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Summary
Background The COVID-19 pandemic led to a spectrum of post-acute sequelae including several neurological 
complications including cognitive dysfunction labelled Neurological PASC (N-PASC). We hypothesised that N-
PASC was associated with changes in neurological biomarkers after COVID-19.

Methods N-PASC was established when individuals reported accepted neurological symptoms persisting for ≥3 
months arising alongside validated COVID-19. Plasma samples were retrieved from before and after COVID-19 
onset among all (n = 227) essential workers who developed COVID-19 with N-PASC and demographically 
matched with data from 227 controls who either developed COVID-19 without N-PASC (n = 124) or did not 
develop COVID-19 before follow-up (n = 103). We used single molecular analysis measured pTau-181, GFAP, 
NfL, Aβ40/42, and total Aβ burden (IAB). Risk factors for N-PASC were examined prior to COVID-19 infection. 
Multivariable adjusted generalised linear longitudinal modelling with random intercepts was used to examine 
changes in biomarkers after COVID-19 onset.

Findings N-PASC was only associated with higher IAB before COVID-19 onset (area under the receiver-operating 
curve = 0.77). Longitudinal analyses revealed plasma pTau-181 levels increased by 59.3% (95% C.I. = [45.2, 73.4] 
P = 0.006) following COVID-19 onset in participants who developed N-PASC that were worst among participants 
reporting central nervous symptoms persisting ≥1.5 years. Post-COVID-19 decreased GFAP and NfL were 
associated with peripheral symptoms of N-PASC, but not with increased pTau-181. Having ≥20% increases in 
pTau-181 were associated with increased Aβ40/42 levels at follow-up, and with central neurological symptoms 
including lingering brain fog and loss of taste/smell.

Interpretation N-PASC with symptoms consistent with central damage were associated with increased pTau-181 
levels. Increases in pTau-181 were associated with increased risk of changes to amyloid biomarkers consistent 
with Alzheimer’s disease in participants with N-PASC and could therefore inform N-PASC prognostication.
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Introduction
The COVID-19 pandemic affected more than 775 
million individuals worldwide. 1 Beyond the acute res-
piratory disease characterising primary infection with 
the SARS-CoV-2 virus, accumulating evidence suggests

that COVID-19 might affect the central and peripheral 
nervous system (CNS/PNS) early in the infection 
course. 2,3 Consequently, headache, encephalopathy, 
insomnia, stroke, and seizures have been observed in as 
many as 84% of patients. 4,5
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After acute symptoms resolve, some individuals 
continue to experience persistent post-acute sequelae of 
COVID-19 (PASC). 6 N-PASC symptoms include neu-
rocognitive changes such as brain fog, forgetfulness, or 
diminished executive functioning in and can persist ≥3 
months. 7 Risk factors for N-PASC include COVID-19 
severity, and pre-existing medical comorbidities 
including diabetes, chronic obstructive pulmonary dis-
ease, and obesity, 8 and SARS-CoV-2 re-infection. 9 

N-PASC is relatively common in individuals who 
developed COVID-19 before vaccination: for example, 
in a prospective study examining >3000 acute COVID-
19 in essential workers reported that 56% exhibited 
neurological symptoms, and 22% developed N-PASC. 10 

Seeking an explanation for persistent neurological 
N-PASC (hereafter, N-PASC), researchers used neuro-
imaging technologies to identify diffuse neuro-
inflammation of the cerebral parenchyma. 11,12 Such 
inflammation, when sustained, may cause persistent 
effects including cortical atrophy, 13 cerebral disconnec-
tion, 14 and blood–brain barrier disruption. 15 A review of 
autopsy studies reported evidence of glial activation in 
patients who died from COVID-19, but also revealed 
that glial activation in these individuals was not asso-
ciated with neurological symptoms. 16 Neuroimaging 
studies suggest that neuroinflammation and concomi-
tant brain ageing are associated with COVID-related 
cognitive decline in survivors, however. 17 Interestingly, 
a small neuropathology study showed abnormal accu-
mulation of hyperphosphorylated Tau protein, absent 
concomitant with changes in cerebral amyloidosis 4–13 
months after recovery from acute COVID-19 in three 
patients who died after recovering from SARS-CoV-2 
infection. 18 Reiken and colleagues 19 further examined 
brain lysates from autopsy specimens of patients with 
COVID-19 infections and found increased levels of 
phosphorylated tau absent amyloidosis alongside evi-
dence of posttranslational modification of the ryano-
dine receptor, consistent with a leaky calcium channel. 20 

Tauopathy is difficult to measure, but is now being 
monitored using phosphorylated tau-181 (pTau-181)

levels in serology, 21–23 where researchers have reported 
excellent accuracy when detecting early-stage disease in 
the general population. 24 We hypothesised that changes 
in pTau-181 levels would be associated with the onset of 
COVID-19 among participants who developed N-PASC. 
Consistent with the ryanodine receptor deletion hypoth-
esis, we hypothesised that increases in pTau-181 would 
not be concurrent with evidence of increases in cerebral 
amyloidosis but may be concurrent with contempora-
neous decreases in levels of circulating GFAP.

Methods
Setting
Essential workers who participate in a pre-existing health 
monitoring program were recruited into a SARS-CoV-2 
infection identification protocol through a comprehen-
sive questionnaire that was delivered regularly during 
the COVID-19 pandemic and at annual monitoring 
visits thereafter 25 (Supplemental Figure S1 has temporal 
distribution). During an essential worker monitoring 
program that predated the COVID-19 pandemic, partic-
ipants completed a biobanking protocol including 
storage of plasma during annual visits occurring from 
1/2019 to 5/2024. In the present study, we selected 
participants whose plasma samples with one observation 
falling before, and one after, the COVID-19 pandemic. 

We over-selected individuals with N-PASC. There 
was evidence of sex-differences in potential controls 
when comparing with versus without N-PASC, so we 
used propensity score matching to generate a 1:1 
sample matched on demographics and medical 
comorbidities to a group of controls (n = 227) who 
either reported never having COVID-19 or who devel-
oped COVID-19 but did not report any symptoms 
consistent with N-PASC.

Measures 
N-PASC diagnosis
We followed CDC guidelines for diagnosing PASC by, 
first, identifying participants and collecting the date of

Research in context

Evidence before this study
A systematic literature review suggested that individuals 
reporting neurological post-acute sequelae (PASC) after 
coronavirus disease (COVID-19) have evidence of 
neuroinflammation and cognitive decline, while autopsy 
studies report evidence of vascular disease and cerebral 
tauopathy absent amyloidosis in non-survivors.

Added value of this study
This study examined biomarkers collected both prior to and 
following COVID-19 pandemic in a sample of essential 
workers at midlife to find that individuals with N-PASC had

evidence of a 59.3% increase in pTau-181 levels from pre-
COVID-19 levels that was not evident in other essential 
workers and appears to be worst among those whose N-
PASC had persisted for more than 1.5 years.

