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Post-acute COVID-19 neuropsychiatric
symptoms are not associated with ongoing
nervous system injury
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A proportion of patients infected with severe acute respiratory syndrome coronavirus 2 experience a range of neuropsychiatric symp-
toms months after infection, including cognitive deficits, depression and anxiety. The mechanisms underpinning such symptoms re-
main elusive. Recent research has demonstrated that nervous system injury can occur during COVID-19. Whether ongoing neural
injury in the months after COVID-19 accounts for the ongoing or emergent neuropsychiatric symptoms is unclear. Within a large
prospective cohort study of adult survivors who were hospitalized for severe acute respiratory syndrome coronavirus 2 infection,
we analysed plasma markers of nervous system injury and astrocytic activation, measured 6 months post-infection: neurofilament
light, glial fibrillary acidic protein and total tau protein. We assessed whether these markers were associated with the severity of
the acute COVID-19 illness and with post-acute neuropsychiatric symptoms (as measured by the Patient Health Questionnaire for
depression, the General Anxiety Disorder assessment for anxiety, the Montreal Cognitive Assessment for objective cognitive deficit
and the cognitive items of the Patient Symptom Questionnaire for subjective cognitive deficit) at 6 months and 1 year post-hospital
discharge from COVID-19. No robust associations were found between markers of nervous system injury and severity of acute
COVID-19 (except for an association of small effect size between duration of admission and neurofilament light) nor with post-acute
neuropsychiatric symptoms. These results suggest that ongoing neuropsychiatric symptoms are not due to ongoing neural injury.
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Neural injury, COVID, and neuropsychiatry

Introduction

In the weeks and months after severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infection, a proportion
of patients experience neuropsychiatric symptoms including
depression, anxiety and cognitive deficits (also known as
‘brain fog’).'® The risk is particularly marked in patients
hospitalized at the time of their COVID-19,"” and an in-
creased number of new cases are still being diagnosed
months after the acute infection.?

While the exact mechanisms underpinning such associa-
tions remain largely unknown,® recent studies have started
to shed light on how COVID-19 might lead to neuropsychi-
atric sequelae. An animal study has found that microvascular
brain pathology following COVID-19 can be caused by
SARS-CoV-2 main protease cleaving nuclear factor-«B es-
sential modulator, thus inducing the death of brain endothe-
lial cells.” Another study in animals found that mild
SARS-CoV-2 infection was associated with elevated CSF le-
vels of the cytokine CCL11, which can cause hippocampal
microglial activation and impaired neurogenesis, as well as
demyelination.'® An autopsy study of the brain of indivi-
duals infected with SARS-CoV-2 found multi-focal vascular
damage accompanied by endothelial cell activation and evi-
dence of neuroinflammation.'! These studies raise the possi-
bility that the associations between SARS-CoV-2 infection
and neuropsychiatric sequelae are mediated by neuronal in-
jury (as a direct result of neuroinflammation and/or due to
ischaemic injury).

Several studies have shown that nervous system injury
markers [including neurofilament light (NfL) and glial fibril-
lary acidic protein (GFAP)] are raised after COVID-19.'*"?
In particular, a recent study showed that both NfL and tau
remain elevated 4 months after admission to hospital for
COVID-19 in some patients.'” This raises the possibility of
ongoing neural injury in the post-acute phase of the illness
and might explain why the risk of some neuropsychiatric
symptoms (notably cognitive deficits) continues to be raised
up to 2 years after a COVID-19 diagnosis.> However, the as-
sociation between neural injury markers and neuropsychi-
atric outcomes following COVID-19 is unclear. One study
of 61 patients post-COVID reported that NfL and GFAP
are raised in patients with post-COVID neurological symp-
toms.'® However, another study of 121 patients with
COVID-19 found that early GFAP levels were correlated
with post-acute neurological symptoms but found no associ-
ation with NfL.?° Yet, a third study based on 97 participants
found no association between GFAP and NfL (measured
both acutely and 7 months post-infection) and self-reported
cognitive deficit.”! The relatively small sample size of these
studies precluded adjustment for important confounding
factors including physical and psychiatric comorbidities, as
well as history of neurological and neurovascular disease.
The latter is particularly important as raised levels of
post-COVID neural injury markers might reflect pre-existing
neurovascular impairment, which is a known risk factor for
more severe COVID-19 illness.**
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In this study, we investigated whether post-acute ner-
vous system injury markers are associated with depressive
symptoms [measured by the Patient Health Questionnaire
(PHQ-9)], anxiety [measured by the General Anxiety
Disorder (GAD-7) assessment] and cognitive deficits [mea-
sured by the Montreal Cognitive Assessment (MoCA) and
the cognitive items of the Patient Symptom Questionnaire
(C-PSQ)]. We also investigated whether the severity of
acute COVID-19 illness is associated with raised levels of
nervous system injury markers.

