of cognitive functions in >84,000 people with sus-
pected or biologically confirmed COVID-19 revealed even
broader cognitive impairments across memory, attention
and executive functions after recovery from COVID-19 ill-
ness when controlling for age, sex, education levels and
pre-existing comorbidity (Hampshire et al., 2020). Cogni-
tive impairments were most pronounced in people who had
been hospitalized but, importantly, were also observed in
non-hospitalised patients with no reported breathing diffi-
culties (Hampshire et al., 2020).

Aside from the above few studies, little is known about
the pattern and severity of cognitive impairments after
COVID-19 and their association with illness variables.
Specifically, it is unclear how many patients continue
to show clinically relevant cognitive impairments after
their recovery. Another challenge is that subjective self-
reported cognitive problems do not necessarily scale with
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objective performance deficits on neuropsychological tests
(Jensen et al., 2015; Miskowiak et al., 2016; Ott et al.,
2015). It is also unclear whether persistent objective cog-
nitive impairments after COVID-19 illness are related to
patients’ quality of life and work functions. Investigation
of the relation between subjective and objective cognitive
sequalae of COVID-19 - and their association with quality
of life and functioning - would thus be important to guide
cognition assessments in long-COVID clinics. Finally, investi-
gation of the association between the severity of long-term
cognitive impairments and biological measures of illness
activity will provide key insights into the pathogenic mech-
anisms. Importantly, understanding the specific pathogenic
drivers of cognitive impairments - such as cerebral hypoxia
or systemic inflammation - is pertinent to guiding the
best management strategies for acute COVID-19. These
knowledge gaps are addressed in the present report, which
is based a cohort study of residual symptoms of COVID-19
after recovery in hospitalised patients (IMPACT-COVID).
Specifically, we here investigate: (I) the frequency, pat-
tern and severity of cognitive impairments 3-4 months
after COVID-19 applying different cut-offs for ‘clinically
relevant’ impairments, (Il) the associations between ob-
jectively measured cognitive impairments, subjectively
reported cognitive difficulties, quality of life and work
function, and (lll) the association between objective cogni-
tive impairments, severity of the acute COVID-19 illness and
measures of lung function and oxygen uptake post-COVID.

2. Methods

The IMPACT-COVID study is a prospective study examining all pa-
tients admitted acutely for COVID-19 to Bispebjerg Hospital from
the start of the epidemic in Denmark in March 2020 until the end of
the first wave of cases in June 2020. All admitted patients were re-
ferred from a post discharge assessment and offered participation,
with a visit 3-4 months and 12 months after discharge.

Here, we present data from patients who underwent cognitive
testing from June to November 2020 as part of our cohort study 3-4
months post COVID-19 at the respiratory outpatient clinic at Bispe-
bjerg Hospital, Capital region of Denmark (IMPACT-COVID). Diagno-
sis 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-
tive IgG titre for COVID-19. The study was approved by the regional
ethics committee in the Capital Region of Denmark (protocol no.
H-20035553) and all patients gave written informed consent.

2.1. Procedures

During hospitalisation for COVID, blood tests were taken for eval-
uation of immune response including d-dimer, C-Reactive Protein
(CRP) and ferritin levels, and High Flow Nasal Canula (HFNC), and
total oxygen requirements were recorded. As part of the follow-
up evaluation, patients were assessed with physical examination,
blood tests, chest high resolution computed tomography scan-
ning (HRCT), high resolution 12-lead electrocardiogram (ECG), and
questionnaires including the Chronic Obstructive Pulmonary Dis-
ease (COPD Assessment Test; CAT; Celli et al., 2004), Medical Re-
search Council (MRC) dyspnoea assessment (Stenton, 2008), asthma
control questionnaire (ASQ; Juniper et al., 1999), Work Produc-
tivity and Activity Impairment Questionnaire (WPAI; Reilly et al.,
1993) and EQ-5D-5L quality of life questionnaire (EQ5D; Lloyd and
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Pickard, 2019) and were assessed for objective and subjective cog-
nitive functions.

2.2. Cognition assessments

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

2.3. Statistical analyses

Statistical analyses were carried out using IBM SPSS statistics 25
for windows (IBM Corporation, Armonk, New York). Statistical sig-
nificance for all analyses was set to an alpha-level of p<0.05
(two-tailed).

