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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 cognitionin 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
in106 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.

Cogpnitive deficits have been widely reported in postacute COVID-19
patients across the respiratory disease severity spectrum; however,
their recovery trajectory and pathophysiology remain unknown'2 The
most severely impacted patients are likely to be those with symptoms
ofand 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-
sentinup toone-third of patientsin the 6 months following COVID-19
diagnosis, including diagnoses such as stroke, movement disorders
and psychosis®. 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 substrates’’. 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, inboth post-COVID indi-
viduals and appropriately matched controls'® . Inaddition, there are
scarce studies with follow-up cognitive and neuroimaging datato allow
understanding of recovery trajectories and prognostic markers®**,
Early evidence suggested that COVID-19 patients primarily suf-
fered fromadysexecutive syndrome during acute infection®. However,
the domain-specific pattern of cognitive impairment in the posta-
cute phase, commonly defined as beyond 3 months after COVID-19
symptom onset'*", has not been well characterized®”. Similarly, the
biological basis of these objective cognitive deficits remains unclear,
particularly the degree of braininjury and associated changesin struc-
tural neuroimaging. Given that COVID-19 is very rarely neuroinva-
sive, with little robust evidence for SARS-Cov-2 virions in the brain”,
the impact on the brain is hypothesized to be viaimmune-mediated
para- and postinfectious phenomena®®?, 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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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 illness**** and therefore improved
understanding of postacute cognitive impairmentin this setting may
be translatable to other clinical cohorts.

Ultimately, the currentlack of evidence limits our ability to advise
and manage patients with ongoing cognitive symptoms that can have
amarked impact on quality of life and healthcare systems*?. Thereis
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,
withand withoutacute clinical neurological and psychiatric complica-
tions. Analyses were conducted accordingto a preregistered statistical
analysis plan® to test the following hypotheses:

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

(2) Certaincognitivedomainsaremoregreatlyimpairedthanothers.
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
educationlevel matched community controls (Fig.1). Participants were
identified if they did not have a previous neurological diagnosis, and
were assessed at asingle 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 0f 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)*. 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-19illness (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 alesser extent those who had had cerebrovascular

Total participants

805
Vaccine complication
60
NeuroCOVID COVID Control: COVID negative
401 329 15
MO%A()O“ly No cognitive assessment
284
NeuroCOVID COVID Control: COVID negative
229 175 7
Technical correction
29
NeuroCOVID COVID Control: COVID negative
212 163 7
Control: CO;/ID negative Pre-existing disorder
21

Unknown diagnosis

Cases reclassified but | | 3
included n = 6°

Normative-
subsampled Included
cognitive data | 351 (biomarkers, neuroimaging)
n=2,927
NeuroCOVID COVID
190 (173, 84) 161 (150, 73)
Cerebrovascular
37(35,12) Neuropsychiatric
33(29,15)
Encephalopathy
29 (24,12) Peripheral
37 (36, 16)
Inflammatory
21(21, 1) Other
33 (28, 18)

Fig.1|Flow diagram of patients included from the COVID-CNS. Nationally
atleast 16,279 patients were screened of whom at least 2,712 were eligible.
Matched community data were collected separately and heldin alarge
normative database. ‘Other’ includes autonomic dysfunction®, cerebral hypoxic
injury?, headache®, headache and fatigue?, hyperkinetic movement disorder?,
Parkinsonian movement disorder?, seizures’ and speech and sensory'. ?Six
patients with ‘anosmia/ageusia’ reclassified as COVID from NeuroCOVID. The
parentheses show n with biomarkers, n with neuroimaging. MOCA, Montreal
Cognitive Assessment.

(-1.20 (1.75)) or inflammatory (-0.98 (1.55)) complications (Fig. 2a).
Before COVID-19illness, 11 0f137 (8%) NeuroCOVID and 15 0f 152 (10%)
COVID patients were concerned about their memory, increasing to 84
0f 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 deficitsin median (IQR) GDfE scores
in both NeuroCOVID (-1.26 (1.51) versus —0.76 (1.83), Mann-Whitney
U=5,444, estimate (confidenceinterval (Cl)) 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 similarin 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 inboth accuracy
and response time (RT) for all clinical diagnostic groups (Fig. 2b and
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Table 1| Demographics of cohort, comparing NeuroCOVID Table 1 (continued) | Demographics of cohort, comparing