Materials and methods

We used data from the Post-hospitalization COVID-19
(PHOSP-COVID, ISCTN Registry ISRCTN10980107)
study, which is a large-scale prospective cohort study of
adults (aged >18 years) discharged from a hospital in the
UK with a clinical diagnosis of COVID-19 (this analysis in-
cluded participants discharged between 29 January 2020
and 20 November 2021).>> The study, which involved
data collection at baseline (i.e. during hospitalization), at
2-7 months after discharge (which we refer to as the
6-month follow-up for simplicity) and 12 months after
hospital discharge, consisted of an extensive assessment
of patients’ clinical data, with collected measurements in-
cluding routine clinical data, results of blood tests and clin-
ical questionnaires.

For each participant, data from their hospital admission
were recorded. These included the following variables, which
we used as COVID-19 severity markers: World Health
Organization (WHO) clinical progression scale (based on
the level of oxygenation assistance required),>* National
Early Warning Scores (NEWS) representing the degree of de-
parture from the normal range of physical observations, dur-
ation of hospital admission, diagnosis of pulmonary
embolism during hospitalization, admission to intensive
care, presence of altered consciousness or confusion during
admission and recovery clusters identified in a previous study
based on the PHOSP cohort.?

Clinical scales representing neuropsychiatric health were
measured for each participant at the 6-month follow-up
and for a subset of participants at the 12-month follow-up.
These included the PHQ-9, GAD-7, MoCA and C-PSQ
(see Supplementary material for details).

At the 6-month follow-up, a subset of PHOSP-COVID par-
ticipants had plasma investigated for levels of peripheral
markers of nervous system injury (tau protein and NfL)
and astrocytic activation (GFAP). Samples were stored at
—80° at study sites before being transported on dry ice and
analysed at the UK Dementia Research Institute Biomarker
Factory at University College London, UK, using the multi-
plexed single molecule array (Simoa) Human Neurology
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4-Plex B assay (Quanterix, Billerica, MA, USA). All samples
were analysed in one round of experiments with one batch of
reagents. Intra-assay coefficients of variation of tau, NfLL and
GFAP were below 10% (6.22% for tau, 4.83% for NfL and
7.17% for GFAP). Limits of detection were 0.0371 pg/ml
for tau, 0.0962 pg/ml for NfL and 1.18 pg/ml for GFAP.
Two tau samples and two GFAP samples failed this criter-
ion and were not included in the study. The lower limit of
quantification was 0.125 pg/ml for tau, 0.500 pg/ml for
NfL and 9.38 pg/ml for GFAP. All samples met this criter-
ion. The four-plex panel also measures UCH-L1, but this
particular marker did not pass quality control criteria,
with coefficients of variation exceeding 20%.

We also tested the quality of the nervous system injury
marker data by, firstly, reproducing their known association
with age (positive correlation for NfL and GFAP'?). We did
this by calculating the correlation between age on measure-
ment and the log of the values of nervous system injury mar-
kers and by visual inspection. Secondly, a subset of subjects
had their markers of nervous system injury measured twice
on the same day using separate blood samples. This allowed
us to estimate the test—retest reliability of each marker of ner-
vous system injury.

We assessed both the association between markers of ner-
vous system injury and post-acute neuropsychiatric out-
comes (Objective 1) and the association between markers
of COVID-19 severity and markers of nervous system injury
(Objective 2). Both were assessed using separate sets of stand-
ard linear regressions, adjusted for a range of possible confoun-
ders, including demographics (sex, age and ethnicity) and each
of a number of comorbidities (diagnoses of respiratory, rheum-
atological, cardiovascular and gastrointestinal condition,
history of a cerebrovascular accident, dementia, Parkinson’s
disease, depression, anxiety, chronic fatigue syndrome,
chronic pain, diabetes, hypothyroidism/hyperthyroidism
or other chronic metabolic/endocrine disorders, chronic
kidney disease, cancer and history of chronic infectious
diseases). In addition, the association between markers
of nervous system injury and COVID-19 neuropsychiatric
outcomes was adjusted for factors thought to be asso-
ciated with clinical outcomes: educational level, house-
hold income, marital status and whether English was a
patient’s first language.

In all analyses, both the dependent and the independent
variables were standardized, so that the coefficients reflected
how many standard deviations (SDs) the dependent variable
would change if the independent variable changed by 1 SD.
The markers of nervous system injury were scaled to a loga-
rithmic scale as their distribution was exponential-like.
Recovery clusters were encoded as a categorical variable,
and their effects were reported against the cluster associated
with mild mental and physical impairment. Statistical signifi-
cance was set to two-sided P-values <0.05. Bonferroni cor-
rection for multiple comparisons was applied (accounting
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for eight comparisons for Objective 1 and three comparisons
for Objective 2). Uncorrected P-values were also reported.
Analyses were performed in R version 4.2.0.

