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Abstract
Background and Objectives
Chronic systemic inflammation has been hypothesized to be a mechanistic factor leading to
post–acute cognitive dysfunction after COVID-19. However, little data exist evaluating lon-
gitudinal inflammatory markers.

Methods
We conducted a secondary analysis of data collected from the CONTAIN randomized trial of
convalescent plasma in patients hospitalized for COVID-19, including patients who completed
an 18-month assessment of cognitive symptoms and PROMIS Global Health questionnaires.
Patients with pre–COVID-19 dementia/cognitive abnormalities were excluded. Trajectories of
serum cytokine panels, D-dimer, fibrinogen, C-reactive peptide (CRP), ferritin, lactate dehy-
drogenase (LDH), and absolute neutrophil counts (ANCs) were evaluated over 18 months
using repeatedmeasures and Friedman nonparametric tests. The relationships between the area
under the curve (AUC) for each inflammatory marker and 18-month cognitive and global
health outcomes were assessed.

Results
A total of 279 patients (N = 140 received plasma, N = 139 received placebo) were included. At
18 months, 76/279 (27%) reported cognitive abnormalities and 78/279 (28%) reported fair
or poor overall health. PROMIS Global Mental and Physical Health T-scores were 0.5
standard deviations below normal in 24% and 51% of patients, respectively. Inflammatory
marker levels declined significantly from hospitalization to 18 months for all markers (IL-2,
IL-2R, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IL-13, INFγ, TNFα, D-dimer, fibrinogen, ferritin,
LDH, CRP, neutrophils; all p < 0.05), with the exception of IL-1β, which remained stable over
time. There were no significant associations between the AUC for any inflammatory marker
and 18-month cognitive symptoms, any neurologic symptom, or PROMIS Global Physical or
Mental health T-scores. Receipt of convalescent plasma was not associated with any outcome
measure.

Discussion
At 18months posthospitalization for COVID-19, cognitive abnormalities were reported in 27%
of patients, and below average PROMIS Global Mental and Physical Health scores occurred in
24% and 51%, respectively. However, there were no associations with measured inflammatory
markers, which decreased over time.
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Introduction
Cognitive impairment (“brain fog”) is one of the most preva-
lent neurologic postacute sequelae of COVID-19 (PASC) and
has been reported in up to 50% of previously healthy, cogni-
tively normal patients at 6months and 12months post-COVID
hospitalization.1-3 However, the mechanisms that contribute to
post–COVID-19 cognitive disorders remain unclear. Some
have posited that ongoing inflammation,4-7 cerebrovascular
endothelial dysfunction,8-12 and viral persistence13,14 may play
a role in post–COVID-19 symptoms.

In previous work, we identified elevations in serum in-
flammatory markers (IL-6, D-dimer, C-reactive peptide
[CRP], and ferritin) and neurodegenerative biomarkers (tau,
ptau181, GFAP, UCHL1, and NFL) during acute COVID-19.
We found that neurodegenerative biomarkers were elevated
to levels even higher than those observed in non-COVID
Alzheimer patients.15 These inflammatory and neurodegen-
erative makers correlated with both severity of index COVID-
19 illness and with the occurrence of new neurologic events
during hospitalization, most notably toxic metabolic en-
cephalopathy.15 It remains unknown, however, whether ele-
vations in these biomarkers are transient (indicating a
monophasic insult) or sustained (suggestive of ongoing in-
flammation). Similarly, the predictive value of inflammatory
biomarkers in regards to cognitive PASC symptoms and
global health outcomes remains unknown.

Using data prospectively collected from the CONTAIN
COVID-19 randomized clinical trial (CONTAIN-RCT), which
investigated the effects of convalescent plasma in adults hospi-
talized with acute COVID-19, and data from the CONTAIN-
Extend study, a longitudinal follow-up of CONTAIN-RCT
participants conducted 18months postrandomization, we aimed
to examine the trajectories of serum cytokine and inflammatory
markers over time. In addition, we aimed to identify any asso-
ciations between these markers and outcomes observed at 18
months, including self-reported cognitive abnormalities and
PROMIS Global Physical and Mental health scores.