and COVID groups NeuroCOVID and COVID groups
Characteristic Overall NeuroCOVID COVID Pvalue® Characteristic Overall NeuroCOVID COVID Pvalue®
(N=351)° (N=190)° (N=161)° (N=351)° (N=190)° (N=161)°
Age (years) 54 (44, 63) 54 (43, 63) 54 (44, 62) 0.973 Acute steroid treatment 148 (48) 72 (45) 76 (52) 0.2
Sex 0.061 Unknown 45 29 16
Female 149 (42) 72(38) 77 (48) Memory concerns 164 (47) 98 (52) 66 (41) 0.048
Male 202 (58) 118 (62) 84 (52) Unknown 2 1 1
First language 0.4 PHQ-9 score 50(2.0,100) 6.0(20,100) 4.0(1.0,95) 0042
English 307 (87) 169 (89) 138 (86) Unknown 36 18 18
Other 44(13) 21(11) 23 (14) GAD-7 score 3.0(0,8.0) 3.0(05,80) 25(0,6.0) 013
Level of education 0.022 Unknown 30 15 15
None of the below 27(77) 10(5.3) 170 PCL-5 score 10 (2,22) 12 (4, 24) 6(1,19) 0.002
College or university 166 (47) 83 (44) 83 (52) Unknown 99 49 50
degree Cognitron Global Score  -0.92 -1m -0.83 0.063
Alevels/AS levelsor 30 (8.5) 17(8.9) 13(81) (-183,-0.26)  (-200,-035) (-170,-019)
equivalent (school/ Cognitron Accuracy ~ -0.89 -1.04 -075 0.050
vocational) (-158,-021)  (-167,-0.29)  (-1.53,-0.09)
(¢} leyels/GCSEs or 78(22) 47 (25) 31(19) Cognitron RT 061 070 050 omn
equivalent (school/ (-005,154)  (-0.04,178)  (-0.06,1.39)
vocational)
2Values are shown as median (IQR) or n (%). ® Two-sided Wilcoxon rank sum test, Pearson’s
CSEs or equivalent 20(57) 13(6.8) 7(4.3) chi-squared test or Fisher’s exact test. ° Binary. ‘Yes' if the patient had received at least two
(school/vocational) doses of SARS-CoV-2 vaccine with the most recent dose at least two weeks before COVID-19;
NVQ or HND or HNC 23 (6.6) 15 (7.9) 8(5.0) ‘No’ otherwise. A level, Advanced level; AS level, Advanced Subsidiary level; CSE, Certificate
or equivalent (school/ of Secondary Education; GCSE, General Certificate of Secondary Education; HNC, Higher
vocational) National Certificate; HND, Higher National Diploma; NVQ, National Vocational Qualifications;
O level, Ordinary level.
Other professional 7(2.0) 5(2.6) 2(1.2)
qualifications
(school/vocational)
Premorbid Clinical 0.013 Extended Data Table1)—and no evidence for domain-specific deficits.
Frailty Scale In addition, this pattern of generalized cognitive impairment did not
Managing well (1-3)  261(91) 137 (87) 124 (96) vary significantly according to the clinical diagnostic group (effect
Mild (4-5) 23(8.0) 18 (11) 5(39) size, eta’= 0.04, P=0.151).
z\g(jg;arate—severe 30.0) 3019) 0© Recovery. In total, 106 patients completed at least one follow-up
— o1 p” p assessmel?t. FoIIow-up.I was completed by 51 NeuroCOVID ?nd 30
COVID patients atamedian (IQR) of 111 (102-163) days after their post-
WHO COVID-19 Severity <0.001 acuteappointment. Of these participants, 48 of 51 NeuroCOVID and 27
Ambulatory mild 84 (27) 61(39) 23(15) of 30 COVID patients had serum sampling for brain injury markers at the
disease original postacute appointment, and 21 of 51and 15 of 30 respectively,
Hospitalized: 138 (44) 47(30) 91(59) had neuroimaging. The NeuroCOVID and COVID groups at follow-up 1
moderate were of similar median (IQR) age (57 (46-65) and 53 (48-60) years) and
Hospitalized: severe 89 (29) 49 (31) 40 (26) sex (310f51(61%) and 20 of 30 (67%) male respectively) as the cohort as
Unknown 10 a3 7 awhole, 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
Days since COVID19 384(155,574) 341(179,463) 473(138,728) 0005 (Supplementary Tables 3 and 4). In both the NeuroCOVID and COVID
Unknown 4 32 9 groups, there was evidence of recovery in cognitive performance com-
Admission date 0.026 paring the postacute assessment to both follow-up 1and follow-up 2,
1 March 2020 to 93(29) 49 (28) 44.30) but not between follow-up 1 and follow-up 2 (Fig. 2c). Multiple linear
31 August 2020 regression models accounting for age and timing of COVID-19 found
1September 2020t 107 (33) 64(37) 43(29) no significant associations with recovery in the NeuroCOVID group
28 February 2021 (coefficient of determination, R = 0.30, P= 0.66) and the COVID group
1 March 2021 to 42013) 28(16) 14.(95) (R*=0.23,P=0.78) (Extended Data Table 2).
31 August 2021
1September2021to  61(19) 23(13) 38(26) Hypotheses 3 and 4: associated clinical factors. The clinical factors
28 February 2022 associated with cognitiveimpairmentdiffered in the NeuroCOVID and
1 March 2022 to 17(53) 8(47) 9(61) COVIDgroups (Table 2 and Extended Data Table 3). Inboth NeuroCOVID
31 August 2022 and COVID groups respectively, correlation matrices revealed high cor-
Unknown 31 18 13 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
Sgec‘gﬁ]‘;iignocwmg 57(19) 3120 26018) 07 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
Unknown 57 37 20

cognitive impairment (0.42, 0.64). There was a significant difference
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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), cerebrovascular”,
encephalopathy?®, inflammatory®, neuropsychiatric®, peripheral®” and other®.
Exact Pvalues are listed in Supplementary Table 8. b, Pattern of deficitsin

clinical groups by median DfE accuracy and responsive time minus matched
community controls across six cognitive tasks. Exact effect sizes and Pvalues
inlisted Supplementary Table 9. ¢, 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 approachinaandb (adjusted forn=8andn=12
comparisons, respectively). 2D, two-dimensional; NS, nonsignificant.
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Table 2 | Univariate associations, clinical linear regression model and multifaceted linear regression models for GDfE score in NeuroCOVID and COVID groups