For each study objective, we performed the following two ro-
bustness analyses:

1. Using a single model incorporating all independent vari-
ables (i.e. all markers of nervous system injury for
Objective 1 and all markers of COVID-19 severity for
Objective 2), rather than running separate regression
for each independent variable as in the primary analysis.

2. Imputing missing data for all variables (dependent, in-
dependent and confounders). This was achieved using
a multiple imputation model with 20 chains and §
iterations.”

In addition, the associations between neural injury mar-
kers and different cognitive domains measured by the
MoCA at 6 months were assessed in the same way as for
the association with the total MoCA score.

Details about the robustness analyses can be found in the
Supplementary material.

Results

We identified a total of 891 patients from the PHOSP-COVID
cohort who had measurements of all 3 markers of neural
injury studied at the 6-month study visit {median [inter-
quartile range (IQR)] follow-up: 187 [150-214] days}
post-discharge from hospital [mean (SD) age at hospital
admission 57.3 (12.5) years old, 35.0% female], of which
507 individuals also had a follow-up at 12 months [mean
(SD) age at hospital admission 58.8 (12.0) years old,
33.5% female]. Table 1 summarizes the baseline character-
istics of the cohort (see also Supplementary Tables 1 and 2
for all baseline characteristics as well as those of the cohort
with a 12-month follow-up). Table 2 summarizes the mar-
kers of COVID-19 severity, neuropsychiatric outcomes
and the values of neural injury markers.

Measurements of neural injury were found to be reliable
both in terms of their test—retest reliability (test-retest corre-
lations of 0.98 for NfL, 0.74 for tau and 0.99 for GFAP,
P <0.001 for all three) and in terms of their association
with age (correlation with age of 0.57 for NfL and 0.38 for
GFAP, P <0.001 for both; see Supplementary Fig. 1).

We found no evidence that post-acute nervous system in-
jury biomarkers associate with cognitive and neuropsychi-
atric symptoms in the post-acute phase of severe COVID
illness after correcting for multiple comparisons (see Fig. 1
and Supplementary Tables 3 and 4). Uncorrected P-values
<0.05 were observed for a negative association between
tau and the MoCA at 6 [beta=-0.080, 95% confidence
interval (CI) —0.0091 to —0.15, P =0.027] and 12 months
(beta=-0.080, 95% CI -0.0031 to —0.16, P=0.042).
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Table | Baseline characteristics for the cohort used in
this study and for all other PHOSP-COVID participants

PHOSP-COVID All other
participants with PHOSP-COVID

Cohort neural injury markers  participants
Cohort size 891 1806
Sociodemographic

factors
Age, mean (SD) 57.3 (12.5) 58.2 (12.8)
Sex, n (%)

Female 312 (35.0) 637 (35.3)

Male 535 (60.0) 958 (53.0)

Unknown 44 (4.9) 211 (11.7)
Race, n (%)

White 668 (75.0) 1199 (66.4)

Asian 122 (13.7) 188 (10.4)

Black 47 (5.3) 130 (7.2)

Mixed 14 (1.6) 37 (2.0

Other 24 (2.7) 75 (4.2)

Unknown 16 (1.8) 177 (9.8)
Comorbidities, n (%)

Cancer 61 (6.8) 122 (6.8)

Cardiovascular 372 (41.8) 791 (43.8)

condition

Myalgic 40 (4.5) 91 (5.0)

encephalomyelitis/

chronic fatigue

syndrome (ME/CFS)/

fibromyalgia/chronic

pain

Chronic kidney 33 (3.7) 73 (4.0)

disease

Cerebrovascular 33 (3.7) 70 (3.9)

accident

Dementia <10 <l0

Diabetes 166 (18.6) 351 (194)

Metabolic/endocrine 65 (7.3) 152 (8.4)

disorder

Gastrointestinal 179 (20.1) 371 (20.5)

condition

Infectious disease 21 (2.4) 49 (2.7)

Parkinson’s disease <10 <10

Depression or 151 (16.9) 308 (17.1)

anxiety

Respiratory 254 (28.5) 457 (25.3)

condition

Rheumatological 121 (13.6) 273 (15.1)

condition

Only a subset of characteristics is shown. For all other characteristics (including
educational level, household income, marital status and whether English is the
participant’s first language), please see Supplementary Table |.

These results were robust when all markers of nervous sys-
tem injury were used as independent variables within a single
regression model (Supplementary Fig. 2) and when missing
data were imputed (Supplementary Fig. 3). No significant as-
sociations were found for any of the subdomains of the
MoCA (Supplementary Table 5).