Methods
Study Design and Patient Population
We conducted a retrospective secondary analysis of data
collected from patients enrolled in both the CONTAIN-
RCT16 and the CONTAIN-Extend study. The CONTAIN
COVID-19 randomized, double-blind, placebo control trial
(CONTAIN-RCT) was conducted between April 17, 2020,
through March 15, 2021, at 21 hospitals throughout the

United States.17 Hospitalized patients aged ≥18 years with
laboratory-confirmed COVID-19 who required noninvasive
oxygen supplementation were randomized to receive either
one unit (;250mL) of COVID-19 convalescent plasma or an
equivalent volume of normal saline (placebo). A total of 941
patients were randomized (468 to convalescent plasma and
473 to placebo), and there were no significant differences in
either the primary or secondary outcomes (11-point World
Health Organization Ordinal Scale for Clinical Improvement
on day 14 or 28 after randomization), and adverse events
occurred in 9.4% of patients in the convalescent plasma group
vs 8.2% in the placebo group (p = 0.57). Of 21 sites that
participated in the CONTAIN-RCT, 16 agreed to participate
in the CONTAIN-Extend Study, including sites in Manhat-
tan, the Bronx, Brooklyn, and Long Island (New York), New
Haven (Connecticut), Miami (Florida), and Houston and
Tyler (Texas). Participants previously randomized in
CONTAIN-RCT who had not withdrawn from the study and
had survived 3 months were eligible and recruited for an
extended 18-month visit posthospitalization (CONTAIN-
Extend study). Conducted from November 2021 to October
2022, CONTAIN-Extend included a symptom survey, global
health assessments using the PROMIS-10 survey (version
1.2) and biospecimen collection. Patients with a pre–COVID-
19 history of dementia or cognitive impairment (as docu-
mented at the time of randomization in the CONTAIN-
RCT) were excluded.

Standard Protocol Approvals, Registrations,
and Patient Consents
All patients or their surrogates provided consent to participate
in both CONTAIN COVID-19 and CONTAIN-Extend, and
both studies were approved by institutional review boards at
each center that participated.16 Oversight for the initial
CONTAIN-RCT was conducted by the New York University
CONTAINCoordinating Center andData SafetyMonitoring
Board. This retrospective analysis of anonymized data was not
considered to be human subjects research according to the
NYU IRB and was thereby exempt from IRB review.

Data Collection
Baseline demographics, comorbidities, concomitant medica-
tions (at the time of randomization), hospital course, and
COVID-19 vaccination status at 18 months were collected.
Admission COVID-19 severity was measured by a pre-
randomization WHO Ordinal Scale for Clinical Improvement
(WHO scale).18 Adverse events including transfusion-related
events (e.g., transfusion-related acute lung injury and
transfusion-associated circulatory overload), arterial thrombo-
embolism, venous thromboembolism, infection, and bleeding
were systematically collected. A serum cytokine panel (Cytokine

Glossary
ANCs = absolute neutrophil counts;AUC = area under the curve;CRP =C-reactive peptide; IQR = interquartile range; LDH =
ferritin, lactate dehydrogenase; PASC = postacute sequelae of COVID-19.
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Panel,19 ARUP laboratories, Salt Lake City, UT) was assessed at
baseline; days 1, 7, 14, 28, and 90 postrandomization; and at 18-
month follow-up. The panel included the following cytokines:
interleukin (IL)-1β, IL-2, IL-2 soluble receptor (IL-2R), IL-4,
IL-5, IL-6, IL-8, IL-10, IL-12, IL-13, INFγ, and TNFα. Other
inflammatory markers including CRP, ferritin, fibrinogen, lac-
tate dehydrogenase (LDH), and D-dimer were evaluated at
baseline and days 1, 3, 7, and 14 postrandomization and at 18-
month follow-up. Absolute neutrophil cell counts were assessed
at baseline and day 3 and 18 months postrandomization. The
choice of cytokine panel and inflammatory markers was based
on routine clinical availability, with the intent of promoting
generalizability and limiting the amount of blood sample re-
quired. The value representing lower limit of detection was
entered when laboratory values were reported as less than or
below the lower limit. No imputation of missing data was per-
formed. As such, serial measurements were evaluated at time
points with the least missing data to maximize the number of
patients included in analyses.

Outcomes
Participants were interviewed by phone or in-person and
completed a symptom questionnaire developed by the CON-
TAIN investigators and based on the literature at the time of
protocol development in August 2021 (eTable 1).20 The pri-
mary outcome was new cognitive dysfunction reported at the
18-month follow-up, which was defined as new symptoms of
memory, concentration, or attention impairment present
within the week before completing the symptom questionnaire.
Secondary outcomes included (1) any neurologic symptom at
18 months (choices included headache, myalgia, anosmia,
dysgeusia, numbness/tingling, dizziness, lightheadedness,
cognitive, fainting, seizure, imbalance, speech, tremor, fatigue,
sleep disorder, anxiety, depression); (2) 18-month PROMIS
Global Health 10 Physical Health21; and (3) 18-month
PROMIS Global Health 10 Mental Health21 scores. The
PROMIS Global Health inventory consists of 10 items, 4 of
which are used to score the PROMIS Global Mental Health
T-score, another 4 items are used to score the Global Physical
Health T-score, and 2 items represent overall health (eTa-
ble 2).22 PROMIS Global Physical Health questions examine
physical activities such as walking, climbing stairs, carrying
groceries, fatigue, and pain. PROMIS Global Mental Health
items focus on quality of life, mood, ability to think, satisfaction
with social activities and relationships, and feelings of anxiety,
depression, or irritability. Scores were collected as a 5–10 point
Likert scale. Raw scores for Global Mental and Global Physical
health were converted into T-scores with a mean of 50 and SD
of 10.21 Lower Physical and Mental Health T-scores indicate
more severe impairment. Scores were dichotomized at 0.5
standard deviations below the mean (e.g., T-score <45) based
on data suggesting that this is a clinically meaningful threshold
for dichotomization.23,24