Variable NeuroCOVID CoVID
Univariate® Coefficient Univariate Clinicalmodel, Multifaceted model, Univariate® Coefficient  Effect Clinical model, Multifaceted model,
Pvalue effectsize® n=930f190, n=540f190, Pvalue size n=389 of 161, n=53 of 161
R?=0.28, R?=0.68, R?=0.42,P R?=0.68,
P=0.44 P=0.00064 =0.003 P=0.00051
Coefficient (s.e.) Multivariate Multivariate Coefficient Multivariate Multivariate estimate
estimate (s.e.) estimate (s.e.) (s.e) estimate (s.e.) (s.e.)
Clinical
Age (years) -0.0038 0.600 -0.02 -0.010 (0.013) -0.044 (0.017)*, -0.012 on7z -0.12 -0.00039 (0.013) 0.0094 (0.015)
(0.0072) P=0.013 (0.0074)
Level of education
Degree 0.76 (0.47) 0.104 0.07 0.35(0.67) 0.75 (0.31)* 0.017 0.24 -0.17 (0.49)
School, vocational 0.36 (0.46) 0.435 0.02 -0.065 (0.66) NI 0.11(0.32) 0.727 0.02 -0.75 (0.46) NI
None of above (reference)
Clinical Frailty Scale
Mild (4-5) -0.24(0.34) 0.480 0.02 -0.48 (0.62) -0.18(0.56) 0.747 0.03 -0.073 (0.59)
Moderate-severe (6-8) 1.04 (0.79) 0.187 0.15 NI NI ND ND NI
Admission date
1March 2020 to 1 September 2020 0.35(0.35) 0.310 0.15 0.017 (1.25) 2.69 (1.71) -0.25 (0.26) 0.350 0.09 -0.25 (1.88) -0.93 (1.74)
1 September 2020 to 1 March 2021 -0.54(0.33) 0.106 017 -1.92 (1.07) 2.60 (1.51) -0.80(0.26)**  0.00290 0.28 -0.39(0.77) -0.0011(1.39)
1March 2021 to 1 September 2021 -0.20 (0.38) 0.604 0.04 -1.05 (1.29) -0.91(1.52) -0.47 (0.37) 0.210 015 1.09 (0.79) 5.60 (3.45)
1 September 2021 to 1 March 2022
(reference)
1 September 2022 -0.37 (0.56) 0.5M 0.14 -217 (1.61) ND -0.18 (0.44) 0.689 0.04 -4.71(2.52) 1.98 (1.50)
Days since COVID-19 0.00092 0.12 014 -0.0014 0.000099 (0.0020) -0.00018 0.574 -0.0099 -0.0000079 0.0018 (0.0020)
(0.00059) (0.0017) (0.00032) (0.0023)
WHO COVID-19 severity
Moderate -0.16 (0.28) 0.566 0.06 -0.28 (0.43) NI 0.81(0.28)** 0.00481 0.28 -0.15 (0.43) -0.98 (0.54)
Severe -0.26 (0.27) 0.338 0.04 -0.51(0.50) 0.85 (0.32)** 0.00807 0.34 0.5 (0.49) -0.85 (0.66)
Mild (reference)
Diagnostic group
Cerebrovascular -0.39(0.32) 0.229 0.16 -0.44 (0.55) -0.93(0.73) NI NI NI NI NI
Encephalopathy -0.84 (0.35)* 0.0164 0.25 -0.78 (0.50) 0.062 (0.51)
Inflammatory -0.48 (0.38) 021 017 -0.24 (0.56) -0.29 (0.57)
Neuropsychiatric -0.057(0.33) 0.865 0.07 0.10 (0.54) -0.26 (0.48)
Other -0.31(0.33) 0.352 omn 0.018 (0.50) -0.66 (0.48)
Peripheral (reference)
PHQ-9 score (per unit) -0.054 (0.017)**  0.00205 -0.20 -0.013 (0.027) 0.030 (0.030) -0.065 0.000192 -0.29 -0.063(0.024)*, -0.056 (0.028)%,
(0.017)*** P=0.0126 P=0.0496
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Variables included in multivariate analysis are described. NI, not included; ND, no data. Date of admission, days since COVID-19 and geographically clustered recruitment site were included in models with the interaction term Admission date: Days since
COVID-19. Two-sided linear regression coefficient *P<0.05, **P<0.01, ***P<0.001. *GDfE represents how an individual performs compared with what would be expected based upon their age, sex, first language and level of education. "Mann-Whitney U-test

for categorical variables, Spearman’s rho for continuous variables, Pearson’s r for image-derived phenotypes; >0.1 small effect size, >0.3 medium effect size.

P

between the NeuroCOVID and COVID groups in terms of days between
COVID-19illness 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 therates of missingnessin theincluded 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=930f190) did not explain a significant proportion of the variance
(R*=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 clinicalmodel (n = 89 0of 161, R*= 0.42, P=0.003) dem-
onstrated that GDfE score was associated with symptoms of depression
(effectsize (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, amarker of axonalinjury), and glial fibrillary acidic protein
(GFAP; amarker 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 mI™*
(U=2,151, estimate (CI) =5.84 (4.09t0 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™ (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™ (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™ (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 mI™ (U = 8,854, estimate
(CI) =0.452(0.260t0 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 0f190) and
COVID (n =73 0of 161) groups were similar to the overall cohortin median
(IQR) age (52 (44-60) and 51 (45-57) years) and proportion of males (60
of 84 (71%) and 45 0f 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 differencein IDP composites between diagnostic subgroups
interms 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,
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Fig.3|Brain injury biomarkers and neuroimaging. a, Brain injury markers
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after adjusted for multiple comparisons based on the FDR approach (adjusted
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and lower quartiles; whiskers, 1.5x IQR. ACC, anterior cingulate cortex; ERC,
entorhinal cortex; UCH-L1, ubiquitin carboxy-terminal hydrolase L1.
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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 deficitsin 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 NfLinserumwas 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 0f 190, R? = 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 0f161, R*= 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 araised 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
whorequired hospitalization withand 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 earlyinthe pandemicthatidentified dysexecutive syndromes
predominantinacute infection'®, 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 age'. 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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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
seeninother studies® .