We found that in the models linking COVID-19 severity
(including severity of ongoing impairment as encoded by
recovery clusters) to markers of nervous system injury
(Objective 2), the only significant association was between
the duration of admission and NfL (beta =0.080, 95% CI
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Table 2 Markers of COVID-19 severity and
neuropsychiatric outcomes for the cohort used in this
study and for all other PHOSP-COVID participants

PHOSP-COVID All other
participants with PHOSP-COVID
Cohort neural injury markers participants
COVID-19 severity
markers
WHO, mean (SD) 2.45 (1.07) 2.42 (0.915)
NEWS, mean (SD) 3.71 (2.35) 3.78 (2.29)
Duration of hospital 14.8 (19.2) 14.3 (21.6)
admission, mean (SD)
Pulmonary 83 (9.3) 154 (8.5)
embolism, n (%)
Altered 72 (8.1) 206 (11.4)
consciousness/
confusion, n (%)
ICU admission, n (%) 304 (34.1) 471 (26.1)
COVID-19 recovery
clusters, n (%)
Mild impairment 123 (13.8) 207 (11.5)
Moderate and 195 (21.9) 318 (17.6)
cognitive
impairment
Severe impairment 76 (8.5) 108 (6.0)
Very severe 288 (32.3) 376 (20.8)
impairment
Unknown 209 (23.5) 797 (44.1)
Clinical scales at
6 months, mean (SD)
MoCA 25.6 (3.68) 25.6 (3.47)
GAD-7 5.32 (5.96) 5.38 (5.57)
PHQ-9 6.99 (6.57) 7.09 (6.56)
C-PSQ 2.05 (2.03) 2.09 (2.07)
Neural injury markers,
mean (SD)
GFAP 4.28 (0.91) N/A
Tau protein 1.70 (0.78) N/A
NfL 2.25 (0.72) N/A
Follow-up
Number at 6-month 891 (100) 1573 (87.1)
follow-up, n (%)
Time at 6 months, 187 (150-214) 162 (123-200)
median (IQR), days
Number at 12-month 507 (56.9) 442 (24.5)

follow-up, n (%)
Time at 12 months,
median (IQR), days

401 (375-424) 397 (365-426)

For the cohort used in this study, the value of neural injury markers is also reported.

0.017-0.14, P =0.013, Bonferroni-adjusted P = 0.039; see
Fig. 2). The same relationship existed for tau although the
latter did not survive correction for multiple comparisons
(beta=10.087, 95% CI 0.010-0.16, P =0.027, Bonferroni-
corrected P=0.081). The association between duration
of admission and NfL was small in effect size: a differ-
ence in duration of hospitalization of 1 SD (i.e. 20.7
days) was associated with a difference in NfL of 0.080
SD in the log-domain (which is of similar magnitude as
the difference in NfL observed between two individuals
with an age difference of only 16.6 days). These results
were robust when all markers of severity were used as
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MoCA at 6 months C-PSQ at 6 months MoCA at 12 months C-PSQ at 12 months
Tau |—J p=0.027 Tau p=0.30 Tau p=0.042 Tau p=0.35
NfL 1 p=0.39 NfL p=0.77 NfL p=0.52 NfL p=0.23
GFAP ——1 p=083 GFAP p=0.59 GFAP p=0.29 GFAP p=0.48
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PHQ-9 at 6 months GAD-7 at 6 months PHQ-9 at 12 months GAD-7 at 12 months
Tau p=0.22 Tau p=0.63 Tau p=0.48 Tau p=0.47
NfL p=0.16 NfL p=0.041 NfL p=0.42 NfL p=0.98
GFAP p=0.067 GFAP p=0.34 GFAP p=0.86 GFAP p=0.45
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Figure | Associations between markers of nervous system injury and post-acute neuropsychiatric features measured at 6 and
12 months. Each bar represents the number of SDs by which the neuropsychiatric scale varies when the level of the nervous system injury marker
varies by | SD. The error bars indicate 95% Cls. Uncorrected P-values are reported next to each bar, and Bonferroni-corrected P-values meeting
statistical significance thresholds are flagged as follows: ¥*<0.05, *¥<0.0| and ***<0.001. See Supplementary Figs 2 and 3 for the same results based
on different statistical models.

Tau NfL GFAP
WHO severity o p=0.16 L p=0.055 HH p=0.52
Very severe impairment |1 p=0.15 H=— p=0.44 —— p=0.68
Thrombosis —i— p=0.79 —H p=0.20 —= | p=0.44
Severe impairment —H— p=0.68 —&— p=0.37 = p=0.48
NEWS HH p=0.72 HH p=0.79 Ho p=0.062

Moderate impairment = = =
and cognitive impairment H— p=0.74 F—  p=0.75 H—  Pp=0.92
ICU admission Hi p=0.38 = p=0.085 H— p=0.67
Duration of admission B p=0.027 B p=0.013* HH p=0.46
Confusion —4— p=0.78 |—'—| p=0.26 |—!—| p=0.32