Statistical Analyses
Demographics, comorbidities, concurrent medications, and
COVID-19 vaccination status were compared among those

with and without 18-month cognitive symptoms and among
those with or without any neurologic symptom, and those with
and without PROMIS Global Health Physical or Mental health
T-scores <45 using Mann-Whitney U nonparametric tests, χ2,
and Fisher exact tests, as appropriate. Baseline and 18-month
cytokine and inflammatory laboratory data were compared be-
tween those with and without 18-month cognitive symptoms
using the Mann-Whitney U nonparametric tests. One-way re-
peated measures ANOVA and nonparametric related-samples
Friedman 2-way analysis of variance by ranks were used, as
appropriate, to assess the relationship of cytokine levels over
time (baseline, day 1 postrandomization, and at 18 months) and
other inflammatory laboratory values (CRP, ferritin, fibrinogen,
LDH, D-dimer, neutrophil count) over time (baseline, day 3,
day 7, and 18 months). Patients with missing data at any time
point were excluded from analysis, and no data imputation was
performed. In addition, an area under the curve (AUC) was
computed for each cytokine and inflammatory laboratory value
(using the above time points), and AUC values were compared
among those with and without the following 18-month out-
comes: cognitive symptoms, any neurologic symptom, Global
Physical health T-score <45, and Global Mental health T-score
<45. AUC values were also compared among those who re-
ceived convalescent plasma vs those who received placebo. Plots
of estimated marginal means at each time point were con-
structed for each cytokine and inflammatory laboratory value.
Bonferroni corrections were made for multiple comparisons. All
analyses were conducted using IBM SPSS Statistics for Mac
version 25 (IBM Corp., Armonk, NY).

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results
Patient Characteristics
A total of 281 patients completed 18-month follow-up as part
of CONTAIN-Extend. Two patients with a pre-COVID-19
history of dementia were excluded, leaving 279 patients for
the final analysis (Figure 1). Themedian age at randomization
was 59 years (interquartile range [IQR] 49–67), 157/279
(56%) were male, 119/279 (43%) were Hispanic, 140/279
(50%) received convalescent plasma, and 139/279 (50%)
received placebo. At enrollment, 79% of patients were a 5 on
the WHO severity of illness scale (hospitalized, requiring
supplemental oxygen), and 21% were WHO 6 (hospitalized
requiring noninvasive ventilation or high-flow nasal cannula).
At the time of randomization, 230/279 (82%) received ste-
roids, and 170/279 (61%) received remdesivir.

At 18 months, 76/279 (27%) described their overall health as
fair to poor, and 92/279 (33%) described their overall health
as very good/excellent (Likert scale choices: poor, fair, good,
very good, excellent). Themedian 18-month PROMISGlobal
Physical Health T-score was 44.9 (IQR 39.8–54.1) and 51%
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had a T-score <45. The median 18-month PROMIS Global
Mental Health T-score was 50.8 (IQR 45.8–56.0), and 24%
had a T-score <45. Overall, 76/279 (27%) of patients noted
cognitive abnormalities at 18 months, and 160/279 (57%)
had at least one neurologic symptom (eFigure 1). There were
no significant differences in neurologic symptoms among
those who received convalescent plasma during hospitaliza-
tion compared with those who received placebo (all p > 0.05).

Predictors of Primary and
Secondary Outcomes
Predictors of 18-month cognitive symptoms and 18-month
secondary outcomes (any neurologic symptom, PROMIS
Global Physical Health T-score <45, PROMIS Global Mental
Health T-score <45) are shown in Table 1. Those with 18-
month cognitive abnormalities tended to be younger and
were more often women. Female sex was also related to worse
PROMIS Global Physical and Mental Health T-scores. The
receipt of convalescent plasma was not related to any out-
come, and there were no consistent relationships between
COVID-19 vaccination (90% were vaccinated) and any pri-
mary or secondary outcome. There were several medical
history comorbidities associated with 18-month neurologic
symptoms or poor PROMIS Global Health Physical and
Mental scores, but all were nonsignificant after Bonferroni
correction for multiple comparisons.

