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Background: A substantial proportion of persons who de-
velop COVID-19 report persistent symptoms after acute illness.
Various pathophysiologic mechanisms have been implicated in
the pathogenesis of postacute sequelae of SARS-CoV-2 infection
(PASC).

Objective: To characterize medical sequelae and persistent
symptoms after recovery from COVID-19 in a cohort of disease
survivors and controls.

Design: Cohort study. (ClinicalTrials.gov: NCT04411147)

Setting: National Institutes of Health Clinical Center, Bethesda,
Maryland.

Participants: Self-referred adults with laboratory-documented
SARS-CoV-2 infection who were at least 6 weeks from symp-
tom onset were enrolled regardless of presence of PASC. A
control group comprised persons with no history of COVID-19
or serologic evidence of SARS-CoV-2 infection, recruited regard-
less of their current health status. Both groups were enrolled
over the same period and from the same geographic area.

Measurements: All participants had the same evaluations
regardless of presence of symptoms, including physical exami-
nation, laboratory tests and questionnaires, cognitive function
testing, and cardiopulmonary evaluation. A subset also under-
went exploratory immunologic and virologic evaluations.

Results: 189 persons with laboratory-documented COVID-
19 (12% of whom were hospitalized during acute illness) and
120 antibody-negative control participants were enrolled. At

enrollment, symptoms consistent with PASC were reported
by 55% of the COVID-19 cohort and 13% of control partici-
pants. Increased risk for PASC was noted in women and those
with a history of anxiety disorder. Participants with findings
meeting the definition of PASC reported lower quality of life
on standardized testing. Abnormal findings on physical exami-
nation and diagnostic testing were uncommon. Neutralizing
antibody levels to spike protein were negative in 27% of the
unvaccinated COVID-19 cohort and none of the vaccinated
COVID-19 cohort. Exploratory studies found no evidence of
persistent viral infection, autoimmunity, or abnormal immune
activation in participants with PASC.

Limitations: Most participants with COVID-19 had mild to
moderate acute illness that did not require hospitalization.
The prevalence of reported PASC was likely overestimated
in this cohort because persons with PASC may have been
more motivated to enroll. The study did not capture PASC
that resolved before enrollment.

Conclusion: A high burden of persistent symptoms was observed
in persons after COVID-19. Extensive diagnostic evaluation
revealed no specific cause of reported symptoms in most cases.
Antibody levels were highly variable after COVID-19.
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SARS-CoV-2 is a novel coronavirus not previously
known to infect humans. COVID-19, the clinical syn-

drome caused by infection with SARS-CoV-2, was first
recognized in December 2019. As of April 2022, there
have beenmore than 496million COVID-19 cases world-
wide (1). A significant number of persons who contract
COVID-19 report symptoms that persist after the acute
illness (2). Current studies of postacute sequelae of
SARS-CoV-2 infection (PASC) have largely been based
on questionnaire data and analysis of electronic medical
records (3–8). To more objectively determine the long-
termmedical and mental health consequences of COVID-19,
a longitudinal cohort study of participants recovering
from COVID-19 and control participants without a his-
tory of SARS-CoV-2 infection was initiated in June 2020.
The primary objectives of the study are to characterize
the risk factors, clinical findings, laboratory features, and
natural history of PASC. This article describes baseline
findings from this ongoing study.

METHODS

Study Design
The protocol (Supplement 1, available at Annals.org)

was approved by the National Institutes of Health (NIH)
Institutional Review Board. Written informed consent was
obtained from all participants. The authors were respon-
sible for the study design, the collection and analysis of
the data, and the preparation of the manuscript; they
vouch for the accuracy and completeness of the data
and the fidelity of the study to the approved protocol.
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Enrollment in this study is ongoing. This article con-
tains findings on the 309 participants who enrolled dur-
ing the first year of the study. Given the lack of publications
with detailed clinical information and diagnostic data about
PASC, we believe that the data generated by our study to
date provide new insights into the nature and severity of
this syndrome and offer important information for physi-
cians evaluating and treating these patients.

