
Nature Medicine

nature medicine

https://doi.org/10.1038/s41591-024-03309-8Article

Posthospitalization COVID-19 cognitive 
deficits at 1 year are global and associated 
with elevated brain injury markers and gray 
matter volume reduction

The spectrum, pathophysiology and recovery trajectory of persistent 
post-COVID-19 cognitive deficits are unknown, limiting our ability to 
develop prevention and treatment strategies. We report the 1-year cognitive, 
serum biomarker and neuroimaging findings from a prospective, national 
study of cognition in 351 COVID-19 patients who required hospitalization, 
compared with 2,927 normative matched controls. Cognitive deficits were 
global, associated with elevated brain injury markers and reduced anterior 
cingulate cortex volume 1 year after COVID-19. Severity of the initial infective 
insult, postacute psychiatric symptoms and a history of encephalopathy 
were associated with the greatest deficits. There was strong concordance 
between subjective and objective cognitive deficits. Longitudinal follow-up 
in 106 patients demonstrated a trend toward recovery. Together, these 
findings support the hypothesis that brain injury in moderate to severe 
COVID-19 may be immune-mediated, and should guide the development of 
therapeutic strategies.

Cognitive deficits have been widely reported in postacute COVID-19 
patients across the respiratory disease severity spectrum; however, 
their recovery trajectory and pathophysiology remain unknown1,2. The 
most severely impacted patients are likely to be those with symptoms 
of and clinical evidence for neurological or psychiatric complications 
secondary to COVID-19 (ref. 3). However, most previous studies have 
not included these patients despite such complications being pre-
sent in up to one-third of patients in the 6 months following COVID-19 
diagnosis, including diagnoses such as stroke, movement disorders 
and psychosis4. Early data suggested that the most common acute 
neurological complication of COVID-19 was encephalopathy, overlap-
ping with delirium and subacute delirium in the context of COVID-19 
(refs. 5,6). Many of the extant studies that have used optimal or multi-
domain measures of cognitive performance have not also examined 
biological substrates7–9. Similarly, there are few neuroimaging studies 
that combine quality neuroimaging measures and the assessment of 
cognition across multiple cognitive domains, with the utilization of 

sensitive, precise and objective assessments, in both post-COVID indi-
viduals and appropriately matched controls10–13. In addition, there are 
scarce studies with follow-up cognitive and neuroimaging data to allow 
understanding of recovery trajectories and prognostic markers8,9,14.

Early evidence suggested that COVID-19 patients primarily suf-
fered from a dysexecutive syndrome during acute infection15. However, 
the domain-specific pattern of cognitive impairment in the posta-
cute phase, commonly defined as beyond 3 months after COVID-19 
symptom onset16,17, has not been well characterized18,19. Similarly, the 
biological basis of these objective cognitive deficits remains unclear, 
particularly the degree of brain injury and associated changes in struc-
tural neuroimaging. Given that COVID-19 is very rarely neuroinva-
sive, with little robust evidence for SARS-Cov-2 virions in the brain17, 
the impact on the brain is hypothesized to be via immune-mediated 
para- and postinfectious phenomena20,21, or else indirect effects via 
neuropsychiatric, psychological and social consequences of illness 
and the pandemic more generally. The para-infectious brain insult 
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(−1.20 (1.75)) or inflammatory (−0.98 (1.55)) complications (Fig. 2a). 
Before COVID-19 illness, 11 of 137 (8%) NeuroCOVID and 15 of 152 (10%) 
COVID patients were concerned about their memory, increasing to 84 
of 139 (60%) and 66 of 150 (44%) after COVID-19 illness respectively, 
of whom 35 of 82 (43%) and 45 of 66 (68%), respectively, perceived 
their memory problems to be progressive. Memory concerns were 
associated with greater objective deficits in median (IQR) GDfE scores 
in both NeuroCOVID (−1.26 (1.51) versus −0.76 (1.83), Mann–Whitney 
U = 5,444, estimate (confidence interval (CI)) 0.488 (0.119–0.841), effect 
size = 0.19, P = 0.009) and COVID groups (−1.30 (1.78) versus −0.59 
(1.39), U = 4,175, estimate (CI) 0.691 (0.334–1.06), effect size = 0.29, 
P < 0.001). The positive predictive value of memory concerns for a 
GDfE score below expected (<0) and for poor cognitive performance 
(GDfE < −1) were similar in the NeuroCOVID (0.92 and 0.58), and COVID 
(0.89 and 0.59) groups respectively.

Hypothesis 2: cognitive domains. Analysis of individual tasks identi-
fied global impairment across all cognitive domains in both accuracy 
and response time (RT) for all clinical diagnostic groups (Fig. 2b and 

demonstrated in COVID-19 is unlikely to be unique to SARS-CoV-2 
infection given that similar findings have been demonstrated in other 
systemic infections and critical illness22–24 and therefore improved 
understanding of postacute cognitive impairment in this setting may 
be translatable to other clinical cohorts.

Ultimately, the current lack of evidence limits our ability to advise 
and manage patients with ongoing cognitive symptoms that can have 
a marked impact on quality of life and healthcare systems25–27. There is 
an urgent need to comprehensively study COVID-19 patients includ-
ing in-depth clinical, biological and cognitive phenotyping, as well 
as longitudinal follow-up. The COVID-19 Clinical Neuroscience Study 
(COVID-CNS) is a prospective, national study of the neurological and 
psychiatric complications of COVID-19. This analysis aims to charac-
terize postacute cognitive impairment and explore the role of serum 
and neuroimaging biomarkers in adults hospitalized with COVID-19, 
with and without acute clinical neurological and psychiatric complica-
tions. Analyses were conducted according to a preregistered statistical 
analysis plan28 to test the following hypotheses:

	(1)	 COVID-19 is associated with postacute objectively measurable 
cognitive deficits.

	(2)	Certain cognitive domains are more greatly impaired than others.  
Executive function will be disproportionately impaired in rela-
tion to accuracy and reaction time.

	(3)	Cognitive deficits correlate with age, World Health Organization 
(WHO) COVID-19 disease severity, presence of an acute neuro-
logical or psychiatric complication, multimorbidity and mental 
health comorbidities, Rockwood Clinical Frailty Scale, and acute 
serum inflammatory markers.

	(4)	Educational attainment and previous treatment with dexameth-
asone during acute illness may be protective.

	(5)	Postacute cognitive deficits are associated with structural volu-
metric changes on magnetic resonance imaging (MRI).