Cytokine and Inflammatory Laboratory
Studies Over Time
Cytokine levels across multiple time points (baseline, day 1
and 18-month) were available in N = 123 patients. Patients
with available cytokine data came primarily from 3 of 16 en-
rolling sites (eTable 3). Those included in cytokine analyses
were of similar age, sex, and race as those with missing cyto-
kine data. Admission and discharge severity of illness (as
measured byWHO score) and receipt of convalescent plasma
vs placebo were also similar between those with cytokine data
compared with those with missing data. However, the pro-
portion of Hispanic patients included in the cytokine analysis
was significantly less compared with those with missing data
(30% vs 51%, p = 0.002, eTable 3).

Among the 123 patients included in analysis, all cytokine levels
declined significantly over time from baseline, to day 1 to 18
months (all Friedman p < 0.001), with the exception of IL-1β,
which remained unchanged over time (Friedman p = 0.738,
Figures 2A and 3A., eFigures 2A and 3A).Men had significantly
higher ferritin AUC values than women (median AUC 264268
vs 105,150, p < 0.001); however, no other differences in cy-
tokine or inflammatory AUC values were observed.

D-dimer, LDH, ferritin, fibrinogen, CRP, and neutrophil
values were available at all time points (baseline, day 3, day 7,

Figure 1 Flow Sheet of Enrollment From the CONTAIN-RCT Through the CONTAIN-Extend Study
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Table 1 Relationship of Demographics, Comorbidities, Hospital Factors, Concurrent Medications, and COVID-19
Vaccination With 18-Month Outcomes, Including Cognitive Symptoms, Any Neurologic Symptoms, and Low
PROMIS Global Physical and Mental Health Scores

18-mo
cognitive
symptoms
(N = 76)

No 18-mo
cognitive
symptoms
(N = 203)

p Value
18-mo
cognitive
symptom

p Value
18-mo any
neurologic
symptom

p Value
Global health
physical
T-score <45

p Value
Global health
mental
T-score <45

Demographics

Age (median, IQR) 57 (47–64) 59 (52–69) 0.035 0.315 0.378 0.426

Sex (female), N (%) 43/76 (57%) 179/203 (39%) 0.008 0.003 0.001 <0.001

Race (White), N (%) 40/76 (53%) 103/203 (51%) 0.778 0.227 0.394 0.061

Hispanic, N (%) 26/76 (34%) 93/203 (46%) 0.081 0.244 0.008 0.354

BMI (median, IQR) 32.7 (25.7–38.6) 31.5 (27.4–35.9) 0.613 0.601 <0.001 0.232

Medical history

Hypertension, N (%) 39/76 (51%) 120/203 (59%) 0.187 0.045 0.009 0.252

Diabetes, N (%) 27/76 (36%) 69/199 (35%) 0.894 0.464 0.110 0.021

Hyperlipidemia, N (%) 941/76 (54%) 3/203 (46%) 0.262 0.065 0.563 0.495

CHF, N (%) 4/76 (5%) 10/203 (5%) 0.466 0.058 0.004 0.040

Peripheral vascular disease, N (%) 4/76 (5%) 9/203 (4%) 0.452 0.063 0.438 0.059

Stroke, N (%) 7/76 (9%) 7/203 (3%) 0.073 0.038 0.069 0.139

COPD/asthma/bronchitis, N (%) 23/76 (30%) 45/199 (23%) 0.189 0.330 0.003 0.172

Cancer, N (%) 7/76 (9%) 28/203 (14%) 0.259 0.041 0.318 0.341

CAD/MI, N (%) 2/76 (3%) 6/203 (3%) 0.461 0.041 0.070 0.361

Valvular heart disease, N (%) 2/76 (3%) 5/203 (3%) 0.467 0.046 0.020 0.505

Chronic kidney disease, N (%) 10/76 (13%) 23/199 (12%) 0.715 0.408 0.199 0.361

Transplant, N (%) 2/76 (3%) 8/203 (4%) 0.402 0.057 0.562 0.481

Autoimmune disease, N (%) 6/76 (8%) 9/203 (4%) 0.254 0.005 0.282 0.378

HIV, N (%) 0/76 (0%) 5/203 (3%) 0.175 0.046 0.491 0.504

Immunodeficiency, N (%) 0/76 (0%) 5/203 (3%) 0.175 0.065 0.529 0.223

Smoking, N (%) 14/76 (18%) 57/203 (28%) 0.099 0.937 0.008 0.173

Hospital factors

Received convalescent plasma, N (%) 41/76 (54%) 99/203 (49%) 0.441 0.678 0.631 0.699