Implications of all the available evidence
These studies imply that symptoms of N-PASC that persist 
for more than 1.5 years are at increased risk of developing 
higher than normal levels of circulating levels of pTau-181 
that might portend worsened cognitive functioning as 
individuals age.
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COVID-19 symptom onset, type of acute symptom, and 
details about hospital admissions was collected. We 
verified the presence of SARS-CoV-2 infections either 
using polymerase chain reaction testing or antibody 
testing among those whose symptom onset predated 
test availability. A validation study examining symptom 
onset showed that this protocol had high accuracy to 
detect COVID-19-positive individuals. 25 After vaccina-
tions became available, initial vaccination date was 
recorded. COVID-19 severity was categorised into two 
groups based on clinical standards (none/asymptom-
atic/mild versus moderate/severe). Participants with 
validated COVID-19 were eligible for a diagnosis of 
N-PASC based on the continuation, or development, of
≥1 neurological symptom (e.g., loss of taste/smell, 
brain fog, dizziness, vertigo, tinnitus, headache, or 
balance dysregulation) that emerged <3 months after 
initial infection and persisted for ≥3 months. This 
diagnostic protocol had an accuracy of 91% to detect 
neuroinflammation when using a positron emission 
tomography protocol. 12

Primary outcomes
Neurological biomarkers, including pTau-181, are now 
well-established and correlate well with cerebral amy-
loid, pTau, and neurodegeneration. 26,27 Briefly, partic-
ipants’ plasma samples were banked in a −80 ◦ C 
freezer within 30 min of blood collection and then 
analysed in a single batch using the ultra-sensitive 
SiMOA SR-X platform (Quanterix, Billerica, Massa-
chusetts, USA). We measured the pTau-181 burden 
using an Advantage V2 Kit, and measured concentra-
tions of NfL, GFAP, Aβ40, and Aβ42 in plasma using 
the neurology 4-plex multiplex array. Biomarker 
assessment succeeded in all cases for pTau-181, but 
failed in GFAP (n = 2), NfL (n = 4), and Aβ40/Aβ42 
(n = 6). There were no statistically significant differ-
ences between individuals with successful versus un-
successful analyses, and imputation resulted in no 
changes to results, so we used pairwise deletion and 
intent to include in all reporting.

All biomarker levels are reported as continuous vari-
ables in pg/mL. Each plate included two internal con-
trols, and calibration covers for each biomarker. 28 Quality 
control was performed and values falling outside assay 
detection limits were excluded from analysis. The most 
common way to use amyloid subspecies is to calculate 
the Aβ40/42 ratio, 29 however since studies of neuro-
inflammatory conditions suggest that both amyloid types 
can diminish in serology we also calculated the inverse

mean amyloid burden 

(

IAB = 20
Aβ42 + Aβ40

15.5

) 

. 29 Higher

values on all biomarkers are intended to indicate worse 
outcomes; to further improve comparability between 
biomarkers, we reported results at follow-up in terms of 
percent of baseline value.

We used established cutoffs to determine biomarker 
positivity. Chatterjee et al. 27 suggest using cutoffs 
including pTau-181 ≥ 1.93 pg/mL, Aβ40/42 ratio ≥ 
18.18, GFAP ≥ 183.63 pg/mL, and NfL ≥ 17.31 pg/mL 
to identify Alzheimer’s Disease or a Related Dementia 
(ADRD). We also show results for a second cutoff for 
pTau-181 ≥ 1.93 pg/mL was validated that may be more 
useful in less severe conditions. 30 There is no estab-
lished cutoff for IAB, so no cutoff was reported. Since 
change in neuropathology in N-PASC might differ in 
type or severity from, we also provided results using a 
conservative quantitative cutoff showing the degree of 
increase/decrease of ≥20%, relative to baseline levels. 

Demographics were measured before the COVID-19 
pandemic and included sex (male versus female), age 
(in years) at time of the blood retrieval, educational 
attainment (high school diploma or less, some college, 
or university degree). Medical factors included a history 
of pre-COVID-19 diagnosis of diabetes, hypertension, 
heart disease, and the presence of obesity (>30 k/m 2 ) or 
morbid obesity (>40 k/m 2 ) as calculated using 
researcher-measured height and weight. Biomarker 
levels can be biased by blood volume, 31 so we measured 
blood volume using an established protocol. 32 

Apolipoprotein-ε4 (APOE4) allele possession is 
frequently used to predict the risk of Alzheimer’s dis-
ease. The APOE4 genotype was measured with the 
Genomics Shared Resource of Roswell Park Cancer 
Institute with an Infinium Global Screening Array 
(Illumina, San Diego, CA, USA).

Statistics
We described the sample differences when samples 
were retrieved before the COVID-19 pandemic. Crude 
differences in pre-/post-COVID-19 changes in 
biomarker outcomes were therefore examined with 
repeated measures analysis of variance (ANOVA), and 
P-values are reported. Multivariable adjusted changes in 
biomarker outcomes were measured with multilevel 
generalised longitudinal models. 33 Since outcomes were 
skewed away from a biological floor, we followed prior 
studies in relying on a longitudinal multilevel log-
Gamma model. 34 Random intercepts were used in 
longitudinal analyses to account for individual-level 
variability in biomarker expression before SARS-CoV-2 
infection. 35 Beta coefficients, standard errors, and 
P-values derived from t-tests are reported. Results from 
multiple models were reported using bar graphs. For 
descriptive purposes, line plots and bar graphs described 
the association between time since infection and the 
change in biomarkers after infection, relying on ANOVA 
to examine differences in biomarker changes before 1.5 
years, and afterwards. Since we were interested in the 
prevalence of large changes in biomarker values, we 
used a quantitative cutoff (relative change ≥20% of 
baseline values). Logistic regression is biased in analyses
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where outcomes are common (>5%), so we used robust 
log-Poisson regression to estimate multivariable-
adjusted relative risks (aRR) and accompanying 95% 
confidence intervals [95% C.I.]. 36 We used robust log-
Poisson models to examine the risk of specific N-PASC 
symptoms in this cohort and examined the extent to 
which those symptoms were associated with biomarker 
changes. In all models, we used a two-tailed statistical 
testing (α = 0.05) and reported exact values; we adjusted 
P-values for the false discovery rate where necessary 
(FDR = 0.05). Analyses were performed in Stata 17/MP 
[StataCorp].

A simulation power analysis (power = 0.80, α = 0.05) 
suggested that a longitudinal model would require a 
sample size ≥205 participants with N-PASC to deter-
mine a difference of ≥0.125 SDs, and ≥430 participants 
(half with N-PASC) to identify differences between 
groups over time.

Supplemental analyses
We examined the extent to which biomarkers differed 
between groups at baseline. We also examined the de-
gree of agreement or association between individuals 
with biomarkers across different affected biomarkers. 
Finally, though not relevant to COVID-19 because we 
were examining biomarkers of ADRD, we also exam-
ined the extent to which APOE4 allele possession was 
associated with changes in biomarkers.

Ethics
The Committee on Research Involving Human Partic-
ipants reviewed and approved this study (IRB#604113); 
all study procedures were completed following the 
protocol. All participants provided informed written 
consent. This report follows STROBE reporting guide-
line for cohort studies. 37

Role of the funder
The funding agency played no role in analysis or writing 
and did not influence the decision to submit for publi-
cation. The sponsor was not involved in the study design 
or conduct, data collection or analysis, reporting, or in 
the decision to submit this manuscript for publication.

