
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13144  | https://doi.org/10.1038/s41598-023-39698-y

www.nature.com/scientificreports

Central nervous system 
biomarkers GFAp and NfL 
associate with post‑acute 
cognitive impairment and fatigue 
following critical COVID‑19
Lovisa Bark 1*, Ing‑Marie Larsson 1, Ewa Wallin 1, Joel Simrén 2,3, Henrik Zetterberg 2,3,4,5,6, 
Miklos Lipcsey 1,7, Robert Frithiof 1, Elham Rostami 8,9 & Michael Hultström 1,10,11,12

A high proportion of patients with coronavirus disease 2019 (COVID‑19) experience post‑acute COVID‑
19, including neuropsychiatric symptoms. Objective signs of central nervous system (CNS) damage 
can be investigated using CNS biomarkers such as glial fibrillary acidic protein (GFAp), neurofilament 
light chain (NfL) and total tau (t‑tau). We have examined whether CNS biomarkers can predict fatigue 
and cognitive impairment 3–6 months after discharge from the intensive care unit (ICU) in critically ill 
COVID‑19 patients. Fifty‑seven COVID‑19 patients admitted to the ICU were included with analysis of 
CNS biomarkers in blood at the ICU and at follow up. Cognitive dysfunction and fatigue were assessed 
with the Montreal Cognitive Assessment (MoCA) and the Multidimensional Fatigue inventory (MFI‑20). 
Elevated GFAp at follow‑up 3–6 months after ICU discharge was associated to the development of mild 
cognitive dysfunction (p = 0.01), especially in women (p = 0.005). Patients who experienced different 
dimensions of fatigue at follow‑up had significantly lower GFAp in both the ICU and at follow‑up, 
specifically in general fatigue (p = 0.009), physical fatigue (p = 0.004), mental fatigue (p = 0.001), and 
reduced motivation (p = 0.001). Women showed a more pronounced decrease in GFAp compared to 
men, except for in mental fatigue where men showed a more pronounced GFAp decrease compared 
to women. NfL concentration at follow‑up was lower in patients who experienced reduced motivation 
(p = 0.004). Our findings suggest that GFAp and NfL are associated with neuropsychiatric outcome 
after critical COVID‑19.

Trial registration The study was registered à priori (clinicaltrials.gov: NCT04316884 registered on 2020‑
03‑13 and NCT04474249 registered on 2020‑06‑29).

The coronavirus disease 2019 (COVID-19) pandemic is primarily known to cause respiratory failure and severe 
disease necessitating intensive care. It is common that severely ill patients develop symptoms from both the 
central nervous system (CNS) and the peripheral nervous system (PNS)1. This is particularly true for critically ill 
COVID-19 patients treated in an intensive care unit (ICU)2. At follow-up 2–3 months from onset of COVID-19 
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a high proportion of patients experience long-term symptoms, called post-acute COVID-193–5. These include 
fatigue, affecting 31–69% of  patients6–8, and cognitive impairment, affecting 21–50% of  patients9,10. In critically ill 
non-COVID-19 patients with acute respiratory distress syndrome (ARDS) the development of the post-intensive 
care syndrome (PICS) it is also common with new or worsening physical, cognitive and mental  impairments11, 
affecting 56–64% of  patients12.

Thus, COVID-19 is associated with persistent CNS symptoms that could be due to cellular damage. However, 
the exact mechanisms remain unknown. With CNS biomarkers it is possible to objectively assess nerve cell and 
glial injury. In our study we used the CNS biomarkers glial fibrillary acidic protein (GFAp) as a biomarker for 
astrocytic  damage13, neurofilament light chain (NfL) as a biomarker for axonal  damage14, and total tau (t-tau), 
as a biomarker for neuronal  damage15. These CNS biomarkers have been found to be elevated in hospitalized 
COVID-19 patients and associated with the development of critical illness polyneuropathy (CIN) and critical 
illness myopathy (CIM)2. Raised values of NfL in hospitalized COVID-19 patients have been related to the need 
for mechanical ventilation, prolonged ICU stay/hospitalisation and worse  outcome16. Also, NfL values were 
higher in COVID-19 patients compared to non-COVID-19 patients in the ICU after adjustment for age and pre-
existing comorbidities. Regardless of COVID/non-COVID status, elevated NfL was associated with unfavourable 
 outcome17. Initially elevated NfL and GFAp normalized after 6 months, suggesting that the neurological symp-
toms were not due to ongoing CNS  injury18,19. However, the relationship between CNS biomarkers and cognitive 
impairment and fatigue has not yet been widely studied. Our hypothesis was that patients with critical COVID-19 
have elevated biomarkers that can be associated to the development of neuropsychiatric symptoms at follow-up.

The aim of this study was to investigate whether the CNS biomarkers NfL, GFAp and t-tau are associated to 
fatigue measured with the Multidimensional Fatigue Inventory-20 (MFI-20), as well as cognitive impairment 
measured with the Montreal Cognitive Assessment (MoCA), at 3–6 months after ICU discharge in critically ill 
COVID-19 patients.

Methods
Study design. This is a sub-study of an ongoing prospective observational study being performed in the 
general ICU at the Uppsala University Hospital in Sweden, approved by the National Ethical Review Agency 
(Dnr 2017/043 (with amendments 2019-00169, 2020-01623, 2020-02719, 2020-05730, 2021-01469), as well as 
the de-novo application Dnr 2022-00526-01 pertaining to the acute study, and Dnr 2020-02697 (with amend-
ments 2020-03629, 2020-05758, 2021-02205, 2022-01115-02) pertaining to the follow-up study). The study was 
listed at ClinicalTrials.gov (NCT03720860). During the intensive care period informed consent was obtained 
from the patient or next of kin if the patient was unable to give consent, and all patients gave written informed 
consent to participate in the follow-up study. The Declaration of Helsinki and its subsequent revisions were fol-
lowed.