Research question (I) regarding the frequency, pattern and
severity of cognitive impairments 3-4 months after COVID-19
was investigated with two complementary approaches: (A) by
comparing patients’ cognitive performance to their expected
performance calculated with the regression based formulas based
on their age, sex and years of education (Supplementary Table 1),
and (B) by comparing patients’ cognitive performance to that of
an 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
of each patient’s expected SCIP test scores based on their age,
sex and years of education. The use of regression-based formulas
enable calculation of demographically corrected normative scores
that are applicable at an individual level (Duff, 2012). For each pa-
tient, this provides an easy and precise estimation of whether their
cognition score is similar to or deviates from what is expected of a
person with similar demographic characteristics. Specifically, reli-
able change indexes (RCI) provide standardized scores for the de-
viation of the observed scores from the predicted scores. The RCls
are calculated as (observed score - predicted score)/SEE, where
SEE is the standard error of the estimate for the regression equa-
tion (Attix et al., 2009). The implemented regression-based mod-
els to calculate RCI are displayed in Supplementary Table 1. Given
the lack of consensus on what constitutes clinically relevant cog-
nitive impairments (see Miskowiak et al., 2018; Ott et al., 2021),
we applied two different cut-offs for clinical relevance of global
cognitive impairments: (a) the previously recommended cut-off de-
fined as performance >0.5 standard deviations (SD) under the ex-
pected SCIP total score based on patients’ age, sex and education
(Ott et al., 2021) and (b) a more conservative cut-off defined as
performance >1 SD under the expected SCIP total score based on
patients’ age, sex and education. Further, selective cognitive im-
pairments were defined as performance >1SD under the expected
scores on >2 individual tests based on their demographic character-
istics based on previous recommendations (Miskowiak et al., 2018;
Ott et al., 2021).

Regarding (B), we estimated the frequency of clinically relevant
cognitively impairments based on the matched HC sample; cut-off
for global cognitive impairments was defined as performance >1SD
under the normative HC mean and - for selective impairments - as
>1SD under the mean of HC on >2 individual tests. Second, the pat-
tern and severity of cognitive impairments was investigated through
group comparisons across the individual cognition test scores be-
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Hospitalised patients

150 @ Patients admitted to the Respiratory

Department at Bispebjerg Hospital
March - July 2020

= deceased

17 eligible

-34 lost to follow-up

83 offered follow-up

-12 did not come for their planned visit

n for follow-up

-12 not eligible

59 | eligible

-25 did not want to participate

34 | tookpartinall but cognition assessment

-5 insufficient Danish or excluded
due to the existing neurological disorder

29 v included for cognition assesment

Fig. 1 Flow-chart for recruitment of patients in post-COVID
cognition assessments.

tween patients and the HC group with independent samples t-tests
or Mann-Whitney U tests for normally and non-normally distributed
data, respectively. Effect sizes for significant differences were es-
timated with Cohen’s d.

Research questions (lI) and (lll), regarding the relation be-
tween objective cognitive impairments and subjective cognitive
complaints, quality of life and work function, and between ob-
jective cognition and illness variables were analysed with Pear-
son’s correlations or Spearman’s rho for normally and non-normally
distributed data, respectively. Consistent with our previous ap-
proach (Ott et al., 2021), the RCI for patients’ SCIP Total scores
was used as a measure of ‘global cognitive impairment’ in the
analyses of associations between cognitive impairment and illness
variables.

3. Results

3.1. Participant characteristics

Fig. 1 illustrates the recruitment process. Following hos-
pitalisation for COVID-19 at Bispebjerg Hospital, 70% of
hospitalised patients (n = 83) were offered a 3-4 months
follow-up visit of whom n = 71 (86%) accepted. Of these,
n = 12 patients were excluded due to substantial language
barriers or disabilities. Of the 59 eligible patients, n = 34
(67%) chose to take part in the study. The remaining pa-
tients stated that they had insufficient time and energy to
take part. Of the patients who agreed to take part, n =5
patients were excluded from the cognition assessments
because of insufficient fluency in Danish or pre-existing
neurological comorbidity. The final sample or the cognition
assessments thus included n = 29 patients.
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Table 1 displays demographic and clinical characteristics
of patients and demographic characteristics of the pre-
existing matched healthy control (HC) group (n = 100).
Patients were generally healthy prior to their COVID-19
infection with the main comorbidity being asthma (34%).
The HC control group drawn from our pre-existing norma-
tive database was matched to patients on age, sex and
education levels (Table 1).