-0.5 0.0 05 -04 0.0 04 -0.5 0.0 0.5

Regression coefficient () Regression coefficient () Regression coefficient ()

Figure 2 Associations between markers of nervous system injury and markers of severity of the acute COVID-19 illness. Each
bar represents the number of SDs by which the levels of nervous system injury marker vary when the marker of severity is present versus absent
(for dichotomous variables, i.e. the presence of thrombosis, ICU admission and confusion) or when the marker of severity varies by | SD (for
non-dichotomous variables, i.e. WHO class, NEWS score and the duration of admission). The error bars indicate 95% Cls. Uncorrected P-values
are reported next to each bar, and Bonferroni-corrected P-values meeting statistical significance thresholds are flagged as follows: ¥<0.05, **<0.01
and *¥*<0.001. WHO severity refers to the World Health Organization classification of COVID-19 severity (in terms of oxygen requirement).
Very severe impairment, severe impairment and moderate impairment with cognitive impairment refer to predefined clusters of post-COVID
impairment.? See Supplementary Figs 4 and 5 for the same results based on different statistical models.
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independent variables within a single regression model
(Supplementary Fig. 4) and when missing data were imputed
(Supplementary Fig. 5).

Discussion

In this prospective cohort study of COVID-19 survivors, we
found that markers of nervous system injury in plasma mea-
sured 6 months after hospital admission were not associated
with post-acute neuropsychiatric features (cognitive deficits,
depressive and anxiety symptoms) and not robustly asso-
ciated with severity of the acute illness.

If post-acute neuropsychiatric consequences of COVID-19
are not explained by ongoing brain injury, then other me-
chanisms are needed to explain why new cases of neuro-
psychiatric sequelae (especially cognitive deficits) are being
diagnosed up to 2 years after infection.®> A first possibility is
that these sequelae are the product of acute immune or
vascular events in the CNS, which lead to persistent
symptoms.”® The ongoing diagnosis of new cases in the
post-acute phase of the illness would then reflect delayed
presentation of persistent symptoms that originated in
the acute phase. A similar scenario has been observed in
survivors of out-of-hospital cardiac arrest in whom evi-
dence of acute brain injury predicted poor neurological
outcomes 6 months later.?” This explanation would also
be consistent with the observation that self-reported post-
acute neurological symptoms are associated with higher
GFAP levels measured in the acute phase but not with those
measured in the post-acute phase.”® A second possibility is
that post-acute neuropsychiatric sequelae are the results of
ongoing neuropathological processes that are not captured
by markers of nervous system injury, such as impaired hip-
pocampal neurogenesis.>®>? A third possibility is that some
post-acute neuropsychiatric sequelae of COVID-19 are
functional rather than structural in aetiology.*® Such func-
tional neuropsychiatric sequelae can be precipitated by
acute psychosocial stressors in the context of COVID-19.%°
A wider range of investigations is needed in individual patients
to make such a diagnosis, and if confirmed, targeted therapy
should be offered to those individuals. These three possible ex-
planations are not mutually exclusive, and different neuro-
psychiatric presentations might be underpinned by different
mechanisms in different people. In particular, the different
risk trajectories observed for anxiety and mood disorders on
the one hand, and cognitive deficits on the other hand, suggest
that different mechanisms might be at play.’

The absence of robust associations between severity of the
acute COVID-19 illness and post-acute markers of nervous sys-
tem injury might suggest that no ongoing nervous system injury
occurs 6 months after COVID-19. The lack of healthy controls
in this study (as the primary focus was to compare COVID-19
patients with versus without neuropsychiatric sequelae) pre-
vents us from ruling this possibility out. However, it would
not be compatible with the raised NfL in the post-acute phase
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of moderate-to-severe COVID-19 observed in another study."”
There are two reasons why NfL may remain elevated in the ab-
sence of neuropsychiatric symptoms. First, it might reflect an
ongoing degree of brain injury that is too mild to have clinical
manifestations. The lack of a standardized approach to meas-
ure NfLL means that it is impossible to appreciate the clinical sig-
nificance of a specific level reported in a study. Second, raised
NfL might reflect ongoing injury in areas of the nervous sys-
tem not involved in cognition. In particular, injury might be
occurring in the peripheral nervous system, which would
help explain the association between COVID-19 and periph-
eral nerve disorders and myopathy.” Consistent with this pos-
sibility are the observations, in COVID-19 patients, of a
raised NfL level associated with critical illness polyneurop-
athy/myopathy®! (for which duration of admission is an es-
tablished risk factor®?) and of a raised serum NfL level in
the absence of raised levels of NfL in theCSF.'”