Results
Study population
The analysis included 351 COVID-CNS participants and a normative 
comparator group of 2,927 subsampled age, sex, first language and 
education level matched community controls (Fig. 1). Participants were 
identified if they did not have a previous neurological diagnosis, and 
were assessed at a single postacute appointment median (interquartile 
range (IQR)) 384 (155–574) days after COVID-19, including cognitive 
testing, self-reported measures, neuroimaging and serum sampling. 
Within the COVID-CNS cohort, the median (IQR) age was 54 (44–63) 
years, 202 (58%) were male, 271 of 348 (78%) were of white ethnicity and 
89 of 311 (29%) had severe SARS-CoV-2 disease symptoms, as per the 
WHO clinical severity scale (Table 1)29. In total, 57 of 294 (19%) patients 
had been vaccinated with two doses against SARS-CoV-2 at least two 
weeks before COVID-19; and 257 of 306 (84%) of patients had received 
two doses by the time of their postacute assessment. Some 190 of 351 
(54%) patients had a neurological or psychiatric complication associ-
ated with their COVID-19 illness (the NeuroCOVID group with six clinical 
diagnostic subgroups) and 161 of 351 (46%) had no neurological com-
plication (the COVID group) (Fig. 1). Compared with the COVID group, 
the NeuroCOVID group were more likely to have mild COVID-19, were 
assessed earlier post-COVID-19 and had higher self-rated scores for 
mental health measures (Table 1).

Cognition
Hypothesis 1: cognitive deficits. Patients in all groups were sig-
nificantly less accurate and slower in their responses than would be 
expected based upon their demographics compared with subsampled 
normative data (Fig. 2a). The lowest Global Deviation from Expected 
(GDfE (IQR)) scores were seen in patients who had had encephalopathy 
(−1.51 (2.87)) and to a lesser extent those who had had cerebrovascular 

Total participants
805

Vaccine complication
60
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351 (biomarkers, neuroimaging)

Cerebrovascular
37 (35, 12)

Encephalopathy
29 (24, 12)

Other
33 (28, 18)

MOCA only
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37 (36, 16)
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Technical correction
29

No cognitive assessment
284

Normative-  
subsampled

cognitive data
n = 2,927

COVID
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7
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included n = 6a

Fig. 1 | Flow diagram of patients included from the COVID-CNS. Nationally 
at least 16,279 patients were screened of whom at least 2,712 were eligible. 
Matched community data were collected separately and held in a large 
normative database. ‘Other’ includes autonomic dysfunction3, cerebral hypoxic 
injury2, headache6, headache and fatigue2, hyperkinetic movement disorder2, 
Parkinsonian movement disorder2, seizures7 and speech and sensory1. aSix 
patients with ‘anosmia/ageusia’ reclassified as COVID from NeuroCOVID. The 
parentheses show n with biomarkers, n with neuroimaging. MOCA, Montreal 
Cognitive Assessment.
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Extended Data Table 1)—and no evidence for domain-specific deficits. 
In addition, this pattern of generalized cognitive impairment did not 
vary significantly according to the clinical diagnostic group (effect 
size, eta2 = 0.04, P = 0.151).

Recovery. In total, 106 patients completed at least one follow-up 
assessment. Follow-up 1 was completed by 51 NeuroCOVID and 30 
COVID patients at a median (IQR) of 111 (102–163) days after their post
acute appointment. Of these participants, 48 of 51 NeuroCOVID and 27 
of 30 COVID patients had serum sampling for brain injury markers at the 
original postacute appointment, and 21 of 51 and 15 of 30 respectively, 
had neuroimaging. The NeuroCOVID and COVID groups at follow-up 1 
were of similar median (IQR) age (57 (46–65) and 53 (48–60) years) and 
sex (31 of 51 (61%) and 20 of 30 (67%) male respectively) as the cohort as 
a whole, but both groups had higher median (IQR) GDfE (−0.61 (−1.34 to 
−0.16) and −0.60 (1.08 to 0.075)) at their initial postacute assessment 
(Supplementary Tables 3 and 4). In both the NeuroCOVID and COVID 
groups, there was evidence of recovery in cognitive performance com-
paring the postacute assessment to both follow-up 1 and follow-up 2, 
but not between follow-up 1 and follow-up 2 (Fig. 2c). Multiple linear 
regression models accounting for age and timing of COVID-19 found 
no significant associations with recovery in the NeuroCOVID group 
(coefficient of determination, R2 = 0.30, P = 0.66) and the COVID group 
(R2 = 0.23, P = 0.78) (Extended Data Table 2).

Hypotheses 3 and 4: associated clinical factors. The clinical factors 
associated with cognitive impairment differed in the NeuroCOVID and 
COVID groups (Table 2 and Extended Data Table 3). In both NeuroCOVID 
and COVID groups respectively, correlation matrices revealed high cor-
relation between scores in the Patient Health Questionnaire-9 (PHQ-9) 
and PTSD Checklist for DSM-5 (PCL-5) (0.78, 0.79), Generalized Anxiety  
Disorder Assessment (GAD-7) (0.71, 0.83), Chalder Fatigue Scale  
physical (0.54,0.49) and mental (0.43, 0.51) subscales and subjective 
cognitive impairment (0.42, 0.64). There was a significant difference 

Table 1 | Demographics of cohort, comparing NeuroCOVID 
and COVID groups

Characteristic Overall 
(N = 351)a

NeuroCOVID 
(N = 190)a

COVID 
(N = 161)a

P valueb

Age (years) 54 (44, 63) 54 (43, 63) 54 (44, 62) 0.973

Sex 0.061

  Female 149 (42) 72 (38) 77 (48)

  Male 202 (58) 118 (62) 84 (52)

First language 0.4

  English 307 (87) 169 (89) 138 (86)

  Other 44 (13) 21 (11) 23 (14)

Level of education 0.022

  None of the below 27 (7.7) 10 (5.3) 17 (11)

 � College or university 
degree

166 (47) 83 (44) 83 (52)

 � A levels/AS levels or 
equivalent (school/
vocational)

30 (8.5) 17 (8.9) 13 (8.1)

 � O levels/GCSEs or 
equivalent (school/
vocational)

78 (22) 47 (25) 31 (19)

 � CSEs or equivalent 
(school/vocational)

20 (5.7) 13 (6.8) 7 (4.3)

 � NVQ or HND or HNC 
or equivalent (school/
vocational)

23 (6.6) 15 (7.9) 8 (5.0)

 � Other professional 
qualifications 
(school/vocational)