3.2. (I) What is the frequency, pattern and
severity of patients’ cognitive impairments?

Fig. 2 illustrates the proportion of patients with clinically
relevant global and selective cognitive impairments, re-
spectively, based on two applied cut-offs for clinically rel-
evant impairments in comparison with the expected per-
formance based on their age, sex and education levels (A
and B) and in comparison with the age-, sex- and education-
matched HC group (C). Using the recommended criterion for
global impairment defined as SCIP total scores > 0.5 SD be-
low the demographically adjusted predicted scores, 18 pa-
tients (62%) were classified as globally cognitively impaired
with one additional patient (3%) showing selective cognitive
impairment (A); hence, yielding a total of n = 19 (65%) of
patients being classified as cognitively impaired. Using the
more conservative cut-off for global cognitive impairment,
defined as SCIP total scores being >1 SD below demographi-
cally adjusted norms, yielded n = 11 patients (38%) as glob-
ally impaired and another six (21%) with selective impair-
ments; hence, in total n = 17 (59%) of the patient sam-
ple being cognitively impaired (B). Finally, the frequency
of clinically relevant impairments was estimated based on
comparisons with the matched HC sample. Using the cut-off
of SCIP total scores >1SD below the HC group mean (i.e.,
cut-off <66), n = 11 patients (38%) were identified as glob-
ally impaired, and n = 7 patients (24%) as selectively im-
paired (scores >1SD below HC group mean on >2 tests);
in total, n = 18 patients (62%) showing cognitive impair-
ments; i.e., the same as in (B). Subjective cognitive diffi-
culties in daily life were generally high, with 83% of patients
experiencing severe cognitive difficulties (CFQ scores>43;
Table 2).

Fig. 3 illustrates the patients’ actual SCIP and TMT-B
scores in comparison with (A) their expected demographi-
cally adjusted normative scores on the SCIP Total and five
subtests based on the regression-based formula (Supple-
mentary Table 1) and the Danish age- and education ad-
justed TMT-B norms (Joergensen, 2012) and (B) the per-
formance of the matched HC sample on the SCIP Total
and the five SCIP subtests (TMT-B scores had not been
collected in our HC sample). Comparison between pa-
tients actual and expected scores revealed that on aver-
age, patients displayed pronounced global cognitive im-
pairment on the SCIP with a large effect size (SCIP To-
tal: t=-3.60, df=28, p = 0.001, Cohen’s d=-0.85) and
verbal learning and executive function impairments with
large effect sizes for (VLT-l: t=-3.12, df=28, p = 0.004,
Cohen’s d=-0.81; TMT-B: t=-3.46, df=28, p = 0.002,
Cohen’s d=—0.81). Moderate impairments were observed
within working memory, verbal fluency and psychomotor
speed (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?) 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.

B

& &

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.)
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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 Expected scores Healthy controls P-value all P-value all patient
(n=29) based on age, sex, (n = 100) patients actual vs.  vs. healthy
and education expected controls
SCIP total score, 67.4 (13.9) 75.2 (4.6) 75.0 (9.1) 0.001 0.01
mean (SD)
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 19 (83)

severe complaints,

scores >43, number

(%)

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.

A SCIP Total SCIP subtests

I P B Actual Trail Making Test B
78 25 * O Expected k¥
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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.

VFT: t=-2.32, df=28, p = 0.03, Cohen’s d=-0.59; PMT: d=-0.70), and moderate impairments in verbal learning
t=—2.15, df=28, p = 0.04, Cohen’s d=—0.51). In contrast, and working memory (VLT-l: t=—3.06, df=127, p = 0.003,
patients were not significantly impaired on the test of de- Cohen’s d=—0.62; WMT: t=-2.11, df=34.0, p = 0.04, Co-
layed verbal memory (VLT-D: p = 0.16). hen’s d=-—0.44). Again, patients’ delayed memory perfor-

Similar findings were obtained in analyses comparing mance was unimpaired (VLT-D: p = 0.17), whereas there was
patients with the matched HC group; Patients displayed only a non-significant trend toward verbal fluency and psy-
global cognitive impairments with a moderate to large ef- chomotor speed impairments in patients compared with HC
fect size (SCIP total: t=—2.78, df=35.3, p = 0.01; Cohen’s (VFT: p = 0.08; PMT: p = 0.09).
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3.3. (ll) Are objective cognitive impairments
associated with subjective cognitive complaints,
quality of life and work function?