Results
After matching and application of inclusion/exclusion 
criteria (Supplemental Figure S2), a total of 227 paired 
samples were collected from individuals with COVID-
19 and were matched to 227 participants controls, 124 
of whom reported a COVID-19 infection without any 
persistent symptoms, and 103 reported no COVID-19 
infections between two biomarker measurements both 
occurring prior to vaccination.

Descriptive characteristics (Table 1) showed that 
participants with N-PASC were in their mid-fifties 
(56.1 ± 7.6 years) and revealed no statistically

Characteristics N-PASC (n = 227) Non-PASC (n = 227) P-value

Age, years 56.05 (7.57) 55.59 (7.48) 0.499
Sex
Female 19 (8.37%) 12 (5.29%) –
Male 208 (91.63%) 215 (94.71%) 0.193

Educational attainment
High school or less 49 (21.59%) 47 (20.7%) –
Some college 106 (46.7%) 121 (53.3%) 0.660
University degree 72 (31.72%) 59 (25.99%) 0.550

Race/Ethnicity
Non-Hispanic white 202 (88.99%) 196 (86.34%) –
Hispanic 21 (9.25%) 26 (11.45%) 0.530
Other 4 (1.76%) 5 (2.2%) 0.340

Medical comorbidities
Diabetes 25 (11.01%) 34 (14.98%) 0.166
Heart disease 7 (3.08%) 7 (3.08%) 1.000
Hypertension 83 (36.56%) 75 (33.04%) 0.556
Obese 111 (48.9%) 101 (44.49%) 0.186
Morbidly obese 21 (9.25%) 15 (6.61%) 0.230
†APOE4 allele possession 11 (15.71%) 28 (28.87%) 0.047

Acute COVID-19 characteristics 
Vaccinated before infection 18 (7.93%) 31 (13.66%) 0.050
Date of diagnosis 12/6/20 12/31/20 0.344
Date of reported symptom onset 10/28/20 11/22/20 0.263
Moderate/Severe COVID-19 132 (58.2%) 56 (38.6%) <0.001
Vaccinated at infection 0 (0%) 27 (11.89%) <0.001
Vaccinated at follow-up 186 (81.9%) 112 (77.2%) 0.165
Hospitalised 45 (19.8%) 13 (9.0%) 0.073
Likely Variants
Wild (Sx before 8/24/2020) 81 (37.5%) 41 (33.1%) –
Alpha (8/25/2020–3/14/2021) 104 (48.1%) 52 (41.9%) 0.962
Delta (3/15/2021–12/4/2021) 22 (10.2%) 19 (15.3%) 0.145
Omicron (Sx after 12/5/2021) 9 (4.2%) 12 (9.7%) 0.040

Acute COVID-19 symptoms
Fever 132 (58.1%) 47 (32.2%) <0.001
Fatigue 159 (70%) 56 (38.8%) <0.001
Headache 128 (56.4%) 45 (31.3%) <0.001
Cough 142 (62.6%) 42 (28.6%) <0.001
Chills 63 (27.8%) 18 (12.3%) <0.001
Joint/Muscle pain 135 (59.5%) 48 (33%) <0.001
Constipation 83 (36.6%) 19 (13.2%) <0.001
Wheeze 78 (34.4%) 15 (10.6%) <0.001
Sore throat 75 (33%) 24 (16.3%) <0.001
Loss of taste or smell 129 (56.8%) 31 (21.6%) <0.001
Gastrointestinal 118 (52%) 62 (42.7%) 0.048
Shortness of breath 125 (55.1%) 25 (17.2%) <0.001
Nausea or vomiting 19 (8.4%) 7 (4.8%) 0.131
Dizziness/Vertigo 135 (59.5%) 55 (37.9%) <0.001
Anxiety 23 (10.1%) 0 (0%) <0.001
Brain fog 33 (14.5%) 1 (0.9%) <0.001
Congestion 32 (14.1%) 16 (11%) 0.321
Weight loss 17 (7.5%) 3 (2.2%) 0.009

N-PASC symptoms
Brain fog 143 (63%) 0 (0.0%) <0.001
Anosmia/Ageusia 125 (55.1%) 0 (0.0%) <0.001
Behavioural change 43 (18.9%) 0 (0.0%) <0.001
Gastrointestinal 30 (13.2%) 0 (0.0%) <0.001
Vertigo 25 (11%) 0 (0.0%) <0.001

(Table 1 continues on next page)
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significant differences between groups. Not shown, the 
average N-PASC was assessed 2.7 ± 0.7 years after N-
PASC symptom onset.

Fig. 1 shows area under the receiver operating curve 
determining potential pre-COVID-19 risk factors for the 
development of N-PASC after COVID-19 (maximal 
AUC = 0.78; largest single-biomarker risk factor was 
IAB, AUC = 0.77). In the saturated model adjusting for 
demographics and biomarkers, analyses suggested that 
IAB (B = 4.20 [2.99–5.41] P < 0.001) and Aβ40/42 
(B = −0.02 [−0.036, −0.003] P = 0.019), but not pTau-181 
(P = 0.270), were elevated in participants who developed 
N-PASC.

In longitudinal analyses, pTau-181 showed a statis-
tically significant longitudinal increase (β = 0.15, 
P < 0.001) in the N-PASC group when compared to 
controls (Fig. 2) corresponding with a 0.24 pg/mL in-
crease over baseline or a 59.3% increase (95% 
C.I. = [45.2, 77.34], P < 1E-06; full results in 
Supplemental Table S1). When compared to never-
COVID-19 controls, we also found statistically signifi-
cant reductions in the GFAP (β = −0.091, P = 0.007) and 
NfL (β = −0.077, P = 0.022) among those with N-PASC. 
Among participants infected with COVID-19, we also 
saw an increase in IAB when compared to never-
infected controls (β = 0.19, p < 0.001).

Fig. 3 illustrates the number of participants whose 
values on biomarkers changed from baseline, stratified 
by COVID-19 infection and N-PASC. Overall, 58.6% of 
N-PASC participants exhibited increases in pTau-181 
levels ≥20% relative to pre-COVID levels. Interest-
ingly, 25.8% of participants with N-PASC experienced
≥20% relative decreases in GFAP from pre-COVID-19 
levels, while 25.6% of participants experienced ≥20% 
relative decreases in NfL from pre-COVID-19 levels. 
Though not shown in Fig. 3, having a ≥20% increases

in pTau-181 levels was associated with higher risk 
(RR = 2.16 [1.40–3.33] P = 0.001) that pTau-181 levels 
were deemed abnormal (pTau-181 > 1.93, preva-
lence = 45.1% in participants with N-PASC), and while 
there was a trend linking pTau-181 increases with 
heightened Aβ40/42 Ratio (RR = 1.83 [0.99–3.38] 
P = 0.054). As shown in Supplemental Table S2, when 
examining crossover between biomarkers we found that 
75.6% of participants with N-PASC had exhibited 
increased pTau-181 (57.6% showed this phenotype) 
with/without decreased GFAP or NfL (39.3% showed 
one of these phenotypes). Also not shown in Fig. 3, 
analyses relying on biomarkers at baseline to predict 
change in pTau-181 levels at follow-up revealed that 
PASC (β = 17.26, SE = 4.73, P < 0.001) and IAB values 
(β = 184.29, SE = 75.22, P = 0.014) were both associated 
with the degree of pTau-181 change at follow-up.