The findings are both clinically relevant and biologically plausible.
Raised braininjury markers have been demonstrated inacute and post-
acute COVID-19 and are associated with dysregulated innate and adap-
tiveimmune responses®-**, Similarly, meta-analysis has demonstrated
higher NfL and GFAP in COVID-19 patients compared with healthy
controls,and anassociation between these serumbraininjury markers
and COVID-19 severity and poorer outcomes®. The pattern of acute
inflammatory proteins can predict postacute cognitive outcomes®.
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
cellsandit has been proposed as a prognostic biomarker for cognitive
declinein the general population®.

Cognitive deficits were global, of substantial magnitude and
spanned both accuracy and RT, echoing the findings of arecent study
which demonstrated that patients hospitalized with COVID-19 had a
broader cognitive deficit profile than those not hospitalized*s. Future
work should explore whether the cognitive deficits reported incommu-
nity cohortsrepresentacontinuum to this posthospitalized cohort, or
whether additional mechanisms drive persistent deficitsin 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,
attentionand emotion®. An attentional basis for cognitive impairment
with associated difficulties in memory encoding would be consistent
withthe 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, whichisinterpreted asindicating microglial
activation or neuroinflammation*’. Longitudinal research using UK
Biobank data reported volume loss in the anterior cingulate cortex
and other limbic structures following mild SARS-CoV-2 infection™, but
previous literature has also shown that the anterior cingulate cortex
hasreduced volumeinolder age**>. Other studies have demonstrated
reduced gray matter volume in cortical, limbic and cerebellar areasin
post-COVID patients when compared with healthy controls*. 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 beenidentified as being greater in those patients who
were hospitalized than in those who were not*. In our unsupervised
cluster analysis, reduced cortical thickness, particularly in the superior
temporal gyrus, was found tobe 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
sequelae***, and that serum NfL might be associated with changes to
thesuperior temporal gyrus in these contexts*®. 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-
gestthata picture of encephalopathy and/or deliriuminthe context of
infection is not just an unmasking of latent cognitive impairment but
rather may precede lasting brain dysfunction®.

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 thatboth have potential tobe targeted. There is growing
biochemical evidence that neurological complications in COVID-19,
including cognitive impairment, are immune-mediated”. 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 therapies*s.

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
anindividual level based upon age, sex, level of education and first
language, using data fromalarge normative dataset”. Thisreduces the
risk of confounding due to premorbid state. Itis 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
Cognitrontesting, mostimportantly age and education, minimizes the
potential for confounding’. 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 study®.
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
criteriafor neurological complications were standardized nationally,
and based on pre-published clinical case definitions*® 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-selectionbias in those completing study
assessments, particularly computerized cognitive assessment and
MRIscanning. Although there was asignificant difference between the
COVID and NeuroCOVID groupsinterms 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-
sionepoch and viral clade on outcomes can only be assessed approxi-
mately. Complete case analysis canintroduce bias, the extent of which
depends upon the pattern of missingness and whether missingnessis
atrandom. We assumed data were missing at random. PHQ-9 was the
only patient-reported value included in modeling with missingness (9%
inNeuroCOVID 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-postinfection change and causality cannot be inferred.
Itisimportant 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
sampleifthis was the case. However, itis likely that some participants
inthe normative sample may have had asymptomaticinfections given
the populationsize. 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 positives®*>. However, this study aimed to
address this by excluding scans with marked motion artifact®. The
region ofinterest-based neuroimaging analysis raisesimportant candi-
dateregions potentially underpinning the cognitive deficits seen, but
reduces this study’s ability to identify unexpected regions’ involvement
insuch deficits, and might underestimate theimportance 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 atrend 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 braininjury markers, depression symptomatology and reduced
anterior cingulate cortex volume. A strong concordance between sub-
jectiveand 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 toabroader COVID-19 population.
Mechanisms underpinning this potentiallyimmune-mediated construct
of depression, cognitionand braininjury need to be further elucidated
to allow the development of targeted therapeutic interventions.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods
Study population
Patients aged >16 years were recruited over 19 months (March2021to
October 2022) from17 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 anew 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
theinclusion and exclusion criteria detailed in Supplementary Table 1
(ref.50). The NeuroCOVID group wereidentified by referral oradmission
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 pandemic®*°. Sex was self-reported. Admission dates
were categorized into 6-monthblocks 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 practice”. 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 departmentbut were notadmit-
ted. COVID-19 was defined by the WHO COVID-19 case definition’®.
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 acomputerized 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 timepoint*. 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.Foreach COVID-CNS participant we subsampled approximately
eight volunteers matched for age, sex, first language and level of educa-
tion, resulting inacommunity comparator group of n = 2,927 in total'~
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 asymptomaticinfection cannotbe 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). Weincluded 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
cohorts"***°!, Cogpnitive tasks were selected to sample across five
domains defined by the DSM-5 classification:** 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 datawere transformed into Deviation
from Expected (DfE) scores using established linear models trained on
alarge normative dataset (>400,000 individuals) designed to predict
performance based upon demographics. In this analysis, GDfE, DfE
accuracy and DfERT represent how anindividual performs compared
with what would be expected based upon their age, sex, first language
andlevel of education. Any cognitive impairment was defined as GDfE
lessthan expected (<0). A technical correction was applied excluding
those responding unfeasibly fast or slow based upon normative data.
Follow-up1and 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

Braininjury markers were measured inserum using a Quanterix Simoakit
runonanSR-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 cohort*.

Neuroimaging

This study utilized apublished standardized protocol, with harmonized
MRI scans across multiple sites, which demonstrated very good reli-
ability between sites through a‘traveling heads study. This protocol
utilizes the existing UK Biobank IDP MRI analysis pipeline® >, 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 scans****. Field map correction was
performed and FAST used to segment tissues into gray matter, white
matter and cerebrospinal fluid®>*. SIENAX analysis then estimated
volume measures, utilizing surface of skull to normalize brain tissue
volumes for head size (compared with the MNI152 template)**. 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 gyrus'*”!, MRI data were processed with FSL and
Freesurfer, using the established UK Biobank pipeline®****, 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 atotal composite.