Subjective cognitive complaints (CFQ Total scores) cor-
related significantly with objectively measured global
cognitive impairments (Pearson’s correlation; SCIP Total
deviation from expected scores; r=—0.62, p = 0.002)
and executive dysfunction (Pearson’s correlation; TMT-B
deviation from expected scores; r=—0.45, p = 0.03).

Regarding quality of life measurements, more global cog-
nitive impairment and executive dysfunction both corre-
lated with greater difficulty within EQ5D ‘usual activity’ and
‘anxiety and depression’ (Pearson’s correlations between
SCIP and: usual activity: r=—0.47, p = 0.03; anxiety and
depression: r=—0.64, p = 0.001, and between TMT-B and:
usual activity: r = 0.49, p = 0.02; anxiety and depression:
r = 0.51, p = 0.01). More executive dysfunction also cor-
related with greater difficulties in the domain of ‘personal
care’ (Pearson’s correlation; r = 0.46, 0.03) and more ab-
senteeism (Spearman’s rho: r=—0.62, p = 0.01).

3.4. (Ill) Is the severity of cognitive impairments
associated with illness severity variables?

Investigation of the relation between cognitive status and
severity of acute COVID-19 illness revealed no associations
between global cognitive impairments and length of hospi-
talisation, total oxygen requirements during hospitalisation,
time since discharge or the following acute illness sever-
ity markers: lymphocytes, CRP, ferritin, or need for high
flow nasal oxygen (HFNC) (p-levels>0.56). There was also
no significant correlation between maximum d-dimer levels
and global cognitive impairment (p-levels>0.10). However,
higher d-dimer levels did correlate moderately with poorer
delayed verbal recall and psychomotor speed, respectively
(Pearson’s correlations: VLT-D: r=-0.50, p = 0.03; PMT:
r=-0.64, p = 0.004).

With respect to pre-existing comorbidity and other po-
tential sources of cognitive impairments, cognitive impair-
ments were not significantly associated with co-existing
asthma, number of pre-existing comorbidities according to
the Charlson comorbidity index or high body mass index
(BMI) (p-values>0.09). Only one patient had required me-
chanical ventilation, rendering the effects of mechanical
ventilation on cognition impossible to assess in this study.

Regarding associations between cognitive and pulmonary
dysfunction, more global cognitive impairment and execu-
tive dysfunction both correlated with severity of respiratory
symptoms according to the ACQ (Spearman’s rho: SCIP Total
deviation: r=—0.56, p = 0.009; TMT-B deviation: r = 0.44,
p = 0.02) and CAT (Spearman’s rho: SCIP total deviation,
r=-0.39, p=0.050; TMT-B: r = 0.64, p<0.001). More global
cognitive impairment also correlated with poorer pulmonary
function, as reflected by lower forced expiratory volume in
one second (FEV1; Spearman’s rho, r = 0.37, p = 0.049).
In contrast, there was no correlation between global cog-
nitive impairments and MRC dyspnoea, CT or DLCO scores
(p-levels>0.18).
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4. Discussion

In this study at the outpatient clinic at the Department
of Respiratory Medicine, Copenhagen University Hospital,
we examined objective performance-based and subjec-
tively rated cognitive functions in 29 COVID-19 patients 3-
4 months after their hospital discharge. The percentage of
patients with clinically significant objective cognitive im-
pairment ranged from 59% to 65%, depending on the cut-off
scores applied for determining clinically relevance of the
impairment, with verbal learning and executive functions
being most affected. More than 80% of patients reported ex-
periencing severe cognitive difficulties in daily life. Greater
objective cognitive impairments were associated with more
subjective cognitive difficulties, absenteeism and poorer
quality of life. Poorer pulmonary function and more respi-
ratory symptoms after recovery were associated with more
cognitive impairments. Among acute illness severity mark-
ers, higher maximum d-dimer levels correlated with poorer
verbal recall and psychomotor speed. In contrast, cogni-
tive performance was not associated with length of hospi-
talisation, oxygen requirements, CT scores, comorbidity or
inflammation.