7 (2.0) 5 (2.6) 2 (1.2)

Premorbid Clinical 
Frailty Scale

0.013

  Managing well (1–3) 261 (91) 137 (87) 124 (96)

  Mild (4–5) 23 (8.0) 18 (11) 5 (3.9)

 � Moderate–severe 
(6–8)

3 (1.0) 3 (1.9) 0 (0)

  Unknown 64 32 32

WHO COVID-19 Severity <0.001

 � Ambulatory mild 
disease

84 (27) 61 (39) 23 (15)

 � Hospitalized: 
moderate

138 (44) 47 (30) 91 (59)

  Hospitalized: severe 89 (29) 49 (31) 40 (26)

  Unknown 40 33 7

Days since COVID-19 384 (155, 574) 341 (179, 463) 473 (138, 728) 0.005

  Unknown 41 32 9

Admission date 0.026

 � 1 March 2020 to  
31 August 2020

93 (29) 49 (28) 44 (30)

 � 1 September 2020 to 
28 February 2021

107 (33) 64 (37) 43 (29)

 � 1 March 2021 to  
31 August 2021

42 (13) 28 (16) 14 (9.5)

 � 1 September 2021 to 
28 February 2022

61 (19) 23 (13) 38 (26)

 � 1 March 2022 to  
31 August 2022

17 (5.3) 8 (4.7) 9 (6.1)

  Unknown 31 18 13

Previous COVID-19 
vaccinationc

57 (19) 31 (20) 26 (18) 0.7

  Unknown 57 37 20

Characteristic Overall 
(N = 351)a

NeuroCOVID 
(N = 190)a

COVID 
(N = 161)a

P valueb

Acute steroid treatment 148 (48) 72 (45) 76 (52) 0.2

  Unknown 45 29 16

Memory concerns 164 (47) 98 (52) 66 (41) 0.048

  Unknown 2 1 1

PHQ-9 score 5.0 (2.0, 10.0) 6.0 (2.0, 10.0) 4.0 (1.0, 9.5) 0.042

  Unknown 36 18 18

GAD-7 score 3.0 (0, 8.0) 3.0 (0.5, 8.0) 2.5 (0, 6.0) 0.13

  Unknown 30 15 15

PCL-5 score 10 (2, 22) 12 (4, 24) 6 (1, 19) 0.002

  Unknown 99 49 50

Cognitron Global Score −0.92  
(−1.83, −0.26)

−1.11  
(−2.00, −0.35)

−0.83  
(−1.70, −0.19)

0.063

Cognitron Accuracy −0.89  
(−1.58, −0.21)

−1.04  
(−1.67, −0.29)

−0.75  
(−1.53, −0.09)

0.050

Cognitron RT 0.61  
(−0.05, 1.54)

0.70  
(−0.04, 1.78)

0.50  
(−0.06, 1.39)

0.11

a Values are shown as median (IQR) or n (%). b Two-sided Wilcoxon rank sum test, Pearson’s 
chi-squared test or Fisher’s exact test. c Binary. ‘Yes’ if the patient had received at least two 
doses of SARS-CoV-2 vaccine with the most recent dose at least two weeks before COVID-19; 
‘No’ otherwise. A level, Advanced level; AS level, Advanced Subsidiary level; CSE, Certificate 
of Secondary Education; GCSE, General Certificate of Secondary Education; HNC, Higher 
National Certificate; HND, Higher National Diploma; NVQ, National Vocational Qualifications; 
O level, Ordinary level.

Table 1 (continued) | Demographics of cohort, comparing 
NeuroCOVID and COVID groups
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Fig. 2 | Cognitive scores and recovery trajectories. a, Violin plot of DfE cognition 
scores by diagnostic group including median (IQR) (black). Statistics compare 
each group with normative data, n = normative (2,927), cerebrovascular37, 
encephalopathy29, inflammatory21, neuropsychiatric33, peripheral37 and other33. 
Exact P values are listed in Supplementary Table 8. b, Pattern of deficits in 
clinical groups by median DfE accuracy and responsive time minus matched 
community controls across six cognitive tasks. Exact effect sizes and P values 
in listed Supplementary Table 9. c, Recovery trajectories in NeuroCOVID and 

COVID patients following postacute assessment. A black dot indicates a single 
observation, lines connect paired observations between postacute assessment 
and follow-up 1, and follow-up 1 and follow-up 2. Center line, median; box limits, 
upper and lower quartiles; whiskers, 1.5× IQR; the dashed line shows normal 
cognition; the numbers under the x axis show n for each assessment. *P < 0.05, 
**P < 0.01, ***P < 0.001 two-sided Mann–Whitney U-test, adjusted for multiple 
comparisons based on the FDR approach in a and b (adjusted for n = 8 and n = 12 
comparisons, respectively). 2D, two-dimensional; NS, nonsignificant.
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between the NeuroCOVID and COVID groups in terms of days between 
COVID-19 illness and postacute assessment (Table 1) (U = 9,787, estimate 
(CI) 96 (27–175) days, effect size = 0.16, P = 0.005); however, days since 
COVID-19 was not significantly correlated with GDfE in the NeuroCOVID 
group (coefficient (s.e.) = 0.00092 (0.00059)) or the COVID group 
−0.00018 (0.00032)).

Multiple linear regression models were developed based upon 
complete case analysis (Table 2 and Supplementary Table 6). For the 
NeuroCOVID clinical model, 92% of individual data points were present 
and the rates of missingness in the included variables were: days since 
COVID-19 (17%), WHO COVID-19 severity (17%), Clinical Frailty Scale 
(17%), steroid treatment (15%), PHQ-9 score (9%), admission date (9%), 
age (0%), recruitment site (0%), diagnostic group (0%), education cat-
egory (0%) and multimorbidity (0%). The NeuroCOVID clinical model 
(n = 93 of 190) did not explain a significant proportion of the variance 
(R2 = 0.28, P = 0.44).

In the COVID clinical model, 94% of individual data points were 
available and the missingness of included variables was: Clinical Frailty 
Scale (20%), PHQ-9 score (11%), steroid treatment (10%), admission date 
(8%), days since COVID-19 (6%), WHO COVID-19 severity (4%), age (0%), 
recruitment site (0%), education category (0%) and multimorbidity 
(0%). The COVID clinical model (n = 89 of 161, R2 = 0.42, P = 0.003) dem-
onstrated that GDfE score was associated with symptoms of depression 
(effect size (s.e.) = −0.063 (0.024), P = 0.013) and multimorbidity (−0.18 
(0.088), P = 0.046).