Participants
This article is part of a longitudinal study being con-

ducted at the NIH Clinical Center in Bethesda, Maryland.
Adults with laboratory-confirmed SARS-CoV-2 infection
were eligible if they were at least 6 weeks past onset of
COVID-19 symptoms, had no fever within 7 days before
enrollment, and did not have worsening respiratory symp-
toms. Persons with asymptomatic disease were eligible
4 weeks after the first positive SARS-CoV-2 reverse tran-
scriptase polymerase chain reaction (RT-PCR) test result.
Both study groups were recruited from within a 100-
mile radius of Bethesda, Maryland, an area that includes
Maryland, northern-central Virginia, the District of Columbia,
and parts of southern Pennsylvania. For the COVID-19
group, there was no active study recruitment process other
than posting details of the study onClinicalTrials.gov and the
NIH Clinical Center websites. Participants in the COVID-19
group were enrolled regardless of the presence of PASC.
Adults with no history of COVID-19 were recruited as a con-
trol group via the aforementioned websites and the NIH
Office of Patient Recruitment Listserv, an e-mail list main-
tained for persons interested in receiving information about
participation in studies being conducted at the NIH Clinical
Center. Control participants were recruited without regard
for their current health status or active medical conditions
and were not intentionally matched with the COVID-19
group for age, gender, race, or other variables. Both groups
were required to have a negative result from a nasopharyn-
geal SARS-CoV-2 RT-PCR test performed at the protocol
screening visit. For the COVID-19 group, PASC was defined
as any symptom or medical condition that began or wors-
ened after the onset of theCOVID-19 illness (or the first posi-
tive RT-PCR result for those with asymptomatic infection) and
was still present at the study enrollment visit. The mean time
from onset of COVID-19 symptoms (or positive RT-PCR
result in asymptomatic cases) to study enrollment was
162 days. To maintain balance in the amount of time
during which symptoms were counted, for control partici-
pants, the only symptoms or conditions that were included
for comparison were those that began or worsened no
more than 162 days before their enrollment date and
were still present at the study enrollment visit.

Baseline Evaluation
All participants underwent evaluations at the enroll-

ment visit, including past medical history, a full review of
systems, and physical examination. For past medical his-
tory (including details of acute symptoms of COVID-19
and preexisting medical conditions), information was col-
lected from participants during their initial enrollment
visit and from review of existing medical records. Thus,

examiners were not blinded to study group. In addition,
participants in both groups were asked about a set of
17 specific symptoms (see Section 1.4 of Supplement 2,
available at Annals.org) reported to occur after acute
COVID-19 (9–11). Blood was collected at the enrollment
visit for routine chemical analysis; hematologic assess-
ment; measurement of D-dimer, high sensitivity C-reactive
protein, rheumatoid factor, antinuclear antibody, anticar-
diolipin antibodies, troponin I, pro–B-type natriuretic pep-
tide, serum immunoglobulins, and SARS-CoV-2 antibodies;
and research evaluations of immunologic parameters (see
Section 1.2 of Supplement 2).

Procedures done at the enrollment visit consisted of
neurocognitive assessment, pulmonary function testing,
6-minute walk test, and echocardiography (Section 1.3
of Supplement 2). Cognition was measured with NIH
Toolbox tasks that evaluate processing speed, episodic
memory, and executive functioning (12). The NIH Toolbox
is a validated multidimensional standard set of measures
assessing cognitive, emotional, motor, and sensory func-
tion (www.healthmeasures.net/explore-measurement-systems/
nih-toolbox). Neurocognitive performance on each task was
assessed using standardized T scores (mean, 50 [SD, 10])
corrected for demographic variables, including age, gen-
der, race, ethnicity, and education.

Participants were asked to complete online question-
naires about their mental and physical health. This article
includes survey data on health-related quality of life, anx-
iety, and depression. Quality of life was assessed using
the Short Form-36 Health Survey (SF-36), version 2, tabu-
lated using QualityMetric software to yield physical and
mental health component scores. The SF-36 is an exten-
sively validated survey that applies norm-based scoring
based on a mean score of 50 (SD, 10) in the U.S. general
population, with higher scores indicating better quality
of life (13, 14). Depression and anxiety were assessed
using the ultra-brief Patient Health Questionnaire-2 (PHQ-
2) and the Generalized Anxiety Disorder-2 (GAD-2). Both
questionnaires are validated and standardized assessments
of anxiety and depression (15, 16).