Fig. 4 shows relative risks linking ≥20% increases in 
pTau-181 or decreases in GFAP and NfL in participants 
with N-PASC. These findings revealed that increases in 
pTau-181 was associated with a strong increase in Aβ40/ 
42 ratios (RR = 8.16 [1.03–64.87] P = 0.048), alongside 
increases in the risk that IAB increased ≥20%

Characteristics N-PASC (n = 227) Non-PASC (n = 227) P-value

(Continued from previous page) 

Tinnitus 11 (4.8%) 0 (0.0%) <0.001
Dizziness 16 (7%) 0 (0.0%) <0.001
Loss of balance 5 (2.2%) 0 (0.0%) 0.045

Note: N-PASC: post-acute sequelae of COVID-19; COVID-19 coronavirus disease 2019. P-values were 
estimated using Carmitage’s non-parametric trend test. Note that APOE4 allele possession was only available 
for 167 participants.

Table 1: Acute and residual symptoms of COVID-19 in participants with N-PASC as compared to 
participants without N-PASC.

0.0

0.2

0.4

0.6

0.8

1.0

TPR

0.0 0.2 0.4 0.6 0.8 1.0

FPR

Saturated Model, AUC=0.78, P<0.001

IAB, AUC=0.74, p<0.001

NfL, AUC=0.59, P=0.002

pTau-181, AUC=0.40, P=0.081

AB 40/42, AUC=0.63, P=0.007

GFAP, AUC=0.51, P=0.644

Demographics, AUC=0.58, P=0.005

Legend

Fig. 1: Area under the receiver operating curve (AUC) showing the ability for pre-COVID-19 differences in each biomarker to predict the 
development of PASC after COVID-19 infection in the sample of individuals who developed COVID-19 between the first and second 
observation.
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(aRR = 1.68 [1.04–2.71] P = 0.036), alongside a 
concomitant decreased risk that IAB decreased 
by ≥ 20%. In contrast, ≥20% relative decreases in GFAP 
and NfL were intercorrelated (aRR = 2.85 [1.52–5.33] 
P = 0.001) and were associated with a very high risk that 
IAB increased ≥20%. Decreases in NfL were associated 
with ≥20% decreased Aβ40/42 ratios (Fig. 4).

Table 2 shows the degree of association between 
biomarker changes in N-PASC and specific symptoms. 
These results highlight that pTau-181 changes were 
mostly associated with evidence of symptoms consis-
tent with neurological changes including muscle 
weakness (aRR = 1.30 [1.08–1.57] P = 0.006) alongside 
loss of taste/smell, anxiety/depression, and brain fog. 
Intriguingly, reductions in GFAP were most strongly 
associated with evidence of muscle weakness 
(aRR = 1.69 [1.17–2.46] P = 0.006) alongside fatigue, and 
loss of taste/smell but decreases in NfL were only 
associated with residual shortness of breath (aRR = 1.76 
[1.07–2.90] P = 0.028).

Next, we showed the mean elevation in biomarkers 
by time since COVID-19, stratified by infection and N-
PASC status (Fig. 5). These analyses suggested that 
while the increase in pTau-181 levels was, on average, 
only 14.6% within ≤1.5 years of infection but increased 
56.5% (P < 0.001) among individuals with N-PASC who 
were assessed >1.5 years after symptom onset. Simi-
larly, reductions in GFAP were more pronounced

among participants with N-PASC ≤1.5 years after 
infection (69.0% decrease, P < 0.001 versus 16.3% 
decrease, P = 0.33 among those within >1.5 years of 
infections).

Supplemental analyses examined whether APOE4 
genotype was associated with increases in pTau-181 
levels in N-PASC. In 167 participants who had agreed 
to genotyping, we found that APOE4 possession was 
not associated with change in any of the biomarkers 
among individuals with N-PASC (P-values > 0.10), but 
was generally associated with higher pTau-181 levels 
(P = 0.002 at baseline, P = 0.006 at follow-up in par-
ticipants with N-PASC).

Discussion
In this moderately-sized prospective study of patients 
who developed N-PASC we reported that, when 
compared to pre-COVID-19 information, levels of pTau-
181 (a biomarker of neurodegenerative diseases) 
increased more among participants with N-PASC than 
among similar individuals who, at the time of data 
collection, had not developed COVID-19 or had devel-
oped an acute case of COVID-19 that lacked residual 
symptoms. Results are consistent with the view that 
changes in pTau-181 inconsistent with normal ageing 
may be common among participants with N-PASC. 
Indeed, more than half of participants with N-PASC

Fig. 2: Standardised beta coefficients establishing longitudinal rates of change after the onset of COVID-19, stratified by biomarker. 
Analyses were grouped to compare differences between individuals who developed COVID-19 but did not develop N-PASC (turquoise dashed 
bars), and those who did develop both COVID-19 and N-PASC (gold solid bars). The reference category is individuals who were followed-up 
twice over the same period but who did not develop COVID-19 (set at zero). Coefficients are derived from multiple biomarker-specific ln-
Gamma models and adjust for age, gender, and blood volume levels, and individual differences in pre-COVID-19 proteomic regulation 
propensity. **FDR-Adjusted P-value < 0.05, *P < 0.05.
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experienced a ≥20% increase in absolute levels of 
pTau-181 relative to pre-COVID-19 levels. Among 
participants with N-PASC who exhibited pTau-181 in-
creases ≥20% relative to pre-COVID levels, 45.1% 
expressed pTau-181 levels above an established cutoff to 
identify ADRD. 30 Examining progression, increases in 
pTau-181 levels were higher among those with N-PASC 
duration periods >1.5 years since infection among those 
with N-PASC, consistent with a heightened potential 
for longitudinal progression, and increases were also 
associated with increased risk of abnormal AB40/42 
ratios consistent with Alzheimer’s disease. 27

N-PASC was associated with changes in pTau-181 
that exceeded cutoffs used in studies of ADRD. 
Several studies have noted evidence of change to 
cognition after SARS-CoV-2 infections emerging 
among those with N-PASC. 38 Evidence from biomarker 
studies is clear in indicating that increases in the 
Aβ40/42 ratio alongside increases in pTau-181 are 
phenotypic of sporadic ADRD, 27 and may portend a 
worsening prognosis in a subset of individuals. If 
prognosis is poorer, then researchers may expect that 
studies reporting COVID-19 related cognitive decline 
may find worsening functioning over longer follow-up

Fig. 3: Prevalence of increases and decreases in biomarker levels at follow-up across COVID-19 groupings. Panel A shows ≥20% relative 
increases in biomarker levels from baseline. Panel B shows ≥20% relative decreases in biomarker levels from baseline, grouped by biomarker 
type. Estimates stratified to compare differences between individuals without COVID-19 (grey, dotted bar), those who developed COVID-19 
but not N-PASC (turquoise dashed bars), and those who did develop COVID-19 and N-PASC (gold solid bars). **FDR-Adjusted P-value < 0.05, 
*P < 0.05.
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periods. 38–40 Further research is warranted to determine 
the cognitive implications of biomarker dysregulation 
in N-PASC.