This study has several strengths, including the largest sam-
ple size to date of measurements of nervous system injury mar-
kers in patients with COVID-19, the assessment of both
objective and subjective cognitive deficits and the adjustment
for a wide range of confounders. However, it also has limita-
tions besides the lack of healthy controls and the absence of
measurements of nervous system injury markers in the acute
phase, as already discussed. The main limitation (present in
all studies of the association between COVID-19 and markers
of nervous system injury to date) is that no pre-COVID mea-
surements of nervous system injury are available, so that re-
verse causation might be present. Second, only peripheral
markers of nervous system injury were measured, and
large-scale studies with CSF measurements are needed to bet-
ter delineate the location of injury captured by those markers.
Third, the neuropsychiatric features were limited to those
measured by four instruments: PHQ-9, GAD-7, MoCA and
C-PSQ. While the first two are validated for depression and
anxiety disorders, the MoCA is validated only in the context
of dementia. This implies that post-acute neural injury mar-
kers might be associated with other neuropsychiatric features
not captured by those instruments such as cognitive deficits in
domains or to a degree not adequately measured by the MoCA
and C-PSQ, psychotic features, sleep problems and fatigue.
Studies based on more comprehensive neuropsychological as-
sessments are therefore needed. Lastly, in this study, we were
only able to report on individuals with severe COVID illness
who required hospitalization in the UK. However, individuals
who remained ambulatory are also known to report signifi-
cant long-term neuropsychiatric symptoms.*® Thus, a future
research direction is to explore the evidence for neural injury
in this substantial group of patients.

In summary, our results provide evidence from the largest
sample size to date that post-acute neuropsychiatric symp-
toms (in terms of depression, anxiety and cognitive deficits
measured by PHQ-9, GAD-7, MoCA and C-PSQ) are not
the product of ongoing neural injury. The significant burden
of these conditions on COVID-19 survivors necessitates fur-
ther research into its causes.
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Supplementary material

Supplementary material is available at Brain Communications
online.

Acknowledgements

This study would not have been possible without all the par-
ticipants who had given their time and support. We thank all
the participants and their families. We thank many research
administrators and healthcare and socialcare professionals
who contributed to setting up and delivering the study at
all of the 65 NHS trusts/health boards and 25 research
institutions across the UK, as well as all the supporting staff
at the NIHR Clinical Research Network, Health Research
Authority, Research Ethics Committee, Department of
Health and Social Care, Public Health Scotland, and
Public Health England; we acknowledge support from the
ISARIC Coronavirus Clinical Characterisation Consortium.
We thank Kate Holmes at the NIHR Office for Clinical
Research Infrastructure (NOCRI) for her support in coordin-
ating the charities group. The PHOSP-COVID industry
framework was formed to provide advice and support in
commercial discussions, and we thank the Association of
the British Pharmaceutical Industry as well as NOCRI for
coordinating this. We are very grateful to all the charities
that have provided insight to the study: Action Pulmonary
Fibrosis, Alzheimer’s Research UK, Asthma + Lung UK,
British Heart Foundation, Diabetes UK, Cystic Fibrosis
Trust, Kidney Research UK, MQ Mental Health, Muscular
Dystrophy UK, Stroke Association Blood Cancer UK,
McPin Foundations, and Versus Arthritis. We thank the
NIHR Leicester Biomedical Research Centre patient and
public involvement group and Long COVID Support. See
Supplementary material for details of the PHOSP-COVID
Study Collaborative Group.

Funding

This work was funded by UK Research and Innovation (grant
MR/V027859/1), National Institute for Health and Care
Research (NIHR, grant COV0319), MQ Mental Health
Research, the Wolfson Foundation and the NIHR Oxford
Health Biomedical Research Centre (grant BRC-1215-20005).
M.T. is an NIHR Academic Clinical Fellow and NIHR
Oxford Health BRC Senior Research Fellow. H.Z. is a
Wallenberg Scholar supported by grants from the Swedish
Research Council (#2018-02532), the European Union’s
Horizon Europe research and innovation programme under
grant agreement No 101053962, Swedish State Support for
Clinical Research (#ALFGBG-71320), the Alzheimer Drug
Discovery Foundation (ADDF), USA (#201809-2016862),
the Alzheimer’s Disease Strategic Fund and the Alzheimer’s
Association  (#ADSF-21-831376-C, #ADSF-21-831381-C
and #ADSF-21-831377-C), the Bluefield Project, the Olav
Thon Foundation, the Erling-Persson Family Foundation,

M. Taquet et al.

Stiftelsen for Gamla Tjanarinnor, Hjarnfonden, Sweden
(#FO2022-0270), the European Union’s Horizon 2020
research and innovation programme under the Marie
Sktodowska-Curie grant agreement No 860197 (MIRIADE),
the European Union Joint Programme—Neurodegenerative
Disease Research (JPND2021-00694) and the UK
Dementia Research Institute at University College London
(UKDRI-1003). IK. declares funding for this work
through the Medical Research Council (MR/T033371/1)
and the Oxford Health NIHR Biomedical Research
Centre. The views expressed are those of the authors
and not necessarily those of the UK National Health
Service, NIHR, or the UK Department of Health.