Statistical Analysis
Only PASC that were reported by at least 1% of par-

ticipants in the COVID-19 group were included and com-
pared with the number of participants in the control
group reporting the same symptoms. For continuous
variables, unadjusted comparisons were made using the
t test or the Wilcoxon rank-sum test, and adjusted com-
parisons were made using multivariate linear regression.
For binary variables, unadjusted comparisons were made
using the Fisher exact test, and adjusted comparisons were
made using multivariate logistic regression. For the COVID-19
group, associations between predictors and the pres-
ence of PASC were quantified using the Fisher exact test
for binary predictors and univariate logistic regression
for continuous predictors. The association between time
and binding inhibition percentage was quantified using the
Spearman correlation. The Benjamini–Hochberg procedure
for controlling the expected false discovery rate at 10%
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was used to determine which results were significant. All
P values are 2-sided. Adjustment variables were specified
before analysis based on a subjective synthesis of literature
review and clinical experience. Missing data were minimal
and were assumed to be missing completely at random.
All analyses were performed using R, version 4.1.1
(R Foundation for Statistical Computing). We used
Fisher.exact for the Fisher exact test, wilcox.test for the
Wilcoxon rank-sum test, t.test for the t test, cor.test and
the bootstrap for the Spearman correlation, glm for multi-
variate regressions, and p.adjust with method=“BH” to
calculate false discovery rate–adjusted P values. The
original protocol anticipated an approximately equal
number of survivors and control participants. Based
on this assumption, for a binary outcome with 5% inci-
dence in the control group, using a univariate logistic
regression with 200 survivors and 200 control partici-
pants would allow for detection of a relative risk of 2.6 with
80% power at a 2-sided significance level of 0.05. Section 1.1
of Supplement 2 provides additional details on the sta-
tistical methods, and Section 1.2 of Supplement 2 gives
additional details on the analytic methods for the high-
dimensional flow cytometry data.

Role of the Funding Source
This study was funded by the Division of Intramural

Research at the National Institute of Allergy and Infectious
Diseases and, in part, with federal funds from the National
Cancer Institute, National Institutes of Health, under
contract no. 75N91019D00024. All analyses of biologi-
cal material were done in a blinded manner at laborato-
ries affiliated with the funding source.

RESULTS

Participants
From 30 June 2020 to 1 July 2021, the study en-

rolled 189 persons with prior laboratory-documented
SARS-CoV-2 infection and 122 control participants with
no history of COVID-19–like illness. Two of the control
participants had antibodies to SARS-CoV-2 nucleocapsid
protein and were not included in the analysis (Appendix
Figure, available at Annals.org). The control group was
smaller than the COVID-19 group because of slower
accrual of the former. Baseline participant characteristics
are shown in Table 1, and the period of enrollment in each
cohort is shown in Figure 1 of Supplement 2.

Table 1. Baseline Characteristics of Participants

Characteristic Control Participants
(n = 120)

COVID-19 Cohort

Overall Cohort
(n = 189)

Without PASC
(n = 85)

With PASC
(n = 104)

Median age at enrollment (IQR), y 51.0 (37.0–58.0) 50.0 (38.0–58.0) 52.0 (34.0–62.0) 49.5 (39.0–56.0)
Male gender, n (%) 53 (44.5) 85 (45.0) 48 (56.5) 37 (35.6)
Race, n (%)
Asian 14 (12.0) 14 (7.4) 5 (5.9) 9 (8.7)
Black 15 (12.8) 20 (10.6) 11 (12.9) 9 (8.7)
Multiple 2 (1.7) 3 (1.6) 1 (1.2) 2 (1.9)
Unknown 5 (4.3) 4 (2.1) 0 (0.0) 4 (3.8)
White 84 (70.0) 148 (78.3) 68 (80.0) 80 (76.9)

Not Hispanic or Latino, n (%) 99 (82.5) 164 (86.8) 78 (91.8) 86 (82.7)
Education level, n (%)
High school or less 8 (7.6) 18 (9.5) 6 (7.0) 12 (11.5)
Associate degree 4 (3.3) 5 (2.6) 2 (2.4) 3 (2.8)
College degree 51 (42.5) 69 (36.5) 30 (35.3) 39 (37.5)
Advanced degree 57 (47.5) 97 (51.3) 47 (55.3) 50 (48.1)

Median time between acute COVID-19 symptom onset
and enrollment visit (IQR), d

– 149 (105–210) 140 (97–205) 155 (116–210)