Model development

Candidate variables for linear models were predefined in the statisti-
calanalysis 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
anacute 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). Fatigue’?, 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 modeling”. 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 volume'******2 Date of admission, days
since COVID-19 and recruitment site (grouped as ‘London’,‘North’ and
‘South’) wereincluded inclinicaland multifaceted models with interac-
tion term Admission date : Days since COVID-19. Because of sample size
restrictions, recovery modelsincluded 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 dataaccess andis openly
available via the Open Science Framework?, 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
IDPs™. There were minor deviations from the analysis plan: there were
sevenindividualsin 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 alack of data. We report multiple
regression models for GDfE rather than accuracy and RT separately
toimprove clarity. We based models on complete case analysis rather
than multiple imputation because existing datawas deemed sufficient
(<20% missingness). For MRl analysis, we report the analyses of a priori
defined regions. Cortical volume and surface area were collinear and
therefore cortical volume only wasincluded (variance inflation factor
>10). The statistical analysis plan was otherwise conducted as docu-
mented. Statistical analyses were performedin R (R Foundation, v.3.6.1
or later). Potential confounders were included as candidate variablesin
allmultiple regression models. The GDfE score represents performance
compared with what would be expected by age, sex, level of education
andfirstlanguage and therefore reduces the risk of confounding from
these variables. GDfE is based on linear models trained on normative
datafrom >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
thejustification canbe 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 dataand 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
datawith bonafide 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
Codeis publicly available via https://github.com/tnggroup/covidcns.
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Characteristic
Composite Scores
Cognitron Global Score

Cognitron Accuracy

Cognitron RT
Accuracy

Recognition memory
(immediate)
Spatial Span

2D Manipulations

Verbal Analogies

Recognition memory (delayed)
Tower of London

Response Time

Recognition memory
(immediate)

Spatial Span

2D Manipulations

Verbal Analogies

Recognition memory (delayed)
Tower of London

Motor Control

" Median (IQR)

Overall, N = 351"

-0.92 (-1.83, -0.26)

-0.89 (-1.58, -0.21)

0.61 (-0.05, 1.54)

-0.05 (-1.03, 0.63)
-0.59 (-1.15, -0.03)
-0.65 (-1.21, -0.04)
-0.96 (-1.64, -0.35)

-0.03 (-0.75, 0.57)
-0.58 (-1.53, 0.25)

0.31 (-0.28, 1.30)

0.48 (-0.25, 1.32
0.38 (-0.23, 1.28
0.37 (-0.24, 1.23
0.12 (-0.42, 1.08
-0.06 (-0.61, 0.63)
0.27 (-0.37, 1.11)

~— ~— ~— ~—

NeuroCOVID, N = 190’

-1.11 (-2.00, -0.35)

-1.04 (-1.67, -0.29)

0.70 (-0.04, 1.78)

-0.09 (-1.15, 0.59)
-0.62 (-1.14, -0.15)
-0.73 (-1.25, -0.09)
-0.93 (-1.56, -0.32)

-0.11 (-0.79, 0.50)
-0.51 (-1.61, 0.22)

0.31 (-0.29, 1.47)

0.46
0.44
0.52
0.19
0.09
0.19

-0.27, 1.26)
-0.11, 1.37)
-0.18, 1.45)
-0.42, 1.14)
-0.55, 0.89)
-0.35, 1.05)

~ o~ o~ o~~~

Extended Data Table 1| Composite and individual task Deviation from Expected Scores in NeuroCOVID and COVID groups

COVID, N = 161"

-0.83 (-1.70, -
0.19)

-0.75 (-1.53, -
0.09)

0.50 (-0.06, 1.39)

0.04 (-0.77, 0.71)
-0.55 (-1.17, 0.12)
-0.53 (-1.15, 0.06)
-1.00 (-1.71, -
0.43)

0.15 (-0.69, 0.64)
-0.59 (-1.43, 0.40)

0.32 (-0.27, 1.16)

0.54
0.31

0.17, 1.44
0.40, 1.14
0.25 (-0.27, 0.97
0.08 (-0.43, 0.92
-0.17 (-0.76, 0.36)
0.33 (-0.38, 1.20)

(- )
(- )
(- )
(- )
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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