Subjects. All adult patients with confirmed COVID-19 infection by nasopharyngeal polymerase chain reac-
tion (PCR) admitted to the ICU between 14th of March to 8th of September 2020 were screened for inclusion. 
Exclusion criteria were limited to patients without COVID-19 and patients who were unable to attend, or did not 
consent, to follow up. In accordance with the guidelines of the Swedish society of anaesthesiology and intensive 
care (SFAI), patients with severe pre-existing cognitive impairment were not eligible for admission to the inten-
sive care unit and thus none of the included patients had known pre-existing cognitive impairment. However, 
one patient with a severe neurological disease had known risk for pre-existing fatigue and was therefore excluded 
(Fig. 1).

Risk for in hospital mortality was evaluated at admission to the ICU using Simplified acute physiology score 
3 (SAPS3) which ranges from 16 to 217 points with higher points indicating higher risk of  mortality20. EDTA 
plasma was collected at the ICU within the first days of admission and again at 3–6 months after discharge from 
the ICU, and frozen at − 80 °C until use.

At follow-up, 3–6 months after the ICU stay, patients were assessed regarding fatigue using MFI-2021 and 
cognitive function using  MoCA22. The MFI-20 questionnaire consists of a total of 20 items in five subscales with 
each subscale containing its own aspect of fatigue; general fatigue, physical fatigue, mental fatigue, reduced 
activity and reduced motivation. High scores represent a high level of fatigue and each subscale range from 4–20 
 points21. For MFI-20, a score corresponding to the ≥ 95 percentile in a normal population stratified by age and 
gender was used to identify patients with significant  fatigue21, and the patient cohort was subsequently classified 
as having fatigue or not having fatigue for those without fatigue at follow-up.

The MoCA questionnaire has a high sensitivity and specificity to detect mild cognitive  dysfunction22. It 
assesses cognitive function through 10 items over several cognitive domains. For cognitive assessment a cut-off 
value lower than 26 points on MoCA (max 30 points) was used to indicate cognitive impairment and 26 points 
or above to indicate no cognitive impairment. Education level affects the total score and therefore an additional 
point is added to correct for education of less than 12  years22.

In the figures the patients are presented by post-COVID status into “no fatigue”, and “fatigue”, and reported 
separately for “ICU” and “follow-up” resulting in a total of four groups. We also examined the relationship 
between gender and the development of fatigue by presenting the patients grouped as “no fatigue female” or 
“fatigued female” and “no fatigue male” or “fatigued male”. Similarly, the statistical analysis of cognitive impair-
ment was based on a linear mixed model of biomarker concentration by cognitive classification taking gender 
and age into consideration, and the figures are presented separately showing the association for cognitive status 
by analysis time-point, and by gender.
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CNS biomarker analysis. Analysis of NfL, t-tau and GFAp was performed at the Clinical Neurochemis-
try Laboratory at Sahlgrenska University Hospital using single molecule array (Simoa) technology (Quanterix, 
Billerica, MA) and a single batch of  reagents18. Intra-assay coefficients for internal control samples were below 
7% for all analytes. The lower limit of quantification for GFAp was 30.9 pg/ml and in this study 15 samples were 
below that threshold. For NfL, the limit was 2.21 pg/ml with no samples being below that threshold. Finally, for 
t-tau, the threshold was 0.39 pg/ml and three samples were below that threshold.

Statistics. Continuous variables are presented as mean (standard deviation), frequencies/categorical vari-
ables are presented as an absolute number (percent of total study population), biomarker concentration variables 
are presented as median (interquartile range). The patient characteristics of the analyzed sample was compared 
with the whole cohort using T-tests for continuous variables, and Chi-square or Fisher’s exact test for categorical 
variables. We used a linear mixed model of biomarker concentration by fatigue classification taking gender and 
age into consideration. The statistical analysis of biomarker association with fatigue was based on a repeated 
measures mixed model multivariable ANOVA taking age and gender into account, testing whether each of the 
biomarkers were associated with any of the outcomes. Biomarker concentrations were log transformed to nor-
malize their distribution. A p-value < 0.05 was considered significant. The statistical analysis was made using R 
(version 4.03).

Ethics approval and consent to participate. The National Ethical Review Agency approved the 
study Dnr 2017-043 (with amendments 2019-00169, 2020-01623, 2020-02719, 2020-05730, 2021-01469), as well 
as de-novo application Dnr 2022-00526-01 pertaining to the acute study, and Dnr 2020-02697 (with amend-
ments 2020-03629, 2020-05758, 2021-02205, 2022-01115-02) pertaining to the follow-up study. The Declaration 
of Helsinki and its subsequent revisions were followed. Written informed consent was obtained from the patients 
when possible. Otherwise, informed consent was first asked from next to kin and later confirmed by patients 
if feasible.  The study was registered à priori (clinicaltrials.gov: NCT04316884  registered on 2020-03-13 and 
NCT04474249 registered on 2020-06-29).

Figure 1.  Flowchart over enrolled patients. A total of 121 critical ill COVID-19 patients were included when 
admitted to the ICU. Three patients were later PCR-confirmed COVID-19 negative. Twenty-three patients 
died before follow-up and 36 patients did not consent to follow-up. One patient was excluded due to severe 
neurological disease. Sixty-one patients were available at follow-up 3–6 months after discharge from the ICU, 2 
patients had incomplete follow-up questionnaires and 2 patients had incomplete biomarker analysis. A total of 
57 patients had complete follow-up and biomarker data, however one patient had incomplete MoCA therefore 
56 patients were available for cognitive impairment analysis. ICU Intensive care unit. MoCA Montreal cognitive 
assessment score.
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Results
After exclusion of three PCR-negative patients, a total of 121 adult patients were included during the acute phase 
of the illness (Fig. 1). Of those, 23 patients died before follow-up and 36 patients did not consent to follow-up 
and they were therefore excluded. One patient was excluded because of pre-existing severe neurological disease. 
Additionally, 2 patients had incomplete follow-up questionnaires and 2 patients had incomplete biomarker 
analysis. This meant that 57 patients participated in MFI-20 and subsequent fatigue analysis. One additional 
missing MoCA questionnaire meant that 56 patients could be included in the cognitive dysfunction analysis.