Serum markers: brain injury markers. Median (IQR) 384 (155–
574) days after COVID-19, median (IQR) serum neurofilament light 
chain (NfL, a marker of axonal injury), and glial fibrillary acidic protein 
(GFAP; a marker of astrocyte injury) were significantly raised in patients 
who had had COVID-19 compared with healthy controls (healthy con-
trol versus COVID: NfL 5.46 (3.66–10.5) versus 12.4 (9.2–18.0) pg ml−1 
(U = 2,151, estimate (CI) = 5.84 (4.09 to 7.54), effect size = 0.41, P < 0.001) 
and GFAP 42.4 (33.3–69.6) versus 94.3 (65.6–128.2) pg ml−1 (U = 1,824, 
estimate (CI) = 43.4 (31.2 to 56.8), effect size = 0.46, P < 0.001)). NfL 
and GFAP were further raised in those with neurological complica-
tions (COVID versus NeuroCOVID: NfL 12.4 (9.2–18.0) versus 15.2 
(10.5–21.7) pg ml−1 (U = 10,234, estimate (CI) = 2.64 (4.33 to 1.07), 
effect size = 0.18, P = 0.001) and GFAP 94.3 (65.6–128.2) versus 105.4 
(79.9–154.8) pg ml−1 (U = 11,246, estimate (CI) = 12.3 (23.6 to 0.685), 
effect size = 0.12, P = 0.039)) (Fig. 3a). Tau was raised exclusively in 
those with neurological complications (COVID versus NeuroCOVID: 
0.69 (0.40–1.22) versus 1.32 (0.57–1.98) pg ml−1 (U = 8,854, estimate 
(CI) = 0.452 (0.260 to 0.661), effect size = 0.27, P < 0.001)).

Hypothesis 5: structural volumetric changes on MRI. Participants 
who underwent neuroimaging in the NeuroCOVID (n = 84 of 190) and 
COVID (n = 73 of 161) groups were similar to the overall cohort in median 
(IQR) age (52 (44–60) and 51 (45–57) years) and proportion of males (60 
of 84 (71%) and 45 of 73 (62%)). The thickness and volume of regions rep-
resented by the composite image-derived phenotype (IDP) z-scores did 
not differ significantly between NeuroCOVID and COVID groups (Fig. 3b 
and Extended Data Table 4). One-way analysis of variance revealed a 
significant difference in IDP composites between diagnostic subgroups 
in terms of global thickness composite (F = 3.223, P = 0.00524) but this 
did not persist after false discovery rate (FDR) correction (P = 0.0734). 
Post hoc Tukey group comparisons for this thickness composite found 
significant differences between the neuropsychiatric subgroup and 
three subgroups: cerebrovascular (mean difference = 0.871, adjusted 
P = 0.0251), encephalopathy and/or delirium (mean difference = 0.936, 
adjusted P = 0.0119) and peripheral (mean difference = 0.769, adjusted 
P = 0.0395).

Pearson’s correlations between GDfE scores and IDP compos-
ites indicated significant correlations between overall cognition and 
the total brain IDP composite in the NeuroCOVID group (R = 0.296, Va
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Fig. 3 | Brain injury biomarkers and neuroimaging. a, Brain injury markers 
(in pg ml−1) by diagnostic group. Lower limit of quantification (dashed line) 
if included in scale. Normative values from n = 60 healthy controls. *P < 0.05, 
**P < 0.01, ***P < 0.001; NS, nonsignificant, unadjusted two-sided Mann–Whitney 
U. b, Brain regions represented by the IDPs utilized in analyses. These regions 
are parcellated as per the Desikan-Killiany cortical atlas. For each region and 
regions combined, IDP composites for thickness and volume were utilized. 
aIDP composites that have significant correlations with overall cognition 

(Supplementary Table 2). Created using Matlab and BrainNet Viewer54. c, Scatter 
plots for IDP composite z-scores against GDfE in the overall cohort, using 
Pearson’s correlation. The black line indicates the line of best fit (least squares 
method) and gray error band indicates the 95% CI. Significance persisting 
after adjusted for multiple comparisons based on the FDR approach (adjusted 
for n = 14 for each IDP composite test). Center line, median; box limits, upper 
and lower quartiles; whiskers, 1.5× IQR. ACC, anterior cingulate cortex; ERC, 
entorhinal cortex; UCH-L1, ubiquitin carboxy-terminal hydrolase L1.

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-024-03309-8

P = 0.0444) and the overall cohort (R = 0.272, P = 0.0041; Extended Data 
Table 2). Global volume composite had significant correlations with 
cognitive deficits in the overall cohort (R = 0.242, P = 0.0022) (Fig. 3c), 
with a correlation in the NeuroCOVID group (R = 0.271, P = 0.0127) 
but not persisting after FDR correction. The bilateral volume of ante-
rior cingulate cortex was significantly and moderately positively cor-
related with overall cognition in the NeuroCOVID group (R = 0.307, 
P = 0.0444), the COVID group (R = 0.307, P = 0.0280) and the overall 
cohort (R = 0.299, P = 0.00195; Fig. 3c).

Cluster analysis and multifaceted models. An unsupervised cluster 
analysis demonstrated that faster RT in memory tasks correlated with 
parahippocampal gyrus, anterior cingulate cortex and insula volumes 
(Fig. 4). Insula volume (r = 0.15) and orbitofrontal cortex thickness 
(r = 0.14) were correlated with executive function. Symptoms of depres-
sion were negatively correlated with immediate memory (r = −0.25), 
language (r = −0.20) and perceptual–motor function (two-dimensional 
manipulations r = −0.12) as well as anterior cingulate cortex volume 
(r = −0.20). Subjective memory impairment was associated with inac-
curate (r = −0.24) and slow (r = −0.19) responses on memory tasks and 
reduced superior temporal gyrus (r = −0.20) and insula (r = −0.091) vol-
ume. Raised NfL in serum was weakly correlated with reduced thickness 
composite (r = −0.102) and reduced superior temporal gyrus volume 
(r = −0.033) and thickness (r = −0.048).