Admission WHO, (median, IQR) 5 (5–5) 5 (5–6) 0.661 0.862 0.689 0.763

Adverse event: TRALI, TACO, N (%) 0 0 — — — —

Adverse event: arterial
thromboembolism, N (%)

0/76 (0%) 4/203 (2%) 0.218 0.188 0.038 0.253

Adverse event: venous
thromboembolism, N (%)

6/76 (8%) 10/203 (5%) 0.342 0.342 0.250 0.255

Adverse event: infection, N (%) 15/76 (20%) 38/203 (19%) 0.847 0.042 0.026 0.631

Adverse event: bleeding, N (%) 7/76 (9%) 8/203 (4%) 0.131 0.594 0.599 0.211

Concurrent medications at the time of randomization

Remdesivir, N (%) 40/76 (53%) 130/203 (64%) 0.082 0.537 0.258 0.707

NSAIDs, N (%) 52/76 (68%) 116/203 (57%) 0.087 0.682 0.445 0.551

Continued

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 11, Number 3 | May 2024 5

http://neurology.org/nn


and 18 months) in 195/279 (70%) of patients. Similarly, all
these measures significantly declined from baseline to days 3,
7, and 18 months postrandomization (all Friedman p < 0.001,
Figures 2B and 3B, eFigures 2B and 3B).

Association of Cytokine and Inflammatory
Laboratory Levels With Primary and
Secondary Outcomes
No significant relationships were identified between baseline
(prerandomization) cytokine or inflammatory laboratory values
and 18-month cognitive or neurologic symptoms (all p > 0.05),
with the exception of baseline D-dimer levels, which were lower
in those without 18-month cognitive or neurologic complaints
(336 ng/mL in those without cognitive symptoms vs 595 ng/
mL in those with symptoms). The areas under the curve for
cytokines (measured at baseline, day 1 and 18 months) and
inflammatory laboratory markers (measured at baseline, hos-
pital day 3, hospital day 7 and 18months) over time did not vary
significantly among those with or without cognitive symptoms
at 18 months (Table 2, Figure 2, A and B), nor were there any
differences when evaluating the secondary outcomes of any
neurologic symptom at 18 months (Figures 3, A and B), 18-
month PROMIS Global Physical Health T-score<45 (all p >
0.05, eFigures 2 and 3), or WHO severity of illness scores at 18
months Similarly, there were no significant correlations between
PROMIS questionnaire items pertaining specifically to ability to

participate in regular leisure, family, or work activities and any
cytokine or inflammatory markers. However, patients with
worse 18-month Global Mental Health T-scores (<45) tended
to have higher neutrophil count AUCs (Table 2), though these
differences did not remain significant after Bonferroni correc-
tion for multiple comparisons. The results depicted in Table 2
did not change when analysis was stratified by sex. There were
no significant differences in AUC values for any cytokine or
inflammatory laboratory measure among those who received
convalescent plasma during hospitalization compared with
those who received placebo (all p > 0.05).

Discussion
In this secondary analysis of longitudinal data collected from
the randomized CONTAIN-RCT and CONTAIN-Extend
trials, we found that cognitive and neurologic symptoms in
general were common at 18 months post–COVID-19 hos-
pitalization. However, we did not identify any relationships
between the measured cytokine or inflammatory marker
levels or trajectories over time and these PASC neurologic
outcomes. The repeated measures of cytokine and in-
flammatory laboratory data used in our study provide a more
complete picture of the inflammatory milieu over time. In-
deed, several inflammatory markers appeared to increase after

Table 1 Relationship of Demographics, Comorbidities, Hospital Factors, Concurrent Medications, and COVID-19
Vaccination With 18-Month Outcomes, Including Cognitive Symptoms, Any Neurologic Symptoms, and Low
PROMIS Global Physical and Mental Health Scores (continued)

18-mo
cognitive
symptoms
(N = 76)

No 18-mo
cognitive
symptoms
(N = 203)

p Value
18-mo
cognitive
symptom

p Value
18-mo any
neurologic
symptom

p Value
Global health
physical
T-score <45

p Value
Global health
mental
T-score <45

Steroids, N (%) 63/76 (83%) 173/203 (85%) 0.632 0.578 0.588 0.929

Statins, N (%) 26/76 (34%) 52/203 (26%) 0.154 0.844 0.047 0.157

Therapeutic anticoagulation, N (%) 65/76 (86%) 161/203 (79%) 0.239 0.667 0.933 0.764