The findings of persistent elevation of plasma pTau-
181 support the conclusion that pTau-181 may identify 
a role of sustained tau pathology after infection. The 
fact that average elevation in pTau-181 grew over the 
observational period may, if replicated longitudinally, 
suggest a temporal lag between COVID-19 onset and

increases in circulating levels of tau phosphorylation. 
These findings support pTau-181 as a valuable longi-
tudinal biomarker for N-PASC and highlight the po-
tential need for early, tau-targeted interventions to 
mitigate progressive cognitive decline. However, these 
results also require replication in neuroimaging to both 
clarify whether elevations for pTau-181 indicate the 
presence of cerebral tauopathy and, if so, what type 
while also determine the extent to which stability in

Fig. 4: Overlap in change in biomarkers after the onset of N-PASC. Results are stratified by colour so that ≥20% increases in biomarkers 
(gold) versus ≥20% decreases in biomarkers (striped, turquoise). Note that results are missing when comparing relative risks in relation to 
increases/decreases in the same biomarker. Panel A shows results for N-PASC-related increases in pTau-181. Panel B shows results associated 
with N-PASC-related decreases in GFAP. Panel C shows associations with N-PASC-related decreases in NfL. **FDR-Adjusted P-value < 0.05, 
*P < 0.05.
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pTau-181 indicate the absence of cerebral tauopathy N-
PASC rather than biomarker insensitivity or random 
error over time.

Our study found that patients who develop N-PASC 
after COVID-19 might share certain clinicopathological 
features with AD. Indeed, while Tau functions adap-
tively to stabilise neuronal microtubules under normal 
physiologic conditions 23 and can also be dysregulated 
and spread by reactive glia, 41 especially in the context of 
chronic inflammation. 42 However, the prognostic im-
plications of increases in circulating pTau-181 absent 
concurrent amyloidosis are unknown. Usually, β-amy-
loid peptide plays a central role in triggering Tau 
phosphorylation in ADRD, 43 a process that leads to 
subsequent microtubule destabilisation resulting in 
threads that coalesce into neuronal tangles. 44 Intrigu-
ingly, in this study we found that evidence of increased 
pTau-181 was associated with increases in AB40/42 
ratios consistent with a pTau-mediated ADRD. Further 
studies are needed to determine whether the increased 
levels of plasma pTau-181 correlate with evidence of 
cerebral Tauopathy and, if results are replicated, pTau-
181 might aid in diagnosis and might serve as an 
important monitoring and therapeutic target. 45

We found that individuals who developed N-PASC 
had higher Aβ40/42 ratios (AUC = 0.63, P = 0.007), NfL 
(AUC = 0.59, P = 0.002), and IAB values (AUC = 0.74, 
P < 0.001) before developing COVID-19. Higher values 
suggest that N-PASC might be more likely in those 
individuals who have heightened vulnerability to 
neurological disease. Amyloidosis often requires a sec-
ondary neuropathology to elicit the most severe symp-
tomatology. If these findings indicate that cerebral 
amyloidosis is present, even in its mildest forms, then 
the post-COVID-19 increase in pTau-181 may corre-
spond to the onset of pathological Alzheimer’s disease.

One potentially paradoxical finding was that higher 
pre-COVID-19 NfL was weakly associated with higher 
risk of N-PASC but that individuals with N-PASC then 
saw decreased NfL and GFAP following COVID-19 
onset appears paradoxical. We did not find that this 
was associated with evidence of increased pTau-181 but, 
instead, found that the decrease in NfL was coupled 
with reduced GFAP. One possibility is that reductions 
in GFAP and NfL indicate that the neuroimmune sys-
tem is repairing itself and utilising these proteins to aid 
in neurogenesis, but if so the presence of persistent 
symptoms seems unlikely and we would expect to see 
glial activation in autopsy studies, a result that has not 
been identified. 18,19 An alternative explanation may be 
that in some individuals, COVID-19-related neuro-
inflammation restricted glymphatic clearance causing 
increased aggregation of larger proteins (like NfL or 
GFAP: width ∼10 nm) but potentially allowing smaller 
proteins like pTau-181 (5 nm) to pass through unim-
peded. Further studies are needed that seek to deter-
mine the impact of N-PASC on glymphatic clearance to 
determine if it, and not reductions in NfL and GFAP, 
are also associated with peripheral nervous and cere-
brovascular systems.

Evidence suggests that COVID-19 involves the neuro-
immune system in a heretofore unrecognised way and as 
the immune response systematically evolves, the infection 
resolves. 46,47 However, perhaps because of the immuno-
logically privileged nature of the central nervous system, 
infections may persist and give rise to indolent subacute 
encephalitis with concomitant neuroinflammation. 48 Prior 
neuroimaging studies have demonstrated that patients 
with N-PASC show diffuse changes in white and grey 
matter connectivity, neuroinflammation, and cerebral at-
rophy Molecular imaging studies have revealed diffuse 
microglial activation. 11,12 Yet, microglial activation is

Residual symptom ≥20% increase in pTau-181 ≥20% decrease in GFAP ≥20% decrease in NfL

aRR 95% C.I. P aRR 95% C.I. P aRR 95% C.I. P

Any central nervous system 1.31 (1.09–1.58) 0.004 1.22 (0.78–1.91) 0.302 1.22 (1.22–1.22) 0.246
Any peripheral nervous system 1.28 (1.04–1.56) 0.018 1.22 (0.57–2.61) 0.015 1.23 (1.23–1.23) 0.064
Lost sense of taste/Smell 1.30 (1.07–1.59) 0.010 1.57 (1.05–2.35) 0.029 1.24 (0.80–1.92) 0.327
Anxiety or depression 1.26 (1.05–1.53) 0.016 1.21 (0.82–1.78) 0.343 1.13 (0.76–1.68) 0.556
Brain fog 1.22 (1.00–1.48) 0.047 1.21 (0.81–1.81) 0.352 1.31 (0.88–1.95) 0.185
Headache 1.13 (0.69–1.84) 0.630 1.51 (0.64–3.56) 0.346 1.41 (0.6–3.29) 0.427
Muscle weakness 1.30 (1.08–1.57) 0.006 1.69 (1.17–2.46) 0.006 1.38 (0.95–2.01) 0.090
Fatigue 1.20 (0.91–1.58) 0.191 1.67 (1.05–2.67) 0.031 1.42 (0.85–2.37) 0.179
Cough 1.12 (0.79–1.58) 0.536 1.28 (0.65–2.50) 0.472 1.28 (0.64–2.55) 0.481
Shortness of breath 1.19 (0.90–1.56) 0.217 1.46 (0.85–2.49) 0.167 1.76 (1.07–2.90) 0.028
Wheezing 1.27 (0.82–1.97) 0.282 0.90 (0.25–3.26) 0.874 1.34 (0.48–3.73) 0.574
Congestion 1.39 (0.97–2.00) 0.072 0.85 (0.24–3.01) 0.795 0.40 (0.06–2.64) 0.343

Note: Results report results after adjusting for demographics. Peripheral symptoms included numbness and tingling or pain in the extremities. Central symptoms 
included brain fog, loss of taste or smell, dizziness, tinnitus, loss of balance, and vertigo.