The NeuroCOVID multifaceted model contained 89% of individual 
data points, the rates of missingness for additional variables were 
anterior cingulate cortex volume (56%), GFAP (9%) and NfL (9%). The 
NeuroCOVID multifaceted model (n = 54 of 190, R2 = 0.68, P = <0.001) 
(Table 2), demonstrated cognitive deficits were associated with age 

(coefficient (s.e.) = −0.044 (0.017), P = 0.011), multimorbidity (0.31 
(0.13), P = 0.025) and anterior cingulate cortex volume (0.23 (0.091), 
P = 0.017). The COVID multifaceted model contained 90% of individual 
data points, the rates of missingness for additional variables were 
anterior cingulate cortex volume (55%), GFAP (7%) and NfL (7%). In the 
COVID group (n = 53 of 161, R2 = 0.68, P < 0.001), cognitive deficits were 
associated with symptoms of depression (−0.056 (0.028), P = 0.050), 
increased multimorbidity (−0.20 (0.083), P = 0.021) and a raised GFAP 
(−0.0081 (0.0032), P = 0.017). Days since COVID-19 illness was not sig-
nificantly associated (coefficient (s.e.)) with GDfE in the NeuroCOVID 
(0.000099 (0.0020)) or COVID group (0.0018 (0.0020)).

Discussion
This prospective, national, multicenter study of 351 COVID-19 patients 
who required hospitalization with and without new neurological com-
plications demonstrated that postacute cognitive deficits, relative to 
2,927 matched controls, were associated with elevated brain injury 
markers in serum and reduced gray matter volume. In contrast to 
studies early in the pandemic that identified dysexecutive syndromes 
predominant in acute infection15,18, our study found global, persistent 
cognitive deficits even in those hospitalized without clinical neuro-
logical complications. When compared with normative age-matched 
data, these deficits were equivalent in magnitude to aging from 50 to 
70 years of age1. This study indicated cognitive deficits were associ-
ated with the severity of the initial infective insult, postacute mental 
health status and a history of COVID-19 associated encephalopathy, 
with strong concordance between subjective and objective deficits. 
Despite some improvement at the first follow-up, by the second there 
was a plateau in the cognitive recovery trajectory. In addition, there 
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Fig. 4 | Heatmap and unsupervised cluster analysis. Heatmap and 
unsupervised cluster analysis (Euclidean, complete) in the full cohort (n = 351) 
of cognitive tasks shaded by correlation (Spearman), including cognition 
(accuracy and inverse RT), clinical variables, biomarkers and neuroimaging. 
*P < 0.05, **P < 0.01, ***P < 0.001 two-tailed Spearman correlation adjusted for 

multiple comparisons (37 ×3 7 matrix, n = 1,369) using the FDR approach. ACB, 
anticholinergic burden; BIB, brain injury marker; COG, cognitive task; OFC, 
orbitofrontal cortex; PHG, parahippocampal gyrus; SR, self-report; STG, superior 
temporal gyrus.
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was evidence of ongoing neuronal and astrocytic injury 1 year after 
acute COVID-19, even in those without neurological complications, 
with demonstration of underpinning neuroanatomical substrates as 
seen in other studies30–33.

The findings are both clinically relevant and biologically plausible. 
Raised brain injury markers have been demonstrated in acute and post-
acute COVID-19 and are associated with dysregulated innate and adap-
tive immune responses21,34. Similarly, meta-analysis has demonstrated 
higher NfL and GFAP in COVID-19 patients compared with healthy 
controls, and an association between these serum brain injury markers 
and COVID-19 severity and poorer outcomes35. The pattern of acute 
inflammatory proteins can predict postacute cognitive outcomes36. 
We have additionally shown that persistently raised serum GFAP was 
associated with postacute cognitive impairment. GFAP is expressed 
by astrocytes, which participate in neuroimmune interactions in the 
brain. Its appearance in the plasma typically indicates injury to these 
cells and it has been proposed as a prognostic biomarker for cognitive 
decline in the general population37.

Cognitive deficits were global, of substantial magnitude and 
spanned both accuracy and RT, echoing the findings of a recent study 
which demonstrated that patients hospitalized with COVID-19 had a 
broader cognitive deficit profile than those not hospitalized38. Future 
work should explore whether the cognitive deficits reported in commu-
nity cohorts represent a continuum to this posthospitalized cohort, or 
whether additional mechanisms drive persistent deficits in those with 
a history of severe acute illness. Deficits were moderately to strongly 
associated with symptoms of depression, and the anterior cingulate 
cortex volume, which has functional roles in connecting cognition, 
attention and emotion39. An attentional basis for cognitive impairment 
with associated difficulties in memory encoding would be consistent 
with the global nature of the deficits including the immediate memory 
task. The anterior cingulate cortex is also frequently implicated in 
studies of depression utilizing positron emission tomography target-
ing translocator protein, which is interpreted as indicating microglial 
activation or neuroinflammation40. Longitudinal research using UK 
Biobank data reported volume loss in the anterior cingulate cortex 
and other limbic structures following mild SARS-CoV-2 infection14, but 
previous literature has also shown that the anterior cingulate cortex 
has reduced volume in older age41,42. Other studies have demonstrated 
reduced gray matter volume in cortical, limbic and cerebellar areas in 
post-COVID patients when compared with healthy controls43. This gray 
matter volume loss was correlated with white matter axial and mean 
diffusivity, as well as significantly associated with cognitive dysfunc-
tion relative to healthy controls. These cognitive and neuroimaging 
alterations have been identified as being greater in those patients who 
were hospitalized than in those who were not43. In our unsupervised 
cluster analysis, reduced cortical thickness, particularly in the superior 
temporal gyrus, was found to be associated with raised NfL, potentially 
indicating a regional substrate for axonal injury in this population. 
Some literature has suggested that neuroinflammation and neurode-
generation can mediate structural brain changes and neuropsychiatric 
sequelae44,45, and that serum NfL might be associated with changes to 
the superior temporal gyrus in these contexts46. The severe persistent 
deficits observed in those with COVID-associated acute encephalopa-
thy, who did not have a pre-COVID history of neurological disease, sug-
gest that a picture of encephalopathy and/or delirium in the context of 
infection is not just an unmasking of latent cognitive impairment but 
rather may precede lasting brain dysfunction6.

Advancing mechanistic understanding of post-COVID cogni-
tive deficits has the potential to provide insight into therapeutic tar-
gets. This analysis implicates neurochemical and neuromodulatory 
mechanisms that both have potential to be targeted. There is growing 
biochemical evidence that neurological complications in COVID-19, 
including cognitive impairment, are immune-mediated47. If the ante-
rior cingulate cortex were confirmed to be a nexus of late deficits in 

the postacute phase, its dopaminergic neurochemical linkage could 
provide a target for neuromodulatory therapy, with potential for uti-
lizing drugs already approved for use in humans, as well as attention 
training therapies48.