Antiplatelets, N (%) 20/76 (26%) 41/203 (20%) 0.271 0.766 0.971 0.367

Hydroxychloroquine, N (%) 7/76 (9%) 7/203 (3%) 0.050 0.590 0.911 0.367

ACEI, N (%) 3/76 (4%) 21/203 (10%) 0.090 0.446 0.481 0.760

Discharge WHO (median, IQR) 2 (2–3) 2 (2–3) 0.178 0.260 0.141 0.623

COVID vaccination after hospitalization

Any vaccine, N (%) 71/76 (93%) 180/203 (89%) 0.240 0.042 0.326 0.522

Pfizer, N (%) 35/76 (46%) 105/203 (52%) 0.399 0.580 0.541 0.337

Moderna, N (%) 33/76 (43%) 61/203 (30%) 0.035 0.020 0.148 0.981

Jansen, N (%) 3/76 (4%) 14/203 (7%) 0.359 0.376 0.708 0.212

Number of doses (median, IQR) 3 (2–3) 3 (2–3) 0.472 0.974 0.202 0.303

Abbreviations: ACEI = angiotensin-converting enzyme inhibitor; BMI = body mass index; CAD/MI = coronary artery disease/myocardial infarction; CHF =
congestive heart failure; COPD = chronic obstructive pulmonary disease; IQR = interquartile range; NSAIDs = nonsteroidal anti-inflammatory drugs; TACO =
transfusion-associated circulatory overload; TRALI = transfusion-related acute lung injury; WHO = World Health Organization.
Bold indicates significance after Bonferroni correction for multiple comparisons (p ≤ 0.001).
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randomization (e.g., INF-γ, D-dimer, neutrophil count), be-
fore declining at the 18-month mark. It is possible that pa-
tients may have experienced further increases in inflammatory
markers or different PASC symptoms at other time points
(e.g., 1 month, 3 months, or 6 months postinfection);

however, limited data were available at these intervals. Al-
though some have hypothesized that persistent inflammation
because of either residual viral reservoirs or autoantigens is a
prime driver of PASC,5,14 we found that, in aggregate, cyto-
kine and inflammatory markers significantly declined over

Figure 2 Serum Cytokine (N = 123) (A) and Inflammatory Laboratory (N = 270) (B) Levels (Estimated Marginal Means) Over
Time Compared Between Those With and Without a Cognitive Symptoms at 18 Months

The dark green line represents patients with cognitive symptoms at 18months, and the blue line represents those without cognitive symptoms at 18months
(with error bars). All cytokine and inflammatory laboratory levels significantly declined over time (all Friedman p < 0.001), with the exception of IL-1ß
(Friedman p = 0.738). There were no significant differences in the areas under the curves of any cytokine or inflammatory laboratory measure when
comparing those with or without 18-month cognitive symptoms (all p > 0.05).
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time and did not discriminate between those with or without
PASC neurologic symptoms.

We did, however, identify a possible relationship between
baseline D-dimer levels, elevated neutrophil AUC, and worse

18-month neurologic symptoms and PROMIS Global Mental
Health scores, respectively. Both D-dimer and elevated neu-
trophil levels have been associated with activation of the co-
agulation cascade and thrombosis among acutely ill patients
with COVID-19.25,26 Furthermore, increased neutrophil

Figure 3 Serum Cytokine (N = 123) (A) and Inflammatory Laboratory (N = 270) (B) Levels (Estimated Marginal Means) Over
Time Compared Between Those With and Without Any Neurologic Symptom at 18 Months

Neurologic symptoms included headache, myalgia, anosmia, dysgeusia, numbness/tingling, dizziness, lightheadedness, cognitive, fainting, seizure, imbal-
ance, speech, tremor, fatigue, sleep disorder, anxiety, depression. The dark green line represents patientswith any neurologic symptomat 18months, and the
blue line represents thosewithout a neurologic symptomat 18months (with error bars). All cytokine and inflammatory laboratory levels significantly declined
over time (all Friedman p < 0.001).
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Table 2 Relationship of Outcomes at 18 Months With Cytokine Levels and Inflammatory Markers Over Time

18-mo cognitive
symptom present
(N = 76)

18-mo cognitive
symptom absent
(N = 203) p Value

18-mo any
neurologic
symptom
present (N = 160)

No 18-mo
neurologic
symptoms
(N = 119) p Value

18-mo PROMIS
physical health
T-score<45
(N = 141)

18-mo PROMIS
physical health
T-score≥45
(N = 133) p Value

18-mo PROMIS
mental health
T-score<45
(N = 66)

18-mo PROMIS
mental health
T-score≥45
(N = 205) p Value

Cytokine area under the curve (baseline, day 1, 18 months)