Competing interests

H.Z. has served at scientific advisory boards and/or as a
consultant for Abbvie, Acumen, Alector, Alzinova, ALZPath,
Annexon, Apellis, Artery Therapeutics, AZTherapies,
CogRx, Denali, Eisai, Nervgen, Novo Nordisk, Passage
Bio, Pinteon Therapeutics, Prothena, Red Abbey Labs,
reMYND, Roche, Samumed, Siemens Healthineers, Triplet
Therapeutics and Wave, has given lectures in symposia spon-
sored by Cellectricon, Fujirebio, Alzecure, Biogen and Roche,
and is a co-founder of Brain Biomarker Solutions in
Gothenburg AB (BBS), which is a part of the GU Ventures
Incubator Program (outside submitted work). LK. declares
grant fundind and speaker fees from Novo Nordisk.

Data availability

The PHOSP study data are available for independent ana-
lysis by researchers. The protocol, consent form, definition
and derivation of clinical characteristics and outcomes,
training materials, regulatory documents, information about
requests for data access and other relevant study materials
are available at https:/www.phosp.org/.

References

1. Taquet M, Dercon Q, Luciano S, Geddes JR, Husain M, Harrison
PJ. Incidence, co-occurrence, and evolution of long-COVID fea-
tures: A 6-month retrospective cohort study of 273,618 survivors
of COVID-19. PLoS Med. 2021;18(9):e1003773.

2. Evans RA, McAuley H, Harrison EM, et al. Physical, cognitive,
and mental health impacts of COVID-19 after hospitalisation
(PHOSP-COVID): A UK multicentre, prospective cohort study.
Lancet Respir Med. 2021;9(11):1275-1287.

3. Taquet M, Sillett R, Zhu L, et al. Neurological and psychiatric risk tra-
jectories after SARS-CoV-2 infection: An analysis of 2-year retrospect-
ive cohort studies including 1 284 437 patients. Lancet Psychiatry.
2022;9:815-827.

4. Hampshire A, Chatfield DA, MPhil AM, et al. Multivariate profile
and acute-phase correlates of cognitive deficits in a COVID-19 hos-
pitalised cohort. EClinicalMedicine. 2022;47:101417.

5. Zhao S, Shibata K, Hellyer PJ, et al. Rapid vigilance and episodic
memory decrements in COVID-19 survivors. Brain Commun. 2022,
4(1):fcab295.

$20z Asenuer gz uo 1senb Aq /Z0661./.SEPEDY/ |L/9/010IIB/SWWIODUIRIG/WO0D dNO"dIWapEI.//:sd)y WO} POPEOjUMO(]


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad357#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad357#supplementary-data
https://www.phosp.org/

Neural injury, COVID, and neuropsychiatry

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Voruz P, Jacot de Alcantara I, Nuber-Champier A, et al. Frequency of
abnormally low neuropsychological scores in post-COVID-19 syn-
drome: The Geneva COVID-COG cohort. Arch Clin Neuropsychol.
2023;38(1):1-11.

Taquet M, Geddes JR, Husain M, Luciano S, Harrison PJ. 6-month
neurological and psychiatric outcomes in 236 379 survivors of
COVID-19: A retrospective cohort study using electronic health re-
cords. Lancet Psychiatry. 2021;8(5):416-427.

Spudich S, Nath A. Nervous system consequences of COVID-19.
Science. 2022;375(6578):267-269.

Wenzel J, Lampe J, Miiller-Fielitz H, et al. The SARS-CoV-2 main pro-
tease Mpro causes microvascular brain pathology by cleaving NEMO
in brain endothelial cells. Nat Neurosci. 2021;24(11):1522-1533.
Fernandez-Castafieda A, Lu P, Geraghty AC, et al. Mild respiratory
COVID can cause multi-lineage neural cell and myelin dysregula-
tion. Cell. 2022;185(14):2452-2468.¢16.

Lee MH, Perl DP, Steiner J, et al. Neurovascular injury with comple-
ment activation and inflammation in COVID-19. Brain. 2022;
145(7):2555-2568.

Sutter R, Hert L, De Marchis GM, et al. Serum neurofilament light
chain levels in the intensive care unit: Comparison between severely
ill patients with and without coronavirus disease 2019. Ann Neurol.
2021;89(3):610-616.

Verde F, Milone I, Bulgarelli L, ez al. Serum neurofilament light chain
levels in COVID-19 patients without major neurological manifesta-
tions. | Neurol. 2022;269:5691-5701.