The strengths of this study included its multimodality such as the 
use of robust longitudinal cognitive assessment, high-quality clini-
cal data, serum biomarkers and nationally harmonized three Tesla 
neuroimaging data. Importantly, the GDfE scores reported represent 
how cognitive performance differs from what would be expected on 
an individual level based upon age, sex, level of education and first 
language, using data from a large normative dataset2. This reduces the 
risk of confounding due to premorbid state. It is possible that additional 
variance may be accounted for by elements such as socioeconomic 
factors and comorbidities. However, the matching of controls for the 
key factors that are established to affect cognitive performance on 
Cognitron testing, most importantly age and education, minimizes the 
potential for confounding1. Previous research has demonstrated that 
the pandemic context itself affected cognitive decline, but the effect 
sizes were too small to explain the deficits observed in this study49. 
The inclusion of patients with neurological complications allowed 
more complete assessment of the heterogeneous impact of COVID-
19 on brain dysfunction. Although the method of case identification 
may have varied by site according to local clinical services, inclusion 
criteria for neurological complications were standardized nationally, 
and based on pre-published clinical case definitions50 with a bi-weekly 
clinical case evaluation panel, to ensure consistency. Nevertheless, to 
account for any potential regional effects, these were accounted for 
by inclusion of study recruitment region in regression models. The 
preregistered statistical analysis plan was conducted with minimal 
deviation and provides increased confidence in the results, which 
were broadly consistent with documented hypotheses. Limitations 
included the lack of premorbid assessment or acute biomarkers beyond 
routine clinical tests, the earlier assessment of NeuroCOVID patients 
and probable age- and severity-selection bias in those completing study 
assessments, particularly computerized cognitive assessment and 
MRI scanning. Although there was a significant difference between the 
COVID and NeuroCOVID groups in terms of days between COVID-19 and 
assessment, there was no significant correlation between days since 
COVID-19 and cognitive outcome in either group. The lack of genetic 
sequencing data for SARS-CoV-2 variants means the impact of admis-
sion epoch and viral clade on outcomes can only be assessed approxi-
mately. Complete case analysis can introduce bias, the extent of which 
depends upon the pattern of missingness and whether missingness is 
at random. We assumed data were missing at random. PHQ-9 was the 
only patient-reported value included in modeling with missingness (9% 
in NeuroCOVID and 11% in COVID), which could potentially introduce 
bias because it is possible that the underlying value is related to the 
missingness. The sample size for multifaceted models was limited by 
the number of patients with neuroimaging. There is the possibility of 
residual confounding when applying normative models, and the obser-
vational nature of the study, in particular the lack of preinfection data, 
means that pre–post infection change and causality cannot be inferred. 
It is important to note that the normative sample recruitment partially 
overlapped with the pandemic period. Individuals were specifically 
asked whether they had suspected or confirmed COVID-19 at the time 
of, or before, cognitive testing, and were excluded from the normative 
sample if this was the case. However, it is likely that some participants 
in the normative sample may have had asymptomatic infections given 
the population size. In addition, the normative control group were not 
matched for comorbidities, vaccination status or socioeconomic status 
beyond level of education.

The neuroimaging analysis exclusively uses preselected brain 
regions and the UK Biobank pipeline does not completely address some 
potential confounds such as head motion. Although structural scans, 
as utilized in this study, are not thought to suffer from degradation of 
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image quality as a result of head motion to the same extent as other 
modalities, it is worth acknowledging that such confounds could 
increase the risk of false positives51,52. However, this study aimed to 
address this by excluding scans with marked motion artifact53. The 
region of interest-based neuroimaging analysis raises important candi-
date regions potentially underpinning the cognitive deficits seen, but 
reduces this study’s ability to identify unexpected regions’ involvement 
in such deficits, and might underestimate the importance of nonspeci-
fied regions. Similarly, current pipeline approaches limit the analysis of 
certain brain regions, such as the brainstem or basal ganglia. As such, 
future COVID-CNS neuroimaging analyses might utilize voxel-based 
or whole-brain approaches to more deeply characterize the nature 
of structural change in the brain post-COVID, and identify further 
brain areas relevant to cognitive impairment in this context. Finally, 
the analysis of recovery trajectories was underpowered, which limits 
interpretation, but there was evidence of a trend toward recovery that 
continued into the second year.

Taken together, this prospective multicenter longitudinal cohort 
study of patients hospitalized with COVID-19 illness found evidence of 
pervasive global cognitive impairment, associated with persistently 
raised brain injury markers, depression symptomatology and reduced 
anterior cingulate cortex volume. A strong concordance between sub-
jective and objective cognitive deficits, underpinned by neuroanatomi-
cal and biochemical changes at almost 1 year postinfection, indicates 
that patient experience needs to be acknowledged by clinicians in this 
context. However, care needs to be taken in both inferring cause and 
effect, and extrapolating these results to a broader COVID-19 population. 
Mechanisms underpinning this potentially immune-mediated construct 
of depression, cognition and brain injury need to be further elucidated 
to allow the development of targeted therapeutic interventions.
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Methods
Study population
Patients aged ≥16 years were recruited over 19 months (March 2021 to 
October 2022) from 17 UK sites through the COVID-CNS, a case-control 
study within the National Institute of Health Research (NIHR) COVID-19  
BioResource. Either the participant or their next-of-kin provided 
informed consent (REC reference 17/EE/0025; 22/EE/0230 (East of Eng-
land—Cambridge Central Research Ethics Committee)). COVID-CNS 
included hospitalized patients with COVID-19 without a previous rel-
evant neurological diagnosis, who have had a new acute neurological or 
psychiatric complication (NeuroCOVID) alongside COVID-19 controls 
without these diagnoses (COVID). NeuroCOVID patients were recruited 
if they met the previously published study-wide case definitions and 
the inclusion and exclusion criteria detailed in Supplementary Table 1  
(ref. 50). The NeuroCOVID group were identified by referral or admission  
to neurology, or by notification to the study team by the responsi-
ble clinician. Sites additionally screened relevant lists, for example, 
using clinical coding. The COVID group were recruited to match the 
NeuroCOVID group, matched on a group level by age, sex, ethnicity, 
pre-COVID clinical frailty status, COVID-19 severity and epoch of admis-
sion during the pandemic55,56. Sex was self-reported. Admission dates 
were categorized into 6-month blocks as per input from the Infectious 
Diseases Experts at the National Medical Research Council Clinical 
Trials Unit and multidisciplinary Clinical Case Evaluation Panel, to 
reflect phases of the UK epidemic dominated by circulation of different 
SARS-CoV-2 variants, and changes in clinical practice57. Some neuro-
logical or psychiatric complications required secondary care input 
without hospitalization, partially related to pandemic pressures and 
risk assessments, and a proportion of the COVID group were therefore 
recruited who attended the emergency department but were not admit-
ted. COVID-19 was defined by the WHO COVID-19 case definition58.