IL-1β (pg/mL) 3,267 3,267 0.706 3,627 3,627 0.924 3,627 3,627 0.831 3,627 3,627 0.232

IL-10 (pg/mL) 3,491 3,701 0.711 2,628 3,775 0.903 2,909 3,775 0.276 2,848 3,812 0.255

IL-12 (pg/mL) 1,060 1,060 0.522 1,060 1,060 0.691 1,060 1,060 0.928 1,060 1,060 0.619

IL-13 (pg/mL) 949 949 0.352 949 949 0.839 949 949 0.925 949 949 0.643

IL-2 (pg/mL) 1,172 1,172 0.955 1,172 1,172 0.736 1,172 1,172 0.632 1,172 1,172 0.535

IL-2sR (pg/mL) 467,704 524,280 0.348 471,933 527,632 0.293 475,484 520,929 0.700 401,731 526,589 0.050

IL-4 (pg/mL) 1,228 1,228 0.602 1,228 1,228 0.597 1,228 1,228 0.495 1,228 1,228 0.548

IL-5 (pg/mL) 1,172 1,172 0.572 1,172 1,172 0.819 1,172 1,172 0.965 1,172 1,172 0.786

IL-6 (pg/mL) 1786 1,479 0.883 1,398 1955 0.656 1761 1,401 0.581 1,398 1,508 0.650

IL-8 (pg/mL) 1,674 1,674 0.549 1,674 1,674 0.922 1,674 1,674 0.922 1,674 1,674 0.782

INF-γ (pg/mL) 2,344 2,344 0.607 2,344 2,344 0.776 2,344 2,344 0.915 2,344 2,344 0.745

TNF-α (pg/mL) 1,450 1,367 0.841 1,369 1,367 0.466 1,284 1,534 0.489 1,088 1,453 0.366

Inflammatory laboratory area under the curve (baseline, day 3, day 7, 18 months)

D-dimer (ng/mL) 219,887 203,875 0.806 232,739 188,342 0.308 208,350 193,120 0.963 253,614 194,160 0.334

Fibrinogen (mg/dL) 250,470 137,879 0.388 246,023 238,233 0.860 241,575 245,021 0.223 229,673 254,218 0.657

LDH (U/L) 175,220 150,614 0.040 164,552 144,299 0.076 150,614 265,339 0.187 170,585 162,408 0.239

Ferritin (ng/mL) 240,887 194,511 0.360 227,210 194,511 0.406 175,579 240,333 0.086 182,854 215,155 0.484

CRP (mg/L) 4,327 4,136 0.727 4,143 4,452 0.336 4,615 4,279 0.604 2,681 4,452 0.107

Neutrophil counta

(103/μL)
3,114 3,046 0.842 3,092 3,098 0.650 3,046 3,092 0.494 3,611 3,012 0.022

Median Area under the curve (AUC) for each serum cytokine (measured at baseline, day 1, and 18 months post-randomization), and serum inflammatory marker (measured at baseline, day 3, day 7, and 18 months post-
randomization) compared between those with or without secondary outcomes of 18-mo neurologic symptoms, PROMIS Global Physical Health T-score<45, and PROMIS Global Mental Health T-score<45.
a Measured at baseline, 3 days postrandomization and 18months postrandomization; LDH = lactate dehydrogenase; CRP = C-reactive peptide. Significance after Bonferroni correction formultiple comparisons was calculated
as p ≤ 0.003.
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activity and signatures of clotting cascade activity (e.g., elevated
D-dimer, LDH, ferritin) have been shown to be related to
PASC in several studies.6,7,27,28 One prevailing hypothesis for
PASC neurologic impairment is based on neuropathologic data
among patients who died in the acute phase after SARS-CoV-2
infection. Several autopsy studies demonstrated endothelial cell
abnormalities, ischemia, microhemorrhages, disruption of the
microvasculature basal lamina, and extravasation of fibrinogen
into brain parenchyma, suggestive of blood-brain barrier dis-
ruption, inflammation, and microthrombosis.11,29,30 While we
did not detect significant differences in inflammatory markers
suggestive of coagulation cascade activation among PASC pa-
tients, we did not examine specific markers of blood-brain
barrier disruption, and it is possible that serum inflammatory
markers may not adequately reflect CNS inflammation. Indeed,
CSF studies have shown differences in immunophenotyping of
PASC patients compared with healthy controls that were not
detected in matching serum samples,31 indicating that further
research is warranted.