Median baseline BMI (IQR), kg/m2 27.3 (23.5–30.2) 28.8 (24.4–33.3) 28.6 (24.5–31.3) 29.3 (24.2–34.6)
Obesity, n (%) 31 (25.8) 72 (38.1) 26 (30.6) 46 (44.2)
Current smoking, n (%) 6 (5.0) 9 (4.8) 4 (4.7) 5 (4.8)
Diabetes, n (%) 3 (2.5) 11 (5.8) 2 (2.4) 9 (8.7)
Hypertension, n (%) 20 (16.7) 39 (20.6) 19 (22.4) 20 (19.2)
Asthma, n (%) 9 (7.5) 24 (12.7) 8 (9.4) 16 (15.4)
Any mental health problem, n (%) 29 (24.2) 81 (42.9) 31 (36.5) 50 (48.1)
Anxiety disorder, n (%) 20 (16.7) 54 (28.6) 15 (17.6) 39 (37.5)
Mood disorder, n (%)* 15 (12.5) 43 (22.8) 23 (27.1) 20 (19.2)
Other disorder, n (%)† 8 (6.7) 15 (7.9) 6 (7.1) 9 (8.7)

Any cardiac problem, n (%) 5 (4.2) 6 (3.2) 4 (4.7) 2 (1.9)
Coronary artery disease, n (%) 1 (0.8) 3 (1.6) 1 (1.2) 2 (1.9)
Valvular heart disease, n (%) 1 (0.8) 3 (1.6) 2 (2.4) 1 (1.0)
Atrial fibrillation, n (%) 3 (2.5) 2 (1.1) 2 (2.4) 0 (0.0)

HIV infection, n (%) 3 (2.5) 4 (2.1) 4 (4.7) 0 (0.0)
Hospitalized for COVID-19, n (%) 0 (0.0) 22 (11.6) 11 (12.9) 11 (10.6)
Required supplemental oxygen, n (%) 0 (0.0) 12 (6.3) 6 (7.1) 6 (5.8)

Asymptomatic COVID-19, n (%) 0 (0.0) 5 (2.6) 5 (5.9) 0 (0.0)

BMI = body mass index; PASC = postacute sequelae of SARS-CoV-2 infection.
* Includes bipolar disorder and depression.
† Includes posttraumatic stress disorder and attention deficit–hyperactivity disorder.
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In the COVID-19 group, 167 participants (88%) had
an illness that did not require hospitalization. Themedian
time from onset of COVID-19 symptoms (or positive
RT-PCR result in asymptomatic cases) to study enroll-
ment was 149 days (IQR, 105 to 210 days). At the time of
enrollment, 104 (55%) participants in the COVID-19 group
reported 1 or more PASC (Table 1).

Because SARS-CoV-2 vaccines were introduced dur-
ing the study period, serologic testing for antibody to
the SARS-CoV-2 nucleocapsid protein was used to docu-
ment prior infection. Antibody was detected in 159 par-
ticipants with COVID-19 at the time of enrollment. Of the
30 participants with COVID-19whowere antibody-negative
at enrollment, 27 had documented detection of SARS-
CoV-2 RNA by RT-PCR testing of a nasopharyngeal sam-
ple. The remaining 3 participants had documented SARS-
CoV-2 antinucleocapsid protein antibody detected within
90 days of an acute respiratory illness consistent with

COVID-19 but tested negative for antibodies at the enroll-
ment visit. Fourteen of the 30 nucleocapsid antibody–
negative participants had 1 or more PASC.

Clinical and Laboratory Findings
Participants in the COVID-19 group reported more

symptoms than those in the control group. Table 2 lists
the prevalence of specific symptoms reported in both
groups. For participants with PASC, the median number
of symptoms was 2 (IQR, 1 to 4). The most frequent PASC
were fatigue, dyspnea, parosmia, concentration impairment,
headache, memory impairment, insomnia, chest discomfort,
and anxiety.

Abnormal findings on physical examination were less
common than reported symptoms and did not correlate
with the presence of specific symptoms in either group
(Table 2; Section 2.1 of Supplement 2). The only signifi-
cant difference in physical findings between groups was

Table 2. Selected Symptoms, Physical Findings, Questionnaires, and Cognitive Testing Results

Variable Control Participants
(n = 120)

Overall COVID-19
Cohort (n = 189)