This analysis contains a patient subset that completed cogni-
tive testing (Fig. 1). Participants were assessed at a single postacute 
appointment (1–26 months after discharge), in which all assessments 
were undertaken including a computerized cognitive assessment (Cog-
nitron), patient-reported measures, blood sampling for brain injury 
markers, 3 T MRI and a clinical examination. Self-reported measures 
included PCL-5, GAD-7, PHQ-9 and Chalder Fatigue Scale. Multimorbid-
ity, defined as two or more comorbidities and anticholinergic burden 
score (a measure of how many medications taken might cumulatively 
contribute to an anticholinergic effect) were collected from past medi-
cal history and medications reflecting the admission timepoint59. To 
create a normative community comparator group, we subsampled 
individuals from a large dataset of cognitive assessments completed 
on a population volunteer sample between December 2019 and May 
2020. For each COVID-CNS participant we subsampled approximately 
eight volunteers matched for age, sex, first language and level of educa-
tion, resulting in a community comparator group of n = 2,927 in total1,2. 
These individuals had not tested positive for COVID-19, and reported 
that they did not suspect having had COVID-19 at the testing timepoint, 
although the possibility of asymptomatic infection cannot be excluded. 
The research team completed a standardized case record form using 
‘Qualtrics’, to collect harmonized clinical data across sites regarding 
acute admission and neurological complications.

Eligibility criteria
Patients with pre-existing neurological or psychiatric disorders man-
aged in secondary care or pre-existing cognitive impairment were 
excluded. To ensure consistency nationwide, if there was doubt about 
the eligibility of a potential case identified by a recruiting team, this 
was discussed at the national multidisciplinary case evaluation panel.

Cognitive outcome
The cognitive assessment included seven tasks from the Cognitron 
assessment battery completed once under supervised conditions 

and twice online during follow-up (details of the tasks are given Sup-
plementary Note 1). We included patients within the COVID-CNS cohort 
who had completed at least the first supervised assessment. Cognitron 
is sensitive, specific and valid in the general population and disease 
cohorts1,2,60,61. Cognitive tasks were selected to sample across five 
domains defined by the DSM-5 classification:62 executive function, 
learning and memory, complex attention, perceptual–motor control 
and language. Accuracy and median RT values were extracted by task, 
comprising 13 measures. These data were transformed into Deviation 
from Expected (DfE) scores using established linear models trained on 
a large normative dataset (>400,000 individuals) designed to predict 
performance based upon demographics. In this analysis, GDfE, DfE 
accuracy and DfE RT represent how an individual performs compared 
with what would be expected based upon their age, sex, first language 
and level of education. Any cognitive impairment was defined as GDfE 
less than expected (<0). A technical correction was applied excluding 
those responding unfeasibly fast or slow based upon normative data. 
Follow-up 1 and follow-up 2 were completed 3 and 6 months following 
the postacute assessment. Recovery of cognitive performance was 
calculated as GDfE at follow-up 1 minus GDfE at postacute appointment.

Subjective cognitive impairment was assessed by a binary ques-
tion, ‘Are you concerned about your memory, because it affects how 
you work or the way you live from day to day?’.

Brain injury marker measurement
Brain injury markers were measured in serum using a Quanterix Simoa kit 
run on an SR-X Analyzer (Neurology 4-Plex A Advantage Kit; Quanterix, 
cat. no. 102153). We assayed NfL, ubiquitin carboxy-terminal hydrolase 
L1, tau and GFAP. Normative data were measured in stored serum sam-
ples from n = 60 healthy controls recruited to the NIHR BioResource 
‘general population cohort’ before the COVID-19 pandemic. These 
persons were chosen to be representative for the main variable associ-
ated with normative brain injury biomarker levels (age) relative to the 
COVID-CNS cohort. The median (IQR, range) age was 50 (20–79) years 
and sex distribution was also representative of the COVID-CNS cohort34.

Neuroimaging
This study utilized a published standardized protocol, with harmonized 
MRI scans across multiple sites, which demonstrated very good reli-
ability between sites through a ‘traveling heads study’53. This protocol 
utilizes the existing UK Biobank IDP MRI analysis pipeline51–53,63. As 
part of structural imaging processing, this pipeline includes removal 
of face, brain extraction and registration to the MNI152 brain tem-
plate, maximizing comparability of scans52,64. Field map correction was 
performed and FAST used to segment tissues into gray matter, white 
matter and cerebrospinal fluid53,65. SIENAX analysis then estimated 
volume measures, utilizing surface of skull to normalize brain tissue 
volumes for head size (compared with the MNI152 template)53,66. From 
these measures specific brain regions were selected based on extant 
literature a priori to analysis: the parahippocampal gyrus, entorhinal 
cortex, orbitofrontal cortex, anterior cingulate cortex, insula and 
superior temporal gyrus14,67–71. MRI data were processed with FSL and 
Freesurfer, using the established UK Biobank pipeline51,53,63, modi-
fied for COVID-CNS, to produce biologically relevant metrics of brain 
structure and function—IDPs. IDPs from T1- and T2-FLAIR-weighted 
MRI were obtained for global brain regions and for cortical regions 
as defined by Desikan-Killiany parcellation. IDPs represent gray mat-
ter thickness, volume and surface area. Fifty-four of these IDPs were 
selected as representative of general brain structure and the a priori 
selected brain regions. Volume and surface IDPs were found to be 
collinear (variance inflation factor >10) and so 38 IDPs representing 
volume and thickness were included in subsequent analysis (for a full 
list, see Supplementary Table 2). Individual IDPs were compared with 
the COVID-CNS population means and standard deviations to calculate 
z-scores. Available z-scores for each region—for example, right and 
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left hemisphere anterior cingulate cortex volume—were combined to 
produce a composite z-score for each of the six prespecified regions. 
The authors also aimed to summarize IDP variance across disparate 
regions into single measures, so combined all relevant regional IDPs 
to produce further composites: volume IDP z-scores for a volume 
composite, thickness IDP z-scores for a thickness composite and all 
IDP z-scores for a total composite.