Table 2: Association between specific lingering symptoms of coronavirus disease 2019 (COVID-19) and increases in pTau-181 or decreases in GFAP/ 
NfL.
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known to facilitate the spread of pre-existing cerebral tau 
across neurons, so perhaps activated microglia release 
inflammatory cytokines to trigger kinases responsible for 
tau phosphorylation and accelerate progression of latent 
neuropathology. 49

Limitations
This study nevertheless has several important limita-
tions. First, this study used information on plasma 
distribution occurring before the COVID-19 pandemic

to help develop biomarker-related results and provide 
evidence of mild to severe increases in pTau-181 after 
N-PASC development. Studies relying solely on post-
COVID information might have diminished effect 
sizes, because they cannot ensure normal pTau-181 
levels in participants before infection.

Second, this study relied on a sample of essential 
workers who participated in an occupational moni-
toring study. Since N-PASC in this population was 
diagnosed prospectively as individuals experienced a

Fig. 5: Best fitting fractional polynomial time curves stratified by the incidence of COVID-19 and the presence of N-PASC. Three groups include individuals who 
developed a validated case of acute COVID-19 and developed subsequent N-PASC (gold solid line), individuals who developed a validated case of acute COVID-19 but 
who did not develop any N-PASC (navy dashed line), and post-pandemic values for individuals who had not yet developed COVID-19 (charcoal long-dashed line). 95% 
confidence intervals are shown in transparent grey boxes. Panels A–E show the temporal trajectories of each biomarker, while Panel F shows the estimated differences 
before/after 1.5 years after COVID-19. Note reports the average difference in levels of change from normal among individuals whose N-PASC has lasted more, or less, 
than 1.5 years.
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pandemic, and COVID-19 diagnoses were verified by 
medical charts, this study is likely to provide more 
reliable and sensitive results than other studies.

Third, because the study was limited to several types 
of essential workers, relatively few women were 
included. Despite the fact that women make up the 
majority of participants in studies of N-PASC, in our 
study male participants tend to have more severe 
COVID-19, 50 but clinical studies have noted that women 
are about 90% more likely to report having ≥3 N-PASC 
symptoms and carry a higher levels of post-COVID fa-
tigue. 51 Since women are also known to have higher 
burden of cerebral tau, 52 more work is needed that 
specifically focuses on sex differences in N-PASC.

Fourth, while examining several cognitively active 
phenotypes in these data, we did not examine cognition 
in this study. Future work is needed not only to 
examine whether concurrent changes in biomarkers 
mediate the established relationship between N-PASC 
and cognition but also whether changes in biomarkers 
portend a pattern of progressive decline consistent with 
ADRD as was implicated by concurrent elevations in 
pTau-181 and the Aβ40/42 ratio.

Fifth, while results for GFAP and NfL appear to go 
in an incorrect direction, it is worth noting that GFAP 
and NfL may be expressed by other tissues including in 
the reproductive organs (GFAP, NfL) and eyes (NfL) 
and so decrements in the blood may not directly reflect 
changes in the brain. Future research is needed that 
specifically examines whether changes in the blood are 
correlated with similar changes evident in the brains of 
individuals with N-PASC.

Finally, while we examined a biomarker for cerebral 
tauopathy, this study did not test whether tau in N-
PASC was associated with cerebral tau burden. It is 
possible that changes in blood do not always reflect 
changes in the brain, so follow-up research is needed 
that specifically examines the implications of this work 
to cerebral tauopathy.

Clinical implications
Since elevated pTau-181 levels often predict cognitive 
decline, this study might imply that the long-term 
prognosis for participants with N-PASC may be poorer 
in patients with increased pTau-181. Long-term studies 
are required to determine whether pTau-181 levels will 
continue to rise or will stabilise over time in participants 
with N-PASC. Additionally, prognostic studies are 
necessary that determine if pTau-181 increases are pre-
dictive of subsequent cognitive decline and impairment 
in N-PASC. However, the finding that changes in pTau-
181 are independent of changes in NfL and GFAP might 
support the view that N-PASC is a heterogeneous con-
dition with different symptoms that might indicate in-
dependent neuropathological processes. Thus, if cerebral 
tau is present, then results could highlight the potential 
for neuroprotective strategies including anti-

inflammatory or anti-Tau therapies to help mitigate 
COVID-19-related cognitive decline. 53 Future research is 
warranted that elucidates the mechanisms through 
which COVID-19 influences Tau phosphorylation and 
assesses the long-term prognostic implications of pTau-
181 elevation in at-risk populations.

Contributors
Clouston, Yang, and Luft had full access to all the data in the study and 
take responsibility for the integrity of the data and accuracy of the data 
analysis. Study concept and design: Yang, Clouston, Luft. Acquisition, 
analysis, and interpretation of data: Yang, Clouston, Fontana. Drafting 
of the manuscript: Clouston, Yang. Critical revision of the manuscript 
for important intellectual content: All Authors. Statistical analysis: 
Clouston. Obtained funding: Clouston, Luft. Administrative, technical, 
or material support: Fontana, Yang. Study supervision: Luft. All authors 
read and approved of the final version of the manuscript.

Data sharing statement
These data represent private health information that also include 
potentially identifiable longitudinal data. After publication, a limited 
dataset can be shared with bona fide researchers upon receipt of a 
written request by email and after executing a data use agreement. 
Analytic code relies on standard packages available from Stata MP V.17, 
and detailed analyses will be shared with researchers via the open sci-
ence framework (osf.io).

Declaration of interests
The authors have no conflicts of interest to disclose.

Acknowledgements
This study was supported in part by funding from the Centers for 
Disease Control and Prevention (CDC/NIOSH CDC-75D30122c15522) 
and the National Institutes of Health (NIH/NIA AG049953).

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi. 
org/10.1016/j.ebiom.2025.106106.

References
1 World Health Organization. COVID-19 weekly epidemiological up-

date. WHO Special Edition; 2024.
2 Proal AD, VanElzakker MB. Long COVID or Post-acute Sequelae 

of COVID-19 (PASC): an overview of biological factors that may 
contribute to persistent symptoms. Front Microbiol. 2021;12: 
698169.

3 Panagea E, Messinis L, Petri MC, et al. Neurocognitive impairment 
in long COVID: a systematic review. Arch Clin Neuropsychol. 
2025;40(1):125–149.

4 Davis HE, McCorkell L, Vogel JM, Topol EJ. Long COVID: major 
findings, mechanisms and recommendations. Nat Rev Microbiol. 
2023;21(3):133–146.

5 Stein SR, Ramelli SC, Grazioli A, et al. SARS-CoV-2 infection and 
persistence in the human body and brain at autopsy. Nature. 
2022;612(7941):758–763.

6 Ahmad SJ, Feigen CM, Vazquez JP, Kobets AJ, Altschul DJ. 
Neurological sequelae of COVID-19. J Integr Neurosci. 2022;21(3):77.