Given the lack of consensus what constitutes clinically
relevant cognitive impairment, we applied two distinct
cut-offs -one that was previously recommended for pa-
tients with psychiatric disorders (see Miskowiak et al., 2018;
Ott et al., 2021), and a more conservative cut-off con-
sistent with other studies (Gualtieri and Morgan, 2008;
Jensen et al., 2015; Ott et al., 2015). We also compared
patients’ cognitive performance to that of a healthy con-
trol group matched for age, sex and education years to
examine the validity of our newly developed regression-
based formulas for estimating patients’ expected cogni-
tive performance adjusted for their age, sex and educa-
tional levels (Ott et al., 2021). These different cut-offs and
complementary approaches revealed highly consistent re-
sults, categorising 59-65% of patients with clinically rele-
vant impairments with large effect sizes for verbal learn-
ing and executive functions (Figs. 2 and 3). Our observa-
tion of broad cognitive impairments across verbal learn-
ing, executive function and working memory is consistent
with the findings of a largescale internet-based study of
>84,000 people that showed substantial cognitive impair-
ments across several cognitive domains in both hospitalised
and non-hospitalised patients (Hampshire et al., 2020). Im-
paired executive functions were also observed in 33% of
COVID-19 patients after hospital discharge (Helms et al.,
2020) and in patients with other acute respiratory dis-
tress syndrome diseases before the COVID-19 pandemic
(Sasannejad et al., 2019). In contrast, only selective sus-
tained attention difficulties were observed in a study in 29
patients who had recovered from COVID-19 without hospi-
talisation (Zhou et al., 2020), while only selective execu-
tive dysfunction was found in 58 patients 2-3 months af-
ter hospital discharge (Raman et al., 2021) despite struc-
tural brain abnormalities. This discrepancy may be ex-
plained by suboptimal cognitive test batteries in the two
latter studies that either tapped into only sustained atten-
tion and executive function (Zhou et al., 2020) or were de-
signed for dementia evaluation and thus likely associated
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with ceiling effects in younger, non-demented populations
(Raman et al., 2021).

While it is unclear how long the cognitive impairments af-
ter COVID-19 prevail, hospitalised patients with other respi-
ratory diseases have been found to display impairments for
several years (Hopkins et al., 2005; Sasannejad et al., 2019).
We found no association between the length of time since
hospital discharge and the severity of cognitive impairments
in this cross-sectional report but our planned follow-up as-
sessments again 12 months after hospital discharge will pro-
vide better insight into whether impairments resolve with
time. Nevertheless, the observed cognitive impairment in
59-65% of our patient cohort four months after hospital dis-
charge and its association with poorer quality of life (in-
cluding more depression and anxiety) and impaired work
functioning point to a pressing need for systematic cognition
screening and targeted treatments for patients with persis-
tent cognitive impairments after COVID-19. Based on these
observations, we now offer patients who have been hospi-
talised with COVID-19 at Bispebjerg Hospital, Copenhagen,
cognition screening as part of their four months follow-up
assessment at the hospital’s multi-disciplinary long-COVID
outpatient clinic. It is likely that the observed association
between cognitive impairments and anxiety and depression
was bi-directional: more cognitive impairments may create
more anxiety and depression due to difficulties with over-
coming cognitive challenges in daily life; conversely, more
anxiety and depression symptoms could also impair cogni-
tive test performance. Attention should therefore be given
to both cognitive and mood symptoms after severe COVID-
19. Specifically, treatments that improve cognitive func-
tions may also aid patients’ stress resilience and, thereby,
their mental health outcomes after COVID-19 hospitalisa-
tion (Vinkers et al., 2020). One of the most promising treat-
ments is with the multifunctional hormone erythropoietin
(EPO), which plays a key role in neuroprotection and neu-
roplasticity and has been found by our and other groups to
improve cognitive functions across a range of neuropsychi-
atric diseases (Ehrenreich et al., 2020). Future studies are
thus warranted to investigate the potential of EPO to re-
verse cognitive impairments after COVID-19.