The follow-up group is largely representative for the whole cohort at admission (Table 1). The majority was 
male, 77%, the average BMI was 30 ± 6 kg/m2 and age was 61 ± 14 years. Average day of admission after COVID-
19 infection was 11 ± 4 days and average SAPS3 was 53 ± 10. At admission the majority of patients were fully 
awake, but a few were sedated at admission due to acute intubation in the emergency department. The most 
common comorbidities were hypertension, diabetes mellitus type 2, and pulmonary disease with no significant 
difference between admission and follow-up groups. A small number of patients had previous neurological 
disease, 6 patients (5%) in total and 1 patient (1.8%) in the follow-up group. The whole cohort had a total of 16 
patients (13%) with psychiatric disease. In the follow up group 3 patients (5%) had psychiatric disease (Table 1).

Similarly, there was no significant difference between the follow-up group and the cohort at discharge regard-
ing complications during the ICU stay such as thrombotic events, delirium and critical illness polyneuropathy/
critical illness myopathy (Table 2). Fourteen patients (12%) in total and 6 (11%) of the follow-up patients had a 
thrombotic event, and 14 patients (12%) of the total and 6 (11%) of the follow-up patients developed CIN/CIM. 
The median length of ICU stay for the whole cohort was 8 (5–16) days. Fifty-five percent of the patients were 
subjected to invasive ventilation and vasoactive treatment, lasting 2 (0–9) days and 2 (0–7) days respectively in 
the whole cohort compared to the follow-up group where invasive ventilation lasted 0 (0–6) days and vasoactive 
treatment 1 (0–8) days.

Fatigue and cognitive function. A total of 57 patients filled out the MFI-questionnaire and a total of 56 
patients filled out the MoCA-questionnaire. Analysis of admission (Table 3) and discharge (Table 4) parameters 
showed no significant difference between the groups with and without fatigue or between the groups with and 
without cognitive impairment. A total of 24 patients had mild cognitive impairment with scores within the 
range of 18–25 p. One patient had moderate cognitive impairment with a score within the range of 10–17 p. 
No patients had severe cognitive impairment. Twenty-three patients received 1 p for having 12 or less years of 
education (Table 5).

CNS biomarker analysis. The dataset includes 57 patients with plasma samples of the three CNS biomark-
ers NfL, t-tau and GFAp, analyzed during acute COVID-19 at the ICU and at follow-up 3–6 months after dis-
charge (Table 6). All biomarkers showed correlations with increased patient age, NfL (p < 0.001,  R2 = 0.10), t-tau 
(p-value = 0.005,  R2 = 0.06) but the effect was by far the strongest for GFAp (p < 0.001,  R2 = 0.36) (Fig. 2). This was 
taken into account in the ANOVA as described above.

Table 1.  Patient demographic characteristics and comorbidities in critically ill COVID-19 patients. Overview 
of all included patients and the follow-up group. In the follow-up group there are generally fewer comorbidities 
except for pulmonary disease. Otherwise, the follow-up group was largely representative for the whole cohort 
at admission. Variables are presented as average (standard deviation) or as number (percentage of total). BMI 
Body mass index, ICU Intensive care unit. SAPS3 Simplified acute physiology score 3. NS no significance.

All Follow-up p-value

N 121 57

Women 28 (23%) 14 (25%) NS

Age (years) 61 (14) 60 (13) NS

BMI (kg/m2) 30 (6) 30 (6) NS

COVID-19 day on ICU admission 11 (4) 11 (4) NS

SAPS3 53 (10) 51 (9) NS

Temperature at admission©) 38 (1) 38 (1) NS

Breathing rate at admission 30 (9) 30 (9) NS

Vasoactive treatment 7 (6%) 2 (4%) NS

Sedated at admission 4 (3%) 0 (0%) NS

Hypertension 64 (53%) 26 (46%) NS

Heart failure 5 (4%) 0 (0%) NS

Ischemic heart disease 13 (11%) 2 (4%) NS

Diabetes mellitus 33 (27%) 10 (18%) NS

Neurological disease 6 (5%) 1 (1.8%) NS

Psychiatric disease 16 (13%) 3 (5%) NS

Pulmonary disease 33 (27%) 15 (26%) NS
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Association between CNS biomarkers and fatigue. The average concentration of the glial biomarker 
GFAp was higher during acute COVID-19 compared to follow-up. GFAp showed significant effects for age and 
gender, being higher with increasing age and female gender. GFAp concentrations were lower both in the ICU 
and at follow-up in those with fatigue in the dimensions general fatigue (p = 0.009), physical fatigue (p = 0.004), 
mental fatigue (p = 0.001), and reduced motivation (p < 0.001) (Fig.  3 and Fig.  4). The effect was more pro-
nounced in women, except for mental fatigue where it was more pronounced in men.

The average concentration of the axonal biomarker NfL was higher during the acute illness compared to 
follow-up (p < 0.001). There was no strong relationship to fatigue in the dimensions general fatigue, physical 
fatigue, mental fatigue, or reduced activity, other than for patients experiencing reduced motivation where the 
biomarker was lower at follow-up (p = 0.004) (Fig. 5).

Table 2.  Discharge parameters for critically ill COVID-19 patients. Overview of all included patients and 
the 3–6 months follow-up group. The follow-up group was largely representative for the whole cohort at 
discharge regarding complications during the ICU stay such as thrombotic events, delirium and critical illness 
polyneuropathy/critical illness myopathy. Roughly equally many patients were subjected to invasive ventilation 
and vasoactive treatment. Variables are presented as average (standard deviation), number (percentage of total) 
or as median (interquartile range). ICU Intensive care unit. NS no significance.

All Follow-up p-value

N 121 57

Length of ICU stay in days 8 (5–16) 9 (5–15) NS

Alive at follow-up 98 (81%) 57 (100%)

Thrombotic event 14 (12%) 6 (11%) NS

1. Myocardial infarction 2 (1.7%) 1 (1.8%) NS

2. Pulmonary embolism 10 (8%) 4 (7%) NS

3. Stroke 4 (3%) 2 (4%) NS

4. Deep vein thrombosis 1 (0.8%) 1 (1.8%) NS

Critical illness polyneuropathy/critical illness myopathy 14 (12%) 6 (11%) NS

Delirium 10 (8%) 6 (11%) NS

Days with vasoactive treatment 2 (0–7) 0 (0–6) NS

Number of patients with vasoactive treatment 68 (56%) 28 (49%) NS

Days with ventilation 2 (0–9) 1 (0–8) NS

Number of patients with mechanical ventilation 67 (55%) 31 (54%) NS

Table 3.  Patient demographic characteristics and comorbidities in critically ill COVID-19 patients. Overview 
of admission parameters of patients with fatigue, without fatigue, with cognitive impairment, and without 
cognitive impairment at follow up. No significant differences were found in admission parameters. Variables 
are presented as average (standard deviation) or as number (percentage of total). BMI Body mass index. ICU 
Intensive care unit. SAPS3 Simplified acute physiology score 3. NS no significance.