7 Graham EL, Clark JR, Orban ZS, et al. Persistent neurologic 
symptoms and cognitive dysfunction in non-hospitalized Covid-19 
“long haulers”. Ann Clin Transl Neurol. 2021;8(5):1073–1085.

8 Hill EL, Mehta HB, Sharma S, et al. Risk factors associated with 
post-acute sequelae of SARS-CoV-2: an N3C and NIH RECOVER 
study. BMC Public Health. 2023;23(1):2103.

9 Babalola TK, Clouston SAP, Sekendiz Z, et al. SARS-COV-2 re-
infection and incidence of post-acute sequelae of COVID-19 
(PASC) among essential workers in New York: a retrospective 
cohort study. Lancet Reg Health Am. 2025;42:100984. 

10 Lhuillier E, Yang Y, Morozova O, et al. The impact of world trade 
center related medical conditions on the severity of COVID-19 
disease and its long-term sequelae. Int J Environ Res Public 
Health. 2022;19(12):6963.

Articles

www.thelancet.com Vol 123 January, 2026 11

https://doi.org/10.1016/j.ebiom.2025.106106
https://doi.org/10.1016/j.ebiom.2025.106106
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref1
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref1
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref2
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref2
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref2
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref2
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref3
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref3
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref3
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref4
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref4
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref4
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref5
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref5
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref5
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref6
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref6
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref7
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref7
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref7
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref8
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref8
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref8
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref9
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref9
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref9
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref9
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref10
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref10
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref10
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref10
http://www.thelancet.com


11 Braga J, Lepra M, Kish SJ, et al. Neuroinflammation after COVID-
19 with persistent depressive and cognitive symptoms. JAMA 
Psychiatry. 2023;80(8):787–795. 

12 Clouston SA, Vaska P, Babalola T, et al. Glial activation among 
individuals with neurological post-acute sequelae of Coronavirus 
disease 2019: a brain fog positron emission tomography study of 
[18F]-FEPPA. Brain Behav Immun Health. 2025;44:100945. 

13 Capelli S, Arrigoni A, Napolitano A, et al. MRI evidence of gray 
matter loss in COVID-19 patients with cognitive and olfactory 
disorders. Ann Clin Transl Neurol. 2024;11(9):2457–2472. 

14 Huang S, Zhou Z, Yang D, et al. Persistent white matter changes 
in recovered COVID-19 patients at the 1-year follow-up. Brain. 
2022;145(5):1830–1838. 

15 Greene C, Connolly R, Brennan D, et al. Blood–brain barrier 
disruption and sustained systemic inflammation in individuals 
with long COVID-associated cognitive impairment. Nat Neurosci. 
2024;27(3):421–432. 

16 Cosentino G, Todisco M, Hota N, et al. Neuropathological findings 
from COVID-19 patients with neurological symptoms argue 
against a direct brain invasion of SARS-CoV-2: a critical systematic 
review. Eur J Neurol. 2021;28(11):3856–3865. 

17 Besteher B, Rocktäschel T, Garza AP, et al. Cortical thickness al-
terations and systemic inflammation define long-COVID patients 
with cognitive impairment. Brain Behav Immun. 2024;116: 
175–184. 

18 Qi X, Yuan S, Ding J, et al. Emerging signs of Alzheimer-like tau 
hyperphosphorylation and neuroinflammation in the brain post 
recovery from COVID-19. Aging Cell. 2024;23(11):e14352. 

19 Reiken S, Sittenfeld L, Dridi H, Liu Y, Liu X, Marks AR. Alz-
heimer’s-like signaling in brains of COVID-19 patients. Alzheimers 
Dement. 2022;18(5):955–965. 

20 Ma H, Yang F, Butler MR, Rapp J, Le Y-Z, Ding X-Q. Ryanodine 
receptor 2 contributes to impaired protein localization in cyclic 
nucleotide-gated channel deficiency. eNeuro. 2019;6(3):ENEURO. 
0119-19.2019. 

21 Tissot C, L Benedet A, Therriault J, et al. Plasma pTau181 predicts 
cortical brain atrophy in aging and Alzheimer’s disease. Alzheimers 
Res Ther. 2021;13(1):69. 

22 Thijssen EH, La Joie R, Wolf A, et al. Diagnostic value of plasma 
phosphorylated tau181 in Alzheimer’s disease and frontotemporal 
lobar degeneration. Nat Med. 2020;26(3):387–397. 

23 Mielke MM, Hagen CE, Xu J, et al. Plasma phospho-tau181 in-
creases with Alzheimer’s disease clinical severity and is associated 
with tau- and amyloid-positron emission tomography. Alzheimers 
Dement. 2018;14(8):989–997. 

24 Quispialaya KM, Therriault J, Aliaga A, et al. Plasma phosphory-
lated tau181 outperforms [18F] fluorodeoxyglucose positron emis-
sion tomography in the identification of early Alzheimer disease. 
Eur J Neurol. 2024;31(12):e16255. 

25 Morozova O, Clouston SAP, Valentine J, Newman A, Carr M, 
Luft BJ. COVID-19 cumulative incidence, asymptomatic in-
fections, and fatality in Long Island, NY, January-August 2020: a 
cohort of World Trade Center responders. PLoS One. 2021;16(7): 
e0254713. 

26 Cano A, Capdevila M, Puerta R, et al. Clinical value of plasma 
pTau181 to predict Alzheimer’s disease pathology in a large real-
world cohort of a memory clinic. eBioMedicine. 2024;108:105345. 

27 Chatterjee P, Pedrini S, Doecke JD, et al. Plasma Aβ42/40 ratio, 
p-tau181, GFAP, and NfL across the Alzheimer’s disease contin-
uum: a cross-sectional and longitudinal study in the AIBL cohort. 
Alzheimers Dement. 2023;19(4):1117–1134. 

28 Kritikos M, Diminich ED, Meliker J, et al. Plasma amyloid beta 40/ 
42, phosphorylated tau 181, and neurofilament light are associated 
with cognitive impairment and neuropathological changes among 
World Trade Center responders: a prospective cohort study of ex-
posures and cognitive aging at midlife. Alzheimers Dement (Amst). 
2023;15(1):e12409. 

29 Clouston SAP, Deri Y, Diminich E, et al. Posttraumatic stress 
disorder and total amyloid burden and amyloid-beta 42/40 ratios in 
plasma: results from a pilot study of World Trade Center re-
sponders. Alzheimers Dement (Amst). 2019;11:216–220.

30 Thomas AJ, Hamilton CA, Heslegrave A, et al. A longitudinal study 
of plasma pTau181 in mild cognitive impairment with lewy bodies 
and Alzheimer’s disease. Mov Disord. 2022;37(7):1495–1504. 

31 Manouchehrinia A, Piehl F, Hillert J, et al. Confounding effect of 
blood volume and body mass index on blood neurofilament light 
chain levels. Ann Clin Transl Neurol. 2020;7(1):139–143. 

32 Lemmens HJ, Bernstein DP, Brodsky JB. Estimating blood volume in 
obese and morbidly obese patients. Obes Surg. 2006;16(6):773–776. 