In our patient cohort, persistent pulmonary dysfunc-
tion was observed in most patients (Johnsen et al., in re-
view). The relation between more cognitive impairments
and poorer pulmonary function suggests that reduced oxy-
gen delivery to the brain may play a role in patients’
cognitive impairments. In keeping with this interpretation,
poorer verbal memory and lower psychomotor speed corre-
lated with higher d-dimer levels - a marker of thrombosis
or pulmonary coagulation disorder, which may suggest vas-
cular consequences cerebrally, perhaps with hypoxia of the
brain or direct damage from micro-embolisms. This would
explain the pronounced impairments in verbal learning and
memory, which depend on the integrity of the hippocampus,
a brain region highly susceptible to hypoxia (Hota et al.,
2007). Importantly, these putative pathogenic processes
may not be specific to COVID-19; hypoxia has been high-
lighted as a common cause of cognitive decline in acute res-
piratory distress syndrome that is associated with cerebral
atrophy (Hopkins et al., 2006) and degree of verbal mem-
ory and executive function impairments (Hopkins et al.,
2005). In contrast, the lack of associations between cog-
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nitive impairments and inflammation markers indicate that
immune response and associated cerebral microglia activa-
tion may not play a strong role in the cognitive sequelae of
COVID-19.

A key question is that of the generalisability of our find-
ings given potential biased sampling. As shown in Fig. 1,
one-third of patients declined to take part in our study
at their follow-up assessment. It is possible that these pa-
tients declined because they experienced no lingering symp-
toms consistent with evidence that 25% of hospitalised pa-
tients do not experience long-COVID (1). Consequently, our
findings may primarily be generalised to more severely af-
fected patients who experience long-COVID and should be
interpreted in the context of potentially confounding fac-
tors such as hospitalization, isolation and medications. If,
we hypothetically take account of these 25% and assum-
ing that these patients had no subjective or objective cog-
nitive impairments, the percentage of patients with se-
vere subjective cognitive difficulties would fall to about
60%, while the percentage with clinically significant ob-
jective cognitive impairments would fall to 35-40%; num-
bers that would still be clinically significant. Further, it is
notable that our patient sample had little pre-existing so-
matic comorbid conditions and that cognitive impairments
were not associated with comorbidity. Consistent with this,
a largescale internet-based cognition study found that the
cognitive impairments after COVID-19 prevailed in analyses
adjusted for pre-existing comorbid conditions (Hampshire
et al., 2020).

A strength of the study was its multi-disciplinary ap-
proach, which enabled comprehensive investigation of phys-
ical and cognitive consequences of illness and their rela-
tion. A limitation, however, was the modest sample size
which may have masked any additional significant findings
(type Il error). Another limitation was the absence of a con-
trol group of patients who had been hospitalised with an-
other respiratory disease, which precluded inferences re-
garding the specificity of patients’ cognitive impairments to
COVID-19 illness. Further, the cross-sectional design was a
limitation since it is unclear whether the cognitive impair-
ments existed prior to COVID-19 or were a consequence of
illness. However, our comparison between patients’ perfor-
mance and (i) individually calculated expected performance
based on their age, sex and education and (ii) a matched HC
sample provided highly consistent estimations of the pro-
portion with clinically relevant impairments as well as the
profile of these impairments. Finally, the SCIP is a brief cog-
nition screener, originally developed and validated for pa-
tients with psychiatric disorders (Ott et al., 2021) and can-
not replace a comprehensive neuropsychological examina-
tion. In the interest of brevity, the SCIP also does not as-
sess executive functions. Executive function tests (like the
TMT-B) must thus be co-administered for insights into this
cognitive domain.

In conclusion, we demonstrate in our sample of 29
patients that 59-65% suffer from clinically relevant cog-
nitive impairments 3-4 months after hospitalisation with
COVID-19, which have large effect sizes for global cogni-
tion, verbal learning and executive functions. Cognitive
impairments were associated with the degree of long-term
pulmonary dysfunction and respiratory symptoms and with
d-dimer levels during acute illness, suggesting a potential
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link to restricted oxygen delivery to the brain. Our findings
are consistent with emerging evidence for high prevalence
of cognitive consequences of COVID-19 and associated
functional impairments. Based on these findings, it is
imperative that future studies investigate the long-term
consequences of COVID-19 for cognition, vocational func-
tioning and quality of life. There is also a pressing need for
investigation of potential pro-cognitive treatments, such as
EPO, for the substantial proportion of patients who suffer
from persistent cognitive and functional impairments after
COVID-19 illness.
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