Fatigue No fatigue p-value Cognitive impairment No cognitive impairment p-value

N 31 26 25 32

Women 6 (19%) 8 (31%) NS 7 (28%) 7 (22%) NS

Age (years) 57 (15) 63 (10) NS 60 (12) 59 (13) NS

BMI (kg/m2) 31 (7) 28 (5) NS 31 (6) 29 (5) NS

COVID-19 day on ICU admission 11 (5) 10 (3) NS 11 (4) 11 (4) NS

SAPS3 50 (9) 52 (8) NS 52 (9) 51 (9) NS

Temperature at admission©) 38 (1) 38 (1) NS 38 (1) 38 (1) NS

Breathing rate at admission 31 (9) 28 (8) NS 28 (8) 30 (9) NS

Vasoactive treatment 1 (3%) 1 (4%) NS 1 (4%) 1 (3%) NS

Sedated at admission 0 (0%) 0 (0%) NS 0 (0%) 0 (0%) NS

Hypertension 15 (48%) 11 (42%) NS 11 (44%) 15 (47%) NS

Heart failure 0 (0%) 0 (0%) NS 0 (0%) 0 (0%) NS

Ischemic heart disease 1 (3%) 1 (4%) NS 1 (4%) 1 (3%) NS

Diabetes mellitus 5 (16%) 5 (19%) NS 5 (20%) 5 (16%) NS

Neurological disease 1 (3%) 0 (0%) NS 0 (0%) 1 (3%) NS

Psychiatric disease 2 (6%) 1 (4%) NS 3 (12%) 0 (0%) NS

Pulmonary disease 10 (32%) 5 (19%) NS 6 (24%) 9 (29%) NS
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The average concentration of the neuronal biomarker t-tau was significantly higher at follow-up compared to 
acute critical COVID-19 but there were large variations in t-tau concentrations (p = 0.008). There was no associa-
tion between t-tau and level of fatigue in any dimension, general, physical, mental, motivation or activity (Fig. 6).

Association between CNS biomarkers and cognitive impairment. The concentration of the glial 
biomarker GFAp at follow-up was higher in patients with at least mild cognitive dysfunction (p = 0.01) com-

Table 4.  Discharge parameters for the critically ill COVID-19 patients divided into groups with fatigue, 
without fatigue, with cognitive impairment and without cognitive impairment. No significant differences were 
found in any of the discharge parameters. Variables are presented as average (standard deviation), number 
(percentage of total) or as median (interquartile range). ICU Intensive care unit. NS no significance.

Fatigue No fatigue p-value Cognitive impairment No cognitive impairment p-value

N 31 26 25 32

Length of ICU stay in days 9 (5–14.5) 9.5 (6–15.25) NS 9 (5–12) 10 (5–16) NS

Thrombotic event 3 (10%) 3 (12%) NS 3 (12%) 3 (9%) NS

1. Myocardial infarction 1 (4%) 1 (4%) NS 1 (4%) 1 (3%) NS

2. Pulmonary embolism 1 (4%) 0 (0%) NS 0 (0%) 1 (3%) NS

3. Stroke 2 (8%) 2 (8%) NS 1 (4%) 3 (9%) NS

4. Deep vein thrombosis 1 (4%) 0 (0%) NS 1 (4%) 0 (0%) NS

Critical illness polyneuropathy/
4 (13%) 2 (8%) NS 2 (8%) 3 (9%) NS

critical illness myopathy

Delirium 3 (10%) 3 (12%) NS 2 (8%) 4 (13%) NS

Days with vasoactive treatment 0 (0–6.5) 1 (0–4.75) NS 2 (0–5) 0 (0–7) NS

Number of patients with vasoactive 
treatment 14 (45%) 13 (50%) NS 11 (44%) 16 (49%) NS

Days with ventilation 1 (0–8.5) 1.5 (0–6) NS 3 (0–6) 0.5 (0–8.25) NS

Number of patients with mechanical 
ventilation 14 (45%) 13 (50%) NS 11 (44%) 16 (50%) NS

Table 5.  Results of the MFI-20 subscales and MoCA 3–6 months after discharge from the ICU in 57 critically 
ill COVID-19 patients. MFI-20 results are divided in the subscales general fatigue, physical fatigue, mental 
fatigue, reduced motivational and reduced activity. The cutoff value means worse than a normal population 
95th percentile calculation based on gender and age. MoCA score lower than 26 indicates at least mild 
cognitive dysfunction. One patient had an incomplete MoCA-questionnaire therefor are the values based on 
56 patients for the MoCA. Scores presented as mean (standard deviation) and cutoff presented as an absolute 
number (percent of total). MFI Multidimensional Fatigue inventory. MOCA Montreal Cognitive Assessment. 
ICU Intensive care unit.

Mean score Worse than cutoff

MFI general fatigue 14 (5) 26 (46%)

MFI physical fatigue 13 (5) 20 (35%)

MFI mental fatigue 11 (5) 15 (26%)

MFI reduced motivation 10 (4) 10 (18%)

MFI reduced activity 13 (5) 19 (33%)

MoCA 26 (3) 25 (45%)

Table 6.  CNS biomarker concentration for 57 critically ill COVID-19 patients in the ICU and at follow-up at 
3–6 months after discharge. GFAp and NfL decreases over time whereas t-tau increases. Variables are presented 
as median (interquartile range). CNS Central nervous system. ICU intensive care unit. GFAp Glial fibrillary 
acidic protein. NfL Neurofilament light chain. T-tau total tau.

N = 57 N = 57

CNS biomarker concentration ICU 3–6 months after ICU

GFAp (pg/ml) 110 (56–165) 60 (36–110)

NfL (pg/ml) 31 (18–101) 14 (9–20)

T-tau (pg/ml) 1.5 (0.8–3.4) 2.4 (1.7–3.3)
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pared to no cognitive dysfunction. GFAp concentration was also higher during acute COVID-19 compared to at 
follow-up. Concentration of GFAp increased with age and was higher in women than in men (Fig. 7).