We also identified female sex as a risk factor not only for 18-
month cognitive and neurologic symptoms but also for
worse PROMIS Global Physical and Mental Health scores.
These findings complement those of several other studies
that have identified female sex as a risk factor of PASC.32-34

While the mechanisms underlying this association remain
obscure, some have posited that higher rates of autoimmune
disorders among women and higher basal levels of immu-
noglobulins and more robust immunologic responses to
both infections and vaccines, with increased cytokine pro-
duction and T-cell response, may, in part, be responsible for
this relationship.35-37 However, in our study, female sex was
not significantly associated with higher AUC values for any
cytokine or inflammatory marker, nor did female sex modify
the relationship between these measures and 18-month
outcomes. These results suggest that factors other than in-
flammation may play a role in the female predominance of
PASC symptoms.

While some cross-sectional proteomic and molecular studies
have identified increased markers of chronic inflammation
among PASC patients, including increased IL-12/INF-γ and
IL-6 expression and perturbation in natural killer cells,6,38

others have found that proinflammatory cytokines, such as IL-
6, IL-8, and IL-1ß, do not robustly discriminate between pa-
tients who do or do not develop PASC.7 Similarly, there has
been conflicting literature regarding the relationships between
PASC and circulating immune cell populations, the role of
SARS-CoV-2 adaptive immunity (including T-cell re-
sponses), and the impact of levels of antibodies to SARS-
CoV-2, with significant relationships identified in some co-
horts, but not others.39,40 Discrepancies in these results may
be ascribed to differences in the severity of index COVID-19,
the variety of PASC symptoms assessed, and the time frames
of symptom evaluation and biomarker measurement across
studies, all of which make direct comparisons difficult. Indeed,
several studies attempting to identify molecular-clinical

correlates for PASC have found substantial heterogeneity
across patients, implying that a large number of participants
are likely needed to identify biological signatures of
PASC.6,7,38 In addition, utilization of PASC cognitive symp-
toms as a primary outcome is problematic since subjective
cognitive complaints do not appear to correlate well with
objective cognitive testing.41

Strengths of this study include its use of a multicentered
sample of hospitalized patients followed longitudinally for 18
months with serial blood sampling. This is, to our knowledge,
one of the largest cohort of patients providing serial blood
samples for such an extensive duration of time postindex
SARS-CoV-2 infection. There are limitations that should be
mentioned as well. First, the timing of blood sampling and
follow-up interviews may miss stochastic windows of in-
flammation or symptomatology. Some patients may have had
PASC symptoms but improved by the 18-month follow-up.
Furthermore, subjective PASC symptoms or patient-reported
outcomes may miss abnormalities that can only be detected
by objective testing.42-44 Although we evaluated quantitatively
assessed patient-reported outcomes using the PROMIS-10
Global Health questionnaire, this still represents subjective
data. Second, because we aimed to evaluate trajectories of
laboratory data, the number of patients with data at each time
point was limited, thereby reducing statistical power to detect
differences between groups. In addition, fewer Hispanics had
cytokine data available compared with the overall study
population. This appeared to be due to the fact that sites that
were more likely to enroll Hispanic patients also contributed
less cytokine data. Furthermore, this data set included only
hospitalized patients with COVID-19. Therefore, generaliz-
ability to nonhospitalized patients with COVID-19 is limited.
Last, while we evaluated 17 cytokines and inflammatory
markers, this was not an exhaustive assessment of all possible
cytokines/chemokines. Indeed, a metabolomics study sug-
gested that type I interferons (e.g., INFα and INFß, which we
did not assess) reduce systemic serotonin levels, which in turn
impair vagal nerve signaling, contributing to PASC cognitive
symptoms.45 While serotonin levels were lower in some
clinical cohorts assessed in that study, the link between type 1
INF and serotonin levels was established in mouse models.45

Hence, further study of serial type 1 INF levels in humans and
its impact on both subjective and objective cognitive impair-
ment is warranted.

Among hospitalized patients with COVID-19 followed lon-
gitudinally, more than 25% reported cognitive symptoms at
18 months, although there was no significant relationship
with any serially measured serum inflammatory marker.
While there has been a great deal of interest in determining
whether chronic inflammation is an underlying cause of post-
COVID cognitive impairment, these data do not support this
mechanism, but rather suggest that commercially available
cytokine panels and other routine inflammatory laboratory
measures are unlikely to serve as robust biomarkers for
neurologic PASC symptoms. While PROMIS Global Mental
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Health and neurologic symptom outcomes appear to be as-
sociated with elevated neutrophil and D-dimer levels, re-
spectively, more research with larger cohorts of patients
would be needed to confirm this relationship. The RE-
COVER (Researching COVID to Enhance Recovery) ob-
servational study,46 pathophysiology studies, and RECOVER
clinical trials47 should offer additional insight into underlying
mechanisms of neurologic PASC, potential biomarkers, and
therapeutic strategies.
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