Frontera JA, Boutajangout A, Masurkar AV, et al. Comparison of ser-
um neurodegenerative biomarkers among hospitalized COVID-19
patients versus non-COVID subjects with normal cognition, mild cog-
nitive impairment, or Alzheimer’s dementia. Alzheimers Dement.
2022;18(5):899-910.

Kanberg N, Ashton NJ, Andersson LM, et al. Neurochemical evi-
dence of astrocytic and neuronal injury commonly found in
COVID-19. Neurology. 2020;95(12):e1754-e1759.

Prudencio M, Erben Y, Marquez CP, et al. Serum neurofilament
light protein correlates with unfavorable clinical outcomes in hospi-
talized patients with COVID-19. Sci Transl Med. 2021;13(602):
eabi7643.

Paterson RW, Benjamin LA, Mehta PR, et al. Serum and cerebro-
spinal fluid biomarker profiles in acute SARS-CoV-2-associated
neurological syndromes. Brain Commun. 2021;3(3):fcab099.
Spanos M, Shachar S, Sweeney T, et al. Elevation of neural injury
markers in patients with neurologic sequelae after hospitalization
for SARS-CoV-2 infection. iScience. 2022;25(8):104833.
Needham EJ, Ren AL, Digby R]J, et al. Brain injury in COVID-19 is
associated with dysregulated innate and adaptive immune re-
sponses. Brain. 2022;145(11):4097-4107.

20.

21.

22.

23.

24

2S.

26.

27.

28.

29.

30.

31.

32.

33.

BRAIN COMMUNICATIONS 2024: Page 9 of 9 | 9

Peluso MJ, Sans HM, Forman CA, et al. Plasma markers of neuro-
logic injury and inflammation in people with self-reported neurologic
postacute sequelae of SARS-CoV-2 infection. Neurol Neuroimmunol
Neuroinflamm. 2022;9(5):e200003.

Kanberg N, Simrén J, Edén A, et al. Neurochemical signs of astro-
cytic and neuronal injury in acute COVID-19 normalizes during
long-term follow-up. EBioMedicine. 2021;70:103512.

Williamson EJ, Walker AJ, Bhaskaran K, et al. Factors associated
with COVID-19-related death using OpenSAFELY. Nature. 2020;
584(7821):430-436.

PHOSP-COVID Collaborative Group. Clinical characteristics
with inflammation profiling of long COVID and association
with 1-year recovery following hospitalisation in the UK: A pro-
spective observational study. Lancet Respir Med. 2022;10(8):
761-775.

. WHO Working Group on the Clinical Characterisation and

Management of COVID-19 infection. A minimal common outcome
measure set for COVID-19 clinical research. Lancet Infect Dis.
2020;20(8):¢192-¢197.

Rubin DB. Multiple imputation after 18+ years. ] Am Stat Assoc.
199691(434):473-489.

Taquet M, Skorniewska Z, Hampshire A, et al. Acute blood
biomarker profiles predict cognitive deficits 6 and 12 months
after COVID-19 hospitalization. Nat Med. 2023;29:
2498-2508.

Moseby-Knappe M, Mattsson N, Nielsen N, et al. Serum neurofila-
ment light chain for prognosis of outcome after cardiac arrest.
JAMA Neurol. 2019;76(1):64-71.

Monje M, Iwasaki A. The neurobiology of long COVID. Neuron.
2022;110(21):3484-3496.

Soung AL, Vanderheiden A, Nordvig AS, et al. COVID-19 induces
CNS cytokine expression and loss of hippocampal neurogenesis.
Brain. 2022;145:4193-4201.

Hallett M, Aybek S, Dworetzky BA, McWhirter L, Staab JP, Stone J.
Functional neurological disorder: New subtypes and shared me-
chanisms. Lancet Neurol. 2022;21(6):537-550.

Frithiof R, Rostami E, Kumlien E, et al. Critical illness polyneur-
opathy, myopathy and neuronal biomarkers in COVID-19
patients: A prospective study. Clin Neurophysiol. 2021;132(7):
1733-1740.

Latronico N, Bolton CF. Critical illness polyneuropathy and myop-
athy: A major cause of muscle weakness and paralysis. Lancet
Neurol. 2011;10(10):931-941.

O’Mahoney LL, Routen A, Gillies C, et al. The prevalence and long-
term health effects of long COVID among hospitalised and non-
hospitalised populations: A systematic review and meta-analysis.
EClinicalMedicine. 2023;55:101762.

$20z Asenuer gz uo 1senb Aq /Z0661./.SEPEDY/ |L/9/010IIB/SWWIODUIRIG/WO0D dNO"dIWapEI.//:sd)y WO} POPEOjUMO(]



	Post-acute COVID-19 neuropsychiatric symptoms are not associated with ongoing nervous system injury
	Introduction
	Materials and methods
	Data
	Markers of nervous system injury
	Statistical analyses
	Secondary analyses

	Results
	Discussion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References