NfL levels were not associated with cognitive dysfunction. There was however an association between 
increased concentration and age (p < 0.001).

The neuronal biomarker t-tau concentration was higher at follow-up (p = 0.01), but the differences were minor. 
Increased levels of t-tau were not associated with cognitive dysfunction.

Discussion
The main finding of this study was that elevated GFAp during acute COVID-19 is associated to the development 
of mild cognitive dysfunction at follow-up, especially in women, following critical COVID-19.

GFAp is the main intermediate filament and the main protein in mature astrocytes, but has also been shown 
to be expressed in peripheral  glia23, Schwann  cells24 and non-CNS  cells25. It maintains the mechanical strength 
and shape of the cell. However, the exact function of GFAp is not known. GFAp and the astrocytes are believed to 
have a protective function in hypoxia and to maintain normal CNS myelination. GFAp expression is induced by 
CNS damage and degeneration, leading to reactive  gliosis26. The expression increases with older  age27,28, especially 
in the hippocampus (which is the most sensitive area to reactive gliosis), as well as in the frontal and temporal 
 cortex29. This is in line with our findings with increasing GFAp values with increasing age. Elevated GFAp has 
previously been correlated to cognitive decline and lower mini mental state examination score while assessing 
Alzheimer’s  disease30. Regarding critically ill COVID-19 patients, it is still unknown whether there is direct 
damage to the CNS from the virus infection or whether it is multifactorial genesis due to hypoxia, coagulopathy 
etc. In a study of 47 patients with moderate (hospitalized requiring supplemental oxygen) and critical (admit-
ted to the ICU) COVID-19, NfL and GFAp were elevated at onset of symptoms and after 11 days, with an early 
peak of GFAp and sustained elevated levels of NfL, showing evidence of neuronal injury and glial  activation18. 
The initially elevated concentrations of GFAp and NfL normalised regardless of disease severity or persisting 
neurological symptoms at follow-up after 6 months, suggesting that the neurological sequelae are not necessarily 
accompanied by ongoing CNS  injury19. GFAp has previously been suggested as a biomarker for predicting CIN 
and  CIM2. We found that lower levels of GFAp in plasma were associated to the development of physical fatigue, 
mental fatigue and reduced motivation at follow-up. While men have higher mortality in acute COVID-19 
disease, women have previously been shown to be more prone to fatigue after COVID-19  infection31. We found 
that the GFAp decrease was more pronounced in women, specifically in those with physical fatigue. This is a 
very interesting observation that will have to be verified by replication in future studies. Physical fatigue is not 
an isolated neuropsychiatric disorder in patients after treatment in the ICU for critical disease and the reasons 
for fatigue could be the multifactorial. COVID-19 is a respiratory disease and many have long-term reduction 
in lung function and other sequelae from their ICU stay. Nevertheless, in our setting, the fact that patients with 
physical fatigue had lower GFAp concentrations could suggest that at least some of the symptoms are indeed 
related to neurological effects. Regarding mental fatigue, we found that men showed a more pronounced GFAp 
decrease in those affected. This is contrary to previous studies and these findings have, to our knowledge, never 
previously been described. The mechanisms behind these findings are not obvious, and it is possible that they 
could be due to selection bias for example in ICU-admission policy. Additionally, GFAp concentrations in our 
study were generally low compared to other studies investigating CNS biomarkers in COVID-1918,32. Further-
more, fatigue is subjective and could be difficult to determine with high certainty. The use of MFI-20 has however 
been used to determine fatigue in a multitude of different diseases and populations, including the ICU  setting33. 
Similarly, MoCA has been widely applied to determine cognitive impairment. The cut-off value of 26 points has 
been criticized for being too strict resulting in false positive results, and a cut-off value of 23 points has been 
 suggested34. We chose a cut-off of 26 points in this study in order not to increase the risk of false negatives in 
regards to cognitive impairment after COVID-19 infection.

The NfL concentrations were increased in the acute phase and then normalized at follow-up, which is in line 
with previous  findings19. This is indicative of acute axonal injury that is not persisting and not related to ongoing 
fatigue or cognitive impairment. However, our results show that lower values of NfL at ICU and at follow-up are 

Figure 2.  The CNS biomarkers GFAp, NfL and t-tau in correlation to age. (a) GFAp concentration correlation 
to age. GFAp levels increases with increasing age. (b) NfL concentration correlation to age. NfL levels increases 
with increasing age. (c) T-tau concentration correlation to age. T-tau levels increases slightly with increasing age. 
ICU intensive care unit. GFAp Glial fibrillary acidic protein. NfL Neurofilament light chain.
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associated with reduced motivation which is opposite to findings in previous studies. In other conditions there 
is evidence of the prognostic value of NfL in both neurological and in non-neurological diseases. Specifically, 
increased NfL has been found to be suggestive of poor outcome in cardiac  arrest35,  stroke36,37 and traumatic brain 
 injury38. It has also been suggested as a biomarker for cognitive impairment and delirium after elective  surgery39.

We found that T-tau was not associated with cognitive impairment nor fatigue at follow-up. However, the 
concentration was higher on average at follow-up, indicating that neuronal damage was not increased during 
acute critical COVID-19. A previous study has shown elevated t-tau in traumatic brain  injury40. However, t-tau 
may be a less sensitive marker than serum NfL in CNS  injury41.