33 Rabe-Hesketh S, Skrondal A, Pickles A. Generalized multilevel 
structural equation modeling. Psychometrika. 2004;69(2):167–190. 

34 Zhang P, Luo D, Li P, Sharpsten L, Medeiros FA. Log-gamma 
linear-mixed effects models for multiple outcomes with application 
to a longitudinal glaucoma study. Biom J. 2015;57(5):766–776. 

35 Rabe-Hesketh S, Skrondal A. Multilevel and longitudinal modeling 
using Stata. STATA press; 2008. 

36 Chen W, Qian L, Shi J, Franklin M. Comparing performance be-
tween log-binomial and robust Poisson regression models for 
estimating risk ratios under model misspecification. BMC Med Res 
Methodol. 2018;18(1):63. 

37 von Elm E, Altman DG, Egger M, et al. The Strengthening the 
Reporting of Observational Studies in Epidemiology (STROBE) 
statement: guidelines for reporting observational studies. Ann 
Intern Med. 2007;147(8):573–577. 

38 Sekendiz Z, Morozova O, Carr MA, et al. Characterization of 
change in cognition before and after COVID-19 infection in 
essential workers at midlife. Am J Med Open. 2024;12:100076. 

39 Caselli RJ, Chen Y, Chen K, Bauer RJ, Locke DEC, Woodruff BK. 
Cognition before and after COVID-19 disease in older adults: an 
exploratory study. J Alzheimers Dis. 2023;91:1049–1058. 

40 Crivelli L, Palmer K, Calandri I, et al. Changes in cognitive func-
tioning after COVID-19: a systematic review and meta-analysis. 
Alzheimers Dement. 2022;18(5):1047–1066. 

41 Maphis N, Xu G, Kokiko-Cochran ON, et al. Reactive microglia 
drive tau pathology and contribute to the spreading of pathological 
tau in the brain. Brain. 2015;138(Pt 6):1738–1755. 

42 Bloom GS. Amyloid-β and tau: the trigger and bullet in Alzheimer 
disease pathogenesis. JAMA Neurol. 2014;71(4):505–508. 

43 Jack CR Jr, Bennett DA, Blennow K, et al. NIA-AA research 
framework: toward a biological definition of Alzheimer’s disease. 
Alzheimers Dement. 2018;14(4):535–562. 

44 Weingarten MD, Lockwood AH, Hwo S-Y, Kirschner MW. 
A protein factor essential for microtubule assembly. Proc Natl Acad 
Sci U S A. 1975;72(5):1858–1862. 

45 Basheer N, Smolek T, Hassan I, et al. Does modulation of tau 
hyperphosphorylation represent a reasonable therapeutic strategy 
for Alzheimer’s disease? From preclinical studies to the clinical 
trials. Mol Psychiatry. 2023;28(6):2197–2214. 

46 Furman S, Green K, Lane TE. COVID-19 and the impact on Alz-
heimer’s disease pathology. J Neurochem. 2024;168(10):3415–3429. 

47 Mapunda JA, Tibar H, Regragui W, Engelhardt B. How does the 
immune system enter the brain? Front Immunol. 2022;13:805657. 

48 Gao F, Mallajosyula V, Arunachalam PS, et al. Spheromers reveal 
robust T cell responses to the Pfizer/BioNTech vaccine and 
attenuated peripheral CD8 + T cell responses post SARS-CoV-2 
infection. Immunity. 2023;56(4):864–878.e4. 

49 Langworth-Green C, Patel S, Jaunmuktane Z, et al. Chronic effects of 
inflammation on tauopathies. Lancet Neurol. 2023;22(5):430–442. 

50 Jin J-M, Bai P, He W, et al. Gender differences in patients with COVID-
19: focus on severity and mortality. Front Public Health. 2020;8:152. 

51 Fernández-de-las-Peñas C, Martín-Guerrero JD, Pellicer-Valero ÓJ, 
et al. Female sex is a risk factor associated with long-term post-
COVID related-symptoms but not with COVID-19 symptoms: the 
LONG-COVID-EXP-CM multicenter study. J Clin Med. 
2022;11(2):413. 

52 Zhang Y, Lu J, Wang M, Zuo C, Jiang J. Influence of gender on tau 
precipitation in Alzheimer’s disease according to ATN research 
framework. Phenomics. 2023;3(6):565–575. 

53 Harris GA, Hirschfeld LR, Gonzalez MI, Pritchard MC, May PC. 
Revisiting the therapeutic landscape of tauopathies: assessing the 
current pipeline and clinical trials. Alzheimers Res Ther. 
2025;17(1):129.

Articles

12 www.thelancet.com Vol 123 January, 2026

http://refhub.elsevier.com/S2352-3964(25)00556-0/sref11
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref11
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref11
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref12
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref12
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref12
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref12
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref13
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref13
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref13
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref14
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref14
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref14
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref15
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref15
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref15
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref15
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref16
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref16
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref16
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref16
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref17
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref17
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref17
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref17
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref18
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref18
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref18
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref19
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref19
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref19
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref20
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref20
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref20
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref20
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref21
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref21
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref21
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref22
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref22
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref22
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref23
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref23
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref23
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref23
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref24
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref24
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref24
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref24
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref25
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref25
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref25
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref25
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref25
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref26
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref26
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref26
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref27
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref27
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref27
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref27
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref28
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref28
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref28
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref28
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref28
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref28
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref29
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref29
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref29
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref29
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref30
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref30
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref30
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref31
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref31
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref31
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref32
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref32
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref33
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref33
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref34
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref34
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref34
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref35
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref35
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref36
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref36
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref36
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref36
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref37
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref37
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref37
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref37
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref38
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref38
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref38
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref39
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref39
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref39
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref40
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref40
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref40
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref41
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref41
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref41
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref42
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref42
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref43
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref43
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref43
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref44
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref44
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref44
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref45
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref45
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref45
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref45
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref46
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref46
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref47
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref47
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref48
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref48
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref48
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref48
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref49
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref49
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref50
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref50
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref51
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref51
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref51
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref51
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref51
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref52
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref52
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref52
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref53
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref53
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref53
http://refhub.elsevier.com/S2352-3964(25)00556-0/sref53
http://www.thelancet.com

	Increased phosphorylated tau (pTau-181) is associated with neurological post-acute sequelae of coronavirus disease in essen ...
	Introduction
	Methods
	Setting
	Measures
	N-PASC diagnosis

	Primary outcomes
	Statistics
	Supplemental analyses
	Ethics
	Role of the funder

	Results
	Discussion
	Limitations
	Clinical implications

	ContributorsClouston, Yang, and Luft had full access to all the data in the study and take responsibility for the integrity ...
	Data sharing statementThese data represent private health information that also include potentially identifiable longitudin ...
	Declaration of interests
	Acknowledgements
	Appendix A. Supplementary data
	References