Model development
Candidate variables for linear models were predefined in the statisti-
cal analysis plan. Models are presented separately in the NeuroCOVID 
and COVID groups and represent complete case analysis. Models were 
developed based upon a fixed set of modeling decisions (Supple-
mentary Table 6). Clinical models contain the clinical variables in 
hypotheses 3 and 4: age, WHO COVID-19 disease severity, presence of 
an acute neurological or psychiatric complication, multimorbidity and 
mental health comorbidities, Rockwood Clinical Frailty Scale, level of 
education and previous treatment with dexamethasone during acute 
illness. Acute serum inflammatory markers were excluded owing to 
missingness >20%. Collinearity was assessed using correlation matrices 
(Supplementary Fig. 1). Fatigue72, subjective cognitive impairment 
and mental health measures were found to be collinear. PHQ-9 score 
was considered most clinically relevant based on existing literature 
and explained the most variance in GDfE and was therefore included 
in modeling73. Multifaceted models contain core clinical variables 
(PHQ-9, multimorbidity and clinical diagnostic subgroup) and, based 
on existing literature at the time of model development, NfL, GFAP 
and anterior cingulate cortex volume14,35–37,41,42. Date of admission, days 
since COVID-19 and recruitment site (grouped as ‘London’, ‘North’ and 
‘South’) were included in clinical and multifaceted models with interac-
tion term Admission date : Days since COVID-19. Because of sample size 
restrictions, recovery models included days since COVID-19, core clini-
cal variables, NfL and GFAP. Within the preregistration, three sample 
size calculations were undertaken to determine adequate power (95%) 
at the 0.05 significance level for the cross-sectional analysis.

Statistical analysis
The full analysis plan was preregistered before data access and is openly 
available via the Open Science Framework28. In summary, the primary 
outcome measure was GDfE on computerized cognitive assessment. 
DfE effect sizes are calculated comparing COVID-CNS participants with 
matched community controls. We used standard two-sided P < 0.05 
criteria for determining statistical significance. Unsupervised hier-
archical cluster analysis (Euclidean, complete) was undertaken to 
explore the correlations between cognitive scores, prespecified clini-
cally important variables, brain injury markers and neuroimaging 
IDPs74. There were minor deviations from the analysis plan: there were 
seven individuals in the overall COVID-CNS cohort who had non-COVID 
respiratory illness and were excluded from this analysis owing to the 
small numbers. In addition, the community normative group was not 
stratified by COVID-19 status owing to a lack of data. We report multiple 
regression models for GDfE rather than accuracy and RT separately 
to improve clarity. We based models on complete case analysis rather 
than multiple imputation because existing data was deemed sufficient 
(<20% missingness). For MRI analysis, we report the analyses of a priori 
defined regions. Cortical volume and surface area were collinear and 
therefore cortical volume only was included (variance inflation factor 
>10). The statistical analysis plan was otherwise conducted as docu-
mented. Statistical analyses were performed in R (R Foundation, v.3.6.1 
or later). Potential confounders were included as candidate variables in 
all multiple regression models. The GDfE score represents performance 
compared with what would be expected by age, sex, level of education 
and first language and therefore reduces the risk of confounding from 
these variables. GDfE is based on linear models trained on normative 
data from >400,000 individuals.

Multiple comparisons
When appropriate, analyses utilized correction for multiple compari-
sons based on FDR methodology. FDR was applied with a threshold of 
5%. Analyses which utilize FDR, the number of tests corrected for and 
the justification can be found in Supplementary Table 7.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Individual-level data and samples from the COVID-Clinical Neuroscience 
Study are available for collaborative research by application through 
the NIHR BioResource Data Access Committee https://bioresource.
nihr.ac.uk/using-our-bioresource/apply-for-bioresource-data-acces
s/. The Committee decide on academic applications, with escala-
tion to the NIHR BioResource Steering Committee for contentious 
applications, and/or applications from industry. Participants in the 
NIHR BioResource have all consented to the sharing of de-identified 
data with bona fide researchers worldwide, for research in the public 
interest. There are limits to these consents both by expectation and 
legal—some datasets may not be shared beyond a safe setting in the 
UK. The Data Access Committee aim to process data-only requests 
as quickly as possible and meet fortnightly to consider applications. 
Once approved, timeframes for data availability vary from 2 weeks to 
6 months depending on the nature of the data requested.

Code availability
Code is publicly available via https://github.com/tnggroup/covidcns.
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Extended Data Table 1 | Composite and individual task Deviation from Expected Scores in NeuroCOVID and COVID groups
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Extended Data Table 2 |  Factors associated with recovery in NeuroCOVID and COVID groups. Both models contain the 
interaction term Admission Date: Days since admission. Selected variables only are presented, - = not selected. Two-sided 
linear regression coefficient * p < 0.05, **p < 0.01, ***p < 0.001. +GDfE represents how an individual performs compared to 
what would be expected based upon their age, sex, first language and level of education
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Extended Data Table 3 | Univariate associations, clinical linear regression model and multifaceted linear regression 
models for Global DfE (GDfE) Score in NeuroCOVID and COVID groups. Pre-defined variables not included in multivariate 
analysis are described. Two-sided linear regression coefficient * p < 0.05, **p < 0.01, ***p < 0.001. +GDfE represents how an 
individual performs compared to what would be expected based upon their age, sex, first language and level of education. 
++ Mann-Whitney U r for categorical variables, Spearman rho for continuous variables, Pearson r for image derived 
phenotypes; >0.1 small effect size, >0.3 medium effect size
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Extended Data Table 4 | Univariate associations for composite IDP z-scores in NeuroCOVID and COVID groups, utilising 
two-sided Mann Whitney U unpaired if nonnormal distribution, or two-sided Welch Two Sample T-Test if normal distribution. 
Linear correlations between composite IDP z-scores and Global DfE (GDfE) Score in overall cohort, NeuroCOVID group and 
COVID group. ANOVA across COVID group and NeuroCOVID subgroups for composite IDP z-scores. All p-values adjusted 
using Benjamini-Hochberg procedure for False Discovery Rate (adjusted for n=14 for each IDP composite test, based on 
14 tests in each group). ♱The three significant groupwise differences found in post-hoc tukey group comparisons for the 
Thickness IDP composite were found between the Neuropsychiatric and Cerebrovascular subgroups (mean difference 
0.871, adjusted p=0.0251), Neuropsychiatric and Encephalopathy and Delirium Group (mean difference 0.936, adjusted 
p=0.0119), and Neuropsychiatric and Peripheral subgroups (mean difference 0.769, adjusted p=0.0395)
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