Figure 3.  The glial biomarker GFAp concentration at ICU and at follow-up after 3–6 months in correlation 
to the MFI-20 dimensions of fatigue in 57 critically ill COVID-19 patients. No fatigue ICU, fatigue ICU, no 
fatigue follow-up, and fatigue follow-up, reflects fatigue status and whether GFAp was collected at the ICU or at 
follow-up. GFAp is higher during acute COVID-19 and decreases at follow-up (†). For general fatigue, physical 
fatigue, mental fatigue, and reduced motivation, GFAp is lower in those with fatigue. GFAp Glial fibrillary acidic 
protein. ICU intensive care unit. MFI-20 Multidimensional Fatigue inventory.
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The development of fatigue and cognitive impairment post-ICU have several potential causes. COVID-19 
patients are diagnosed with ARDS and are at risk for PICS and ICU-acquired muscle weakness (ICUAW). It 
would be interesting to further investigate the relationship between CNS biomarkers and in particular GFAp 
in the context of PICS and ICUAW in non-COVID-19 patients. In our follow-up group 10.9% of the patients 
were diagnosed with CIN/CIM. There is evidence that cognitive impairment in areas such as executive function, 
memory, processing speed, persisting attention, and psychomotor tasks lasts for years after critical  illness42–44 
and that it could be due to  hypoxia44. However, in our cohort the investigation of CIN/CIM with electroneuro/
myography was not systematically performed and the number of patients could be higher. Therefore, it is possible 
that CIN/CIM could be a contributing factor to the development of fatigue in this population. A high number of 

Figure 4.  GFAp concentration in relation to gender. No fatigue female, fatigue female, no fatigue male, and 
fatigue male, reflects fatigue status and gender. GFAp is higher during acute COVID-19 and show significant 
effects in gender, being higher in women (†). For general fatigue, physical fatigue, mental fatigue, and reduced 
motivation, GFAp is lower in those with fatigue. Additionally, the effect is more pronounced in women, except 
for mental fatigue where it is more pronounced in men. GFAp Glial fibrillary acidic protein. ICU intensive care 
unit. MFI-20 Multidimensional Fatigue inventory.
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patients experience cognitive dysfunction following  ARDS45, with as many as 80–100% of patients being affected 
at hospital discharge declining to 20% at 5  years46,47. Additionally, being subject to mechanical ventilation is in 
itself associated with persistent cognitive  impairment48. It would indeed be interesting to further study whether 
GFAp could predict neuropsychiatric outcomes in that broader group of ICU patients. Furthermore, it could 
help distinguish whether the increased biomarkers are due to the direct impact of the virus on the CNS or if it 
is due to complications of ARDS such as hypoxemia, muscle relaxant, critical illness etc.

Figure 5.  The axonal biomarker NfL concentration at ICU and at follow-up after 3–6 months in correlation to 
the MFI-20 dimensions of fatigue in 57 critical ill COVID-19 patients. No fatigue ICU, fatigue ICU, no fatigue 
follow-up, and fatigue follow-up, reflects fatigue status and whether NfL was collected at the ICU or at follow-up. 
NfL is high during acute critical COVID-19 and decreases to follow-up but show no strong relation to fatigue 
in the dimensions general fatigue, physical fatigue, mental fatigue or reduced activity. Patients experiencing 
reduced motivation (†) actually show a lower concentration. ICU intensive care unit. NfL Neurofilament light 
chain. MFI-20 Multidimensional Fatigue inventory.
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Strengths and limitations. The main strengths of the present study are the prospective design, and that 
biomarker analysis was performed both during acute COVID and at follow-up as well as being directly corre-

Figure 6.  The neuronal biomarker t-tau concentration at ICU and at follow-up after 3–6 months in correlation 
to the MFI-20 dimensions of fatigue in 57 critical ill COVID-19 patients. No fatigue ICU, fatigue ICU, no fatigue 
follow-up, and fatigue follow-up, reflects fatigue status and whether the t-tau was collected at the ICU or at 
follow-up. T-tau concentration is slightly higher at follow-up compared to acute critical COVID-19 but large 
variation. No association to level of fatigue in any dimension. T-tau total-tau. ICU intensive care unit. MFI-20 
Multidimensional Fatigue inventory.
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lated to well-validated instruments for both fatigue and cognitive function.
The main limitation of this study is the lack of a control group of ICU patients without COVID-19 infection. 

However, very few patients admitted to the ICU without COVID-19 were available during the pandemic. Fur-
thermore, the patients in this study have gone through a long-term ICU stay with a critical disease, and that in 
itself could affect the long-term psychiatric outcome making it difficult to categorically say that the symptoms are 
caused by COVID-19. The cutoff values for MFI-20 are based on a historic study in another population, we used 
the 95th percentile of MFI-20 as the cut-off, which means that patients with mild fatigue could be undetected. 
We have adjusted for age and sex as confounding factors and there were no significant difference in background 
characteristics or discharge parameters between the groups with and without fatigue or cognitive impairment 
respectively, however, residual confounding factors cannot be excluded in this relatively small cohort.

Conclusion
Elevated GFAp concentrations during acute COVID-19 was associated with the development of mild cognitive 
dysfunction at follow-up after 3–6 months (Fig. 8), and this association was more pronounced in women. The 
findings suggest that circulating CNS biomarkers may be useful in predicting neuropsychiatric outcome after 
critical COVID-19 and indicate the need for targeted rehabilitation post-ICU.

Figure 7.  The biomarkers NfL, t-tau and GFAp concentrations at ICU and at follow-up after 3–6 months 
in correlation to MoCA assessing cognitive dysfunction in 56 critical ill COVID-19 patients. No fatigue 
ICU, fatigue ICU, no fatigue follow-up, and fatigue follow-up, reflects fatigue status and whether the CNS 
biomarkers were collected at the ICU or at follow-up. (a) The axonal biomarker NfL was significantly higher 
during the acute illness and normalized after 3–4 months. High levels of NfL were not associated with cognitive 
dysfunction. (b) The neuronal biomarker t-tau levels were slightly higher on average at follow-up, but any 
differences were minor. Indicating that neuronal damage was not increased during critical COVID-19, and was 
not associated with cognitive dysfunction. (c) The glial biomarker GFAp was higher during the acute critical 
COVID-19 and in patients with at least mild cognitive dysfunction at follow-up. (d) The glial biomarker GFAp 
showed significant effects on both age and gender. NfL Neurofilament light chain. T-tau total tau. GFAp Glial 
fibrillary acidic protein. ICU intensive care unit. MoCA Montreal cognitive assessment score.



13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13144  | https://doi.org/10.1038/s41598-023-39698-y

www.nature.com/scientificreports/

Data availability
Data cannot be made publicly available because of Euroean and Swedish privacy and patient protection laws, 
but is available through the SciLifeLab data repository after securing ethical permission and appropriate data 
access agreements (https:// doi. org/ 10. 17044/ scili felab. 14229 410).