Variable NeuroCOVID COoVID
Univariate+ p-value Multivariate p-value Univariate+ p-value Multivariate |p-value
Coefficient (SE) Multivariate Coefficient (SE) Multivariate
estimate (SE) estimate (SE)
n=30 n=24
Age (years) 0.0083 (0.0086) [0.337 0.013 (0.017) 0.455 0.012 (0.018) 0.508 -0.038 (0.028) |0.201
Date COVID-19
01/03/20- 01/09/20 0.12 (0.44) 0.795 - - 0.081 (0.48) 0.868 - -
01/09/20-01/03/21 -0.33 (0.45) 0.464 0.93 (0.59) 0.128
01/03/21-01/09/21 -0.54 (0.48) 0.268
01/09/21-01/03/22 (ref)
30/01/22- 01/09/22 -1.08 (0.76) 0.163
Days since COVID-19 |0.00065 0.403 0.000071 (0.0011) [{0.950 0.00024 (0.00066) |0.718 0.0012 0.263
(0.00077) (0.0010)
WHO Severity
Moderate 0.024 (0.39) 0.952 - - 0.13 (0.56) 0.813 0.63 (0.53) 0.254
Severe 0.010 (0.39) 0.979 0.57 (0.63) 0.370 0.28 (0.55) 0.619
Mild (ref)
Diagnostic group
Cerebrovascular 0.18 (0.40) 0.650 0.34 (0.81) 0.680 - - - -
Encephalopathy -1.17 (0.48)* 0.0191 -1.08 (0.71) 0.141
Inflammatory 0.087 (0.45) 0.848 0.28 (0.62) 0.663
Neuropsychiatric -0.021 (0.39) |0.957 0.34 (0.63) 0.595
Other -0.082 (0.38) |0.832 -0.023 (0.72) 0.974
Peripheral (ref)
PHQ-9 score (funit) -0.018 (0.027) |0.509 -0.037 (0.050) 0.462 0.016 (0.030) 0.586 -0.026 (0.045) |0.579
Multimorbidity 0.073 (0.11) 0.513 0.052 (0.21) 0.808 -0.011 (0.14) 0.939 0.23 (0.18) 0.225
Corticosteroid -0.35 (0.32) 0.277 - - 0.33 (0.43) 0.447 - -
treatment
BRAIN INJURY
MARKERS (pg/mL)
NfL -0.00021 0.8491 0.0060 (0.018) 0.747 -0.0015 (0.0038) 0.687 -0.0016 0.649
(0.0011) (0.0034)
GFAP 0.0015 (0.0013)|0.248 -0.00084 (0.0026) (0.745 -0.0025 (0.0060) 0.685 0.011 (0.0062)|0.108
Tau -0.13 (0.12) 0.286 - - -0.13 (0.43) 0.771 - -
UCH-L1 -0.0019 0.671 - - 0.031 (0.011)** 0.00861 - -
(0.0043)
NEUROIMAGING
Composite volume (Z |0.17 (0.27) 0.521 - - 0.064 (0.26) 0.808 - -
score)
Composite cortical 0.33 (0.25) 0.202 - - -0.37 (0.39) 0.361 - -
thickness (Z score)
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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 forimage derived
phenotypes; >0.1 small effect size, >0.3 medium effect size

Variable NeuroCOVID COVID
Univariate+ p-value Effect size++ Univariate+ p-value Effect size++
Coefficient (SE) Coefficient (SE)
CLINICAL
Prior COVID-19 vaccination -0.21 (0.30) 0.489 0.09 0.24 (0.26) 0.371 0.06
GAD-7 (/unit) -0.041 (0.021) 0.0513 -0.16 -0.073 (0.019)*** 0.000179 -0.21
PCL-5 (/unit) -0.013 (0.0066) 0.054 -0.11 -0.031 (0.0074) *** 0.0000486 -0.30
CFQ mental subscale -0.047 (0.050) 0.353 -0.05 -0.045 (0.053) 0.398 -0.025
CFQ physical subscale -0.062 (0.022) ** 0.00544 -0.15 -0.031 (0.024) 0.191 -0.11
Anticholinergic Burden Score -0.22 (0.11) * 0.0484 -0.16 -0.30 (0.17) 0.0734 -0.14
Raised CRP 0.0026 (0.0021) 0.07 -0.00071 (0.0020) 0.21
Raised WCC -0.053 (0.032) 0.15 -0.0061 (0.034) 0.11
Subjective cognitive impairment |-0.47 (0.20)* 0.0206 0.19 -0.78 (0.19) *** 0.0000398 0.29
BRAIN INJURY MARKERS
(pg/mL)
Tau 0.14 (0.09) 0.147 0.099 -0.11 (0.14) 0.459 -0.035
UCH-L1 -0.0018 (0.0019) 0.331 0.012 -0.00029 (0.00031) 0.354 0.076
NEUROIMAGING
Composite volume (Z score) 0.40 (0.15)* 0.0127 0.27 0.25 (0.15) 0.0889 0.20
Composite cortical thickness (Z |0.31 (0.19) 0.112 0.18 0.044 (0.19) 0.82 0.03
score)
Superior temporal gyrus volume |0.033 (0.016)* 0.0409 0.22 0.0041 (0.012) 0.719 0.04
Insula volume 0.011 (0.0046)* 0.0227 0.25 0.00086 (0.0034) 0.8 0.03
Superior temporal gyrus 0.0023 (0.0068) 0.74 0.04 0.030 (0.018) 0.0872 0.20
thickness
Orbitofrontal cortex thickness 0.22 (0.096)* 0.0275 0.24 0.038 (0.070) 0.59 0.05
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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). tThe 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)

Univariate IDP Total Volume  Thickness /Anterior |[Entorhinal [Parahippo [Superior [nsula /Anterior Entorhinal Orbitofrontal Parahippoca Superior |Insula
Composite Z-Score  [Composit: posit posit Cingulate Cortex campal Temporal Volume Cingulate [Cortex Cortex mpal Gyrus [Temporal [Thickness
Comparisons Cortex Volume Gyrus Gyrus Cortex Thickness Thickness [Thickness Gyrus
\Volume Volume  Volume Thickness [Thickness
NeuroCOVID \W=0.960, (W=0.972, =0.987, W=0.793, W=0.217, W=0.641, W=0.693, W=0.471, W=0.943, |W=0.329, W=0.960, W=0.292, W=0.445 |W=0.512,
p=0.0119* p=0.0708 p=0.589 p=0.00015 |p=0.000156 p=0.000156(p=0.000156p=0.000156 [p=0.00154* |p=0.000156* p=0.0119*  |p=0.000156* [p<0.0001* |p<0.0001*
‘Shapiro-Wilk W and p 6* * ¥ * "
value
coviD \W=0.975, |W=0.992, =0.984, \W=0.987, W=0.571, W=0.2580, W=0.7622, W=0.0236, W=0.417, |W=0.158, |W=0.838, W=0.224, W=0.773, |W=0.205,
p=0.200 p=0.930  p=0.565 p=0.692 |p=0.000175p=0.000175p=0.000175p=0.000175 p=0.000175* p=0.000175*p=0.000175* [p=0.000175* |p=0.000175p=0.000175
‘Shapiro-Wilk W and p * ¥ * " ¥ *
value
Mann Whitney U U=3101, =-0.0717, {=-1.469, U=3372, U=3122, |U=3292, |U=3052, |U=2772, |U=2982, U=2635, U=2802, U=2845, U=2698, |U=2740,
unpaired (U) or Welchp=0.962  p=0.962  |p=0.681 p=0.681 p=0.962 p=0.681 |p=0.962 p=0.681 p=0.962 p=0.681 p=0.681 p=0.681 p=0.681 p=0.681
Two Sample T-Test (t)
NOVAs across Total Volume  [Thickness IACC ERC PHG STG R?sula ACC ERC OFC PHG STG Insula
iagnostic groups CompositeComposit posi Volume |[Volume Volume  [Volume 'olume Thickness |Thickness [Thickness [Thickness [Thickness Thickness
I/ANOVA F statistic F=1.42 F=1.296 [F=3.223 F=2.184 [F=1.624 |F=0.39 F=0.538 |[F=1.915 |F=0.954 F=0.248 F=1.863 F=0.722 F=0.209  |F=0.495
and p value p=0.588 p=0.611 |p=0.0734 p=0.333 p=0.504 p=0.974 |p=0.974 p=0.383 p=0.918 p=0.974 p=0.974 p=0.974 p=0.974  |p=0.974
Post-hoc Tukey n/a n/a 3 significant n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
group comparisons groupwise
differences
adjusted p
values <0.05.
Linear correlations  [Total Volume  Thickness IACC ERC PHG STG Insula ACC ERC OFC PHG STG Insula
between IDP Composite/Composite Composit \Volume Volume Volume Volume olume Thickness (Thickness [Thickness [Thickness [Thickness Thickness
composites and GDfE|

/Al NeuroCOVID and [R=0.272, R=0.242, |R=0.138, R=0.299, R=- R=0.0911, |R=0.139, |R=0.167, |R=0.0374, |R=-0.0206, R=0.167,  |R=-0.0266, R=0.0657, R=0.118,

COVID n=157 |p=0.00405*p=0.0104* p=0.170 p=0.001950.00430, p=0.398 [p=0.170  p=0.102  p=0.816  |p=0.859  [p=0.102 p=0.859 p=0.578  [p=0.245
[ =0.957

NeuroCOVID R=0.296, [R=0.271, [R=0.175, R=0.307, 0.0410, |R=0.117, |R=0.226, R=0.248, |R=0.0559, |[R=-0.160, |[R=0.241,  |R=-0.0950, |R=0.0368, |R=0.146,

n=84 p=0.0444* p=0.0592 [p=0.224 p=0.0444* p=0.740  p=0.403 |p=0.0957 p=0.0770 p=0.716  |[p=0.256  [p=0.0770  |p=0.496 p=0.740  |p=0.286

covip R=0.230, |R=0.201, |R=0.0271, R=0.348, R=-0.204, R=0.146, |R=0.0429, R=0.0302, RR=0.00354, |R=0.0787, |[R=0.0541, |R=-0.0231, |R=0.202, |[R=0.167,

n=73 p=0.249 [p=0.249 p=0.911 p=0.0280* p=0.249  p=0434 |p=0911 p=0911 p=0.976  |[p=0.911  p=0.911 p=0.911 p=0.249  [p=0.371
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
|Z| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|X| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection  Cognitive data was collected using Cognitron software. Brain injury markers were measured in serum using a Quanterix Simoa kit run on an
SR-X Analyser (Quanterix, Billerica, MA, USA, Neurology 4-Plex A Advantage Kit, cat#102153). 3T MRI protocols were harmonized and the
published standardised protocol was demonstrated to be consistent across sites (Duff et al). MRI data were processed with FSL (version 6.0)
and Freesurfer (version 6.0), using the established UK Biobank pipeline modified for COVID-CNS (https://www.fmrib.ox.ac.uk/ukbiobank/fbp/).
Clinical data was collected via Qualtrics from clinical notes.

Data analysis Statistical analyses and data visualizations were performed in R (The R Foundation©, version 3.6.1 or later). Code will be made publicly
available via https://github.com/tnggroup/covidcns

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

)
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
wv
[
3
=
Q
<

1c0C Y21Dy




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

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-access/. The Committee decide on academic applications,
with escalation 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.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Sex was reported based upon self-report. Raw Cognitron scores were transformed into Deviation from Expected (DfE) scores
using established linear models trained on a large normative dataset designed to predict performance based upon age, sex,
first language and level of education. There is no consent for sharing of individual level data to publish disaggregated, but sex
has as such been evaluated in the group-wise aggregated data.

Population characteristics As per Table 1 in full manuscript.
- Sex: NeuroCOVID group 118/190 (62%) male, COVID group 84/161 (52%) male.
- Age: NeuroCOVID group median age 54, COVID group median age 54.
- Level of Education: NeuroCOVID group 83/190 (44%) educated to college/university degree level, COVID group 83/161
(52%) educared to college/university degree level.
- WHO COVID-19 Severity: NeuroCOVID group 49/190 (31%) hospitalised severe, COVID group 40/161 (26%) hospitalised
severe.
- COVID-19 vaccination status: NeuroCOVID group 31/190 (20%) vaccinated prior to study, COVID group 26/161 (18%)
vaccinated prior to study.