Received: 13 August 2022; Accepted: 29 July 2023

References
 1. Mao, L. et al. Neurologic manifestations of hospitalized patients with coronavirus disease 2019 in Wuhan, China. JAMA Neurol. 

77(6), 683–690 (2020).
 2. Frithiof, R. et al. Critical illness polyneuropathy, myopathy and neuronal biomarkers in COVID-19 patients: A prospective study. 

Clin. Neurophysiol. 132(7), 1733–1740 (2021).
 3. Datta, S. D., Talwar, A. & Lee, J. T. A proposed framework and timeline of the spectrum of disease due to SARS-CoV-2 infection: 

Illness beyond acute infection and public health implications. JAMA 324(22), 2251–2252 (2020).
 4. Carfi, A., Bernabei, R. & Landi, F. Gemelli against C-P-ACSG: Persistent symptoms in patients after acute COVID-19. JAMA 

324(6), 603–605 (2020).
 5. Nalbandian, A. et al. Post-acute COVID-19 syndrome. Nat. Med. 27(4), 601–615 (2021).
 6. Townsend, L. et al. Persistent fatigue following SARS-CoV-2 infection is common and independent of severity of initial infection. 

PLoS ONE 15(11), e0240784 (2020).
 7. Huang, C. et al. 6-month consequences of COVID-19 in patients discharged from hospital: A cohort study. Lancet 397(10270), 

220–232 (2021).
 8. van den Borst, B. et al. Comprehensive health assessment 3 months after recovery from acute coronavirus disease 2019 (COVID-

19). Clin. Infect. Dis. 73(5), e1089–e1098 (2021).
 9. Writing Committee for the CSG, Morin, L., Savale, L., Pham, T., Colle, R., Figueiredo, S., Harrois, A., Gasnier, M., Lecoq, A. 

L. & Meyrignac, O. et al. Four-month clinical status of a cohort of patients after hospitalization for COVID-19. JAMA 2021, 
325(15):1525–1534.

 10. Frontera, J. A. et al. A prospective study of long-term outcomes among hospitalized COVID-19 patients with and without neuro-
logical complications. J. Neurol. Sci. 426, 117486 (2021).

 11. Needham, D. M. et al. Improving long-term outcomes after discharge from intensive care unit: Report from a stakeholders’ confer-
ence. Crit. Care Med. 40(2), 502–509 (2012).

 12. Marra, A. et al. Co-occurrence of post-intensive care syndrome problems among 406 survivors of critical illness. Crit. Care Med. 
46(9), 1393–1401 (2018).

 13. Pekny, M. & Nilsson, M. Astrocyte activation and reactive gliosis. Glia 50(4), 427–434 (2005).
 14. Khalil, M. et al. Neurofilaments as biomarkers in neurological disorders. Nat. Rev. Neurol. 14(10), 577–589 (2018).
 15. Wang, Y. & Mandelkow, E. Tau in physiology and pathology. Nat. Rev. Neurosci. 17(1), 5–21 (2016).
 16. Prudencio, M. et al. Serum neurofilament light protein correlates with unfavorable clinical outcomes in hospitalized patients with 

COVID-19. Sci. Transl. Med. 13(602), eabi7643 (2021).
 17. Sutter, R. 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. 89(3), 610–616 (2021).
 18. Kanberg, N. et al. Neurochemical evidence of astrocytic and neuronal injury commonly found in COVID-19. Neurology 95(12), 

e1754–e1759 (2020).

Figure 8.  Graphical abstract of the study. Patients with acute COVID-19 admitted to the ICU were assessed 
with MoCA and MFI-20 at follow-up after 3–6 months. Both at the ICU and at follow-up analysis of CNS 
biomarkers GFAp and NfL were made and related to fatigue and cognitive impairment at follow-up. ICU 
intensive care unit. GFAp Glial fibrillary acidic protein. NfL Neurofilament light chain. MoCA Montreal 
cognitive assessment score. MFI-20 Multidimensional Fatigue inventory.

https://doi.org/10.17044/scilifelab.14229410


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:13144  | https://doi.org/10.1038/s41598-023-39698-y

www.nature.com/scientificreports/

 19. Kanberg, N. et al. Neurochemical signs of astrocytic and neuronal injury in acute COVID-19 normalizes during long-term follow-
up. EBioMedicine 70, 103512 (2021).

 20. Metnitz, P. G. et al. SAPS 3–From evaluation of the patient to evaluation of the intensive care unit Part 1: Objectives, methods and 
cohort description. Intensive Care Med. 31(10), 1336–1344 (2005).

 21. Smets, E. M., Garssen, B., Bonke, B. & De Haes, J. C. The Multidimensional Fatigue Inventory (MFI) psychometric qualities of an 
instrument to assess fatigue. J. Psychosom. Res. 39(3), 315–325 (1995).

 22. Nasreddine, Z. S. et al. The Montreal Cognitive Assessment, MoCA: A brief screening tool for mild cognitive impairment. J. Am. 
Geriatr. Soc. 53(4), 695–699 (2005).

 23. Kato, H. et al. Immunocytochemical characterization of supporting cells in the enteric nervous system in Hirschsprung’s disease. 
J. Pediatr. Surg. 25(5), 514–519 (1990).

 24. Bianchini, D. et al. GFAP expression of human Schwann cells in tissue culture. Brain Res. 570(1–2), 209–217 (1992).
 25. Hainfellner, J. A. et al. Fibroblasts can express glial fibrillary acidic protein (GFAP) in vivo. J. Neuropathol. Exp. Neurol. 60(5), 

449–461 (2001).
 26. Middeldorp, J. & Hol, E. M. GFAP in health and disease. Prog. Neurobiol. 93(3), 421–443 (2011).
 27. Eng, L. F., Ghirnikar, R. S. & Lee, Y. L. Glial fibrillary acidic protein: GFAP-thirty-one years (1969–2000). Neurochem. Res. 25(9–10), 

1439–1451 (2000).
 28. Morgan, T. E. et al. The mosaic of brain glial hyperactivity during normal ageing and its attenuation by food restriction. Neurosci-

ence 89(3), 687–699 (1999).
 29. Nichols, N. R., Day, J. R., Laping, N. J., Johnson, S. A. & Finch, C. E. GFAP mRNA increases with age in rat and human brain. 

Neurobiol. Aging 14(5), 421–429 (1993).
 30. Oeckl, P. et al. Glial fibrillary acidic protein in serum is increased in Alzheimer’s disease and correlates with cognitive impairment. 

J. Alzheimers Dis. 67(2), 481–488 (2019).
 31. Rudroff, T., Workman, C. D. & Bryant, A. D. Potential factors that contribute to post-COVID-19 fatigue in women. Brain Sci. 

12(5), 556 (2022).
 32. Virhammar, J. et al. Biomarkers for central nervous system injury in cerebrospinal fluid are elevated in COVID-19 and associated 

with neurological symptoms and disease severity. Eur. J. Neurol. 28(10), 3324–3331 (2021).
 33. Wintermann, G. B. et al. Self-reported fatigue following intensive care of chronically critically ill patients: A prospective cohort 

study. J. Intensive Care 6, 27 (2018).
 34. Davis, D. H. et al. Montreal cognitive assessment for the diagnosis of Alzheimer’s disease and other dementias. Cochrane Database 

Syst. Rev. 2015(10), CD010775 (2015).
 35. Moseby-Knappe, M. et al. Serum neurofilament light chain for prognosis of outcome after cardiac arrest. JAMA Neurol. 76(1), 

64–71 (2019).
 36. Tiedt, S. et al. Serum neurofilament light: A biomarker of neuroaxonal injury after ischemic stroke. Neurology 91(14), e1338–e1347 

(2018).
 37. Gendron, T. F. et al. Plasma neurofilament light predicts mortality in patients with stroke. Sci. Transl. Med. 12(569), eaay1913 

(2020).
 38. Shahim, P. et al. Serum neurofilament light protein predicts clinical outcome in traumatic brain injury. Sci. Rep. 6, 36791 (2016).
 39. Fong, T. G. et al. Association of plasma neurofilament light with postoperative delirium. Ann. Neurol. 88(5), 984–994 (2020).
 40. Shahim, P. et al. Blood biomarkers for brain injury in concussed professional ice hockey players. JAMA Neurol. 71(6), 684–692 

(2014).
 41. Shahim, P., Tegner, Y., Marklund, N., Blennow, K. & Zetterberg, H. Neurofilament light and tau as blood biomarkers for sports-

related concussion. Neurology 90(20), e1780–e1788 (2018).
 42. Girard, T. D., Dittus, R. S. & Ely, E. W. Critical illness brain injury. Annu. Rev. Med. 67, 497–513 (2016).
 43. Mikkelsen, M. E. et al. The adult respiratory distress syndrome cognitive outcomes study: Long-term neuropsychological function 

in survivors of acute lung injury. Am. J. Respir. Crit. Care Med. 185(12), 1307–1315 (2012).
 44. Hopkins, R. O. et al. Neuropsychological sequelae and impaired health status in survivors of severe acute respiratory distress 

syndrome. Am. J. Respir. Crit. Care Med. 160(1), 50–56 (1999).
 45. Harvey, M. A. & Davidson, J. E. Postintensive care syndrome: Right care, right now…and later. Crit. Care Med. 44(2), 381–385 

(2016).
 46. Herridge, M. S. et al. Recovery and outcomes after the acute respiratory distress syndrome (ARDS) in patients and their family 

caregivers. Intensive Care Med. 42(5), 725–738 (2016).
 47. Wilcox, M. E. et al. Cognitive dysfunction in ICU patients: Risk factors, predictors, and rehabilitation interventions. Crit Care 

Med. 41(9 Suppl 1), S81-98 (2013).
 48. Jackson, J. C. et al. Six-month neuropsychological outcome of medical intensive care unit patients. Crit Care Med. 31(4), 1226–1234 

(2003).

Acknowledgements
The authors thank research nurses Joanna Wessbergh and Elin Söderman for their expertise in compiling patient 
data, biobank assistants Philip Karlsson, Erik Danielsson, Labolina Spång and Amanda Svensson for sample 
collection and patient inclusion. The graphical abstract is created with BioRender.com

Author contributions
All authors participated in project design and planning. All authors participated in data analysis and interpreta-
tion. L.B. and M.H. performed statistical analysis and wrote the first draft. All authors revised the paper and 
approved the final version for publication.

Funding
Open access funding provided by Uppsala University. The study was funded by the SciLifeLab/Knut and Alice 
Wallenberg national COVID-19 research program (M.H.: KAW 2020.0182, KAW 2020.0241), the Swedish 
Heart-Lung Foundation (M.H.: 20210089, 20190639, 20190637), the Swedish Research Council (R.F.: 2014-
02569, 2014-07606), Swedish Society of Medicine (M.H.:SLS-938101), and the Swedish Kidney Foundation 
(R.F.: F2020-0054). Funding bodies had no role in the design of the study, data collection, interpretation, or in 
the writing of the manuscript.

Competing interests 
HZ has served at scientific advisory boards and/or as a consultant for Abbvie, Alector, ALZPath, Annexon, 
Apellis, Artery Therapeutics, AZTherapies, CogRx, Denali, Eisai, Nervgen, Novo Nordisk, Passage Bio, Pinteon 



15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13144  | https://doi.org/10.1038/s41598-023-39698-y

www.nature.com/scientificreports/

Therapeutics, Red Abbey Labs, reMYND, Roche, Samumed, Siemens Healthineers, Triplet Therapeutics, and 
Wave, has given lectures in symposia sponsored 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). All the other authors declare they have no conflicts of interest.

Additional information
Correspondence and requests for materials should be addressed to L.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Central nervous system biomarkers GFAp and NfL associate with post-acute cognitive impairment and fatigue following critical COVID-19
	Methods
	Study design. 
	Subjects. 
	CNS biomarker analysis. 
	Statistics. 
	Ethics approval and consent to participate. 

	Results
	Fatigue and cognitive function. 
	CNS biomarker analysis. 
	Association between CNS biomarkers and fatigue. 
	Association between CNS biomarkers and cognitive impairment. 

	Discussion
	Strengths and limitations. 

	Conclusion
	References
	Acknowledgements