Recruitment Patients >16 years were recruited over 19 months (March 2021-Oct 2022) from 17 UK sites through the COVID-CNS, a case-
control study within the National Institute of Health Research (NIHR) COVID-19 BioResource (REC reference 17/EE/0025; 22/
EE/0230 (East of England—Cambridge Central Research Ethics Committee)). COVID-CNS included hospitalised patients with
COVID-19 without a prior relevant 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 prior published study-wide case definitions and inclusion/ exclusion criteria detailed in Supplementary Table 1. The
NeuroCOVID group were identified by referral or admission to neurology, or by notification to the study team by the
responsible 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 admission during the pandemic. Admission dates were categorised into 6-month blocks as
per input from the Infectious Diseases Experts at the National MRC 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 practice. Some neurological or psychiatric complications required secondary care input without
hospitalisation, 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 admitted. COVID-19 was defined by the WHO
COVID-19 Case definition.

Ethics oversight Participants were recruited into COVID-CNS and either the participant or their next of kin consented in accordance with the
ethically-approved NIHR BioResource. (REC reference 17/EE/0025; 22/EE/0230 (East of England—Cambridge Central
Research Ethics Committee)).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size A sample size calculation in the pre-registered statistical analysis plan indicated that based on global G_SScore effect size and standard
deviation published by Hampshire et al, we would require 129 patients from each group (NeuroCOVID and COVID) to have a 95% power at the
0.01 significant level (n=258) or 94 patients from each group to have a 95% power at the 0.05 significant level (n=188). We included n=351.

Data exclusions | Using a pre-established Cognitron processing pipeline, a technical correction was applied excluding those responding unfeasibly fast or slow
based upon normative data. COVID-CNS clinical study wide inclusion/ exclusion criteria are included in Supplementary material. Patients with
significant pre-existing neurological or psychiatric disorders managed in secondary care or pre-existing cognitive impairment were excluded.
This formed part of the pre-existing COVID-CNS recruitment criteria.

Replication Data analysis was conducted on clinical data, serum samples, and neuroimaging data collected as part of the COVID-CNS study. This is a
relatively unique dataset and we do not have access to a second similar dataset to allow replication of study findings. We have referenced
studies from which there are specific findings consistent with our analysis - including references 14, 30, 31, 32, 33, 38.

Randomization  N/A.This was an observational study.

Blinding Serum samples were analysed with de-identified numeric identification numbers so that the researchers did not know what group they
belonged to when assays were run.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms

Clinical data

XX X X X X
Ooooogo

Dual use research of concern

Magnetic resonance imaging

Experimental design

Design type n.a., T1 MPRAGE data only presented in this study. Additional MRI modalities (T2 FLAIR, resting state BOLD fMRI,
Diffusion Weighted Imaging, Arterial Spin Labelling and Quantitative Susceptibility Mapping) were also acquired in the
same scanning session but are not presented in this study so are not reported here.

Design specifications Tlmprage — GE scanner: 3Tesla MR 750
Scan plane: sagittal
Fov 25.6cm
Phase fov 1.0
Slice thick Imm
Freq dir: S/I
Slabs: 1
Locs per slab: 208
No of TEs 1
TE min (1.9ms)
Flip angle 8deg
Prep time (Y1): 800ms
Points in Frequency direction 256
Points in Phasedirection 256
Nex 1
BandWidth: 31.25
Aceleration: phase direction: 2.0, slice direction: 1.25
MPRAGE Repetition Time: (TR) = 2000
Acquisition time 4:42
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Behavioral performance measures  No behavioural measures as part of scan sequence utilised.

Acquisition

Imaging type(s) Structural (only modality presented in this study) - T1 (MPRAGE). Additional MRI scans (T2 FLAIR, resting state BOLD
fMRI, Diffusion Weighted Imaging, Arterial Spin Labelling and Quantitative Susceptibility Mapping) were also acquired in
the same scanning session but are not presented in this study so are not reported here.

Field strength 3T

Sequence & imaging parameters (for GE scanner)
T1-TI/TR = 800/2000 ms, R = 2.
TE min (1.9ms)
Flip angle 8deg
Prep time (Y1): 800ms
Points in Frequency direction 256
Points in Phasedirection 256
Nex 1
BandWidth: 31.25
Aceleration: phase direction: 2.0, slice direction: 1.25
MPRAGE Rpetition Time: (TR) = 2000
Acquisition time 4:42

Area of acquisition Whole brain

Diffusion MRI [ ] used Not used

Preprocessing

Preprocessing software Each MRI modality was analysed using custom pipelines for image pre-processing and estimation of multiple MRI contrast
metrics and imaging-derived phenotypes (IDPs), derived from the UKB analysis pipelines (www.fmrib.ox.ac.uk/ukbiobank/)
and software tools from the FMRIB Software Library and FreeSurfer, with DICOM conversion carried out using DCM2NIIX.

Normalization Processing of T1-weighted data included removal of the face, brain extraction, and registration to the MNI152 brain template
(Jenkinson 2002, Andersson 2008).

Normalization template MNI152

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Structural image derived phenotypes (IDPs) utilized in univariate and multivariate statistical tests. Global cognitive deviation
from expected scores used as outcome in multivariate modeling.

Effect(s) tested Structural data only presented in this study. No task-related design, so no effect tested as per this definition.
Specify type of analysis: [ | Whole brain  [X| ROI-based [ ] Both

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
gyrus. MRI data were processed with FSL and Freesurfer, using the established UK Biobank pipeline,
modified for COVID-CNS, in order to produce biologically relevant metrics of brain structure and function
- IDPs. IDPs from T1 weighted MRI were obtained for global brain regions and for cortical regions as
defined by Desikan-Killiany parcellation.

Anatomical location(s)

Statistic type for inference Structural analyses only, use of IDPs as described.
(See Eklund et al. 2016)

Correction FDR correction used in statistical reporting.

Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity

IZ |:| Graph analysis

|:| Multivariate modeling or predictive analysis
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