Odds Ratio or Mean
Difference (95% CI)*

P Value FDR-Adjusted
P Value

Symptoms, n (%)
Fatigue 0 (0) 50 (26) 1 (10.9 to 1) <0.001 <0.001
Dyspnea 0 (0) 35 (19) 1 (6.79 to 1) <0.001 <0.001
Anosmia/parosmia 0 (0) 26 (14) 1 (4.69 to 1) <0.001 <0.001
Concentration impairment 0 (0) 23 (12) 16.4 (2.59 to 682.72) <0.001 <0.001
Headache 0 (0) 22 (12) 1 (3.82 to 1) <0.001 <0.001
Memory impairment 0 (0) 18 (10) 12.46 (1.92 to 524.99) <0.001 0.001
Insomnia 0 (0) 17 (9) 1 (2.8 to 1) <0.001 0.001
Chest pain/discomfort 0 (0) 16 (8) 1 (2.6 to 1) <0.001 0.002
Anxiety 1 (1) 11 (6) 1.79 (0.51 to 7.89) 0.033 0.075
Myalgia 1 (1) 11 (6) 7.32 (1.04 to 318.71) 0.033 0.075
Tinnitus 0 (0) 11 (6) 7.32 (1.04 to 318.71) 0.008 0.025
Palpitations 0 (0) 10 (5) 1 (1.47 to 1) 0.008 0.025
Arthralgia 2 (2) 6 (3) 1.28 (0.27 to 8.05) 0.49 0.66
Cough 0 (0) 9 (5) 1 (1.28 to 1) 0.014 0.037
Taste disorder 0 (0) 9 (5) 1 (1.28 to 1) 0.014 0.037
Depression 2 (2) 6 (3) 1.28 (0.27 to 8.05) 0.49 0.66
Alopecia 0 (0) 8 (4) 1 (1.11 to 1) 0.025 0.064
Dizziness 0 (0) 7 (4) 1 (0.93 to 1) 0.046 0.096
Dyspepsia 0 (0) 5 (3) 3.22 (0.35 to 154.1) 0.161 0.28
Decreased appetite 0 (0) 5 (3) 1 (0.59 to 1) 0.161 0.28
Nasal congestion 0 (0) 3 (2) 1 (0.26 to 1) 0.29 0.45
Nausea 0 (0) 3 (2) 1 (0.26 to 1) 0.29 0.45
Visual impairment 0 (0) 2 (1) 1 (0.12 to 1) 0.52 0.67
Paresthesia 0 (0) 2 (1) 1 (0.12 to 1) 0.52 0.67

Abnormal physical findings, n (%)
Neurologic 2 (2) 2 (1) 0.63 (0.45 to 8.83) 0.64 0.74
Lung 0 (0) 0 (0) NA NA NA
Musculoskeletal 1 (1) 16 (8) 10.95 (1.66 to 464.39) 0.004 0.014
Heart 2 (2) 7 (4) 2.26 (0.42 to 22.70) 0.49 0.66
Lymphatic 0 (0) 1 (1) 1 (0.02 to 1) 1.00 1.00

Questionnaires†
Median SF-36 PCS score (IQR) 58 (55 to 60) 52 (45 to 58) �6.9 (�8.7 to �5.1) <0.001 <0.001
Median SF-36 MCS score (IQR) 54 (48 to 57) 51 (41 to 56) �3.9 (�6.0 to �1.8) <0.001 0.001
GAD-2 score ≥3, n (%) 3 (3) 24 (14) 6.0 (1.8 to 31.9) <0.001 0.004
PHQ-2 score ≥3, n (%) 4 (4) 18 (11) 3.2 (1.0 to 13.4) 0.040 0.087

FDR = false discovery rate; GAD-2 = Generalized Anxiety Disorder-2; MCS = mental component summary; NA = not applicable; PCS = physical
component summary; PHQ-2 = Patient Health Questionnaire-2; SF-36 = Short Form-36 Health Survey (version 2).
* Binary results are compared using odds ratios, and continuous results are compared using mean differences. An odds ratio >1 indicates higher
odds of symptoms or findings among the COVID-19 cohort. A mean difference >0 indicates a higher average score in the COVID-19 cohort.
† A total of 110 participants in the control group and 166 in the COVID-19 group had questionnaire scores. The SF-36 scores were compared using
the difference in means, and the GAD-2 and PHQ-2 were compared using odds ratios.
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the proportion of participants with abnormal musculoskel-
etal findings (8% in the COVID-19 group vs. 1% in the
control group; odds ratio [OR], 10.95 [95% CI, 1.66 to
464.39]; P= 0.004; adjusted P= 0.014). The most com-
mon abnormal musculoskeletal findings in the COVID-19
and control groups, respectively, were localized bursa,
muscle, or tendon tenderness (3% vs. 0.8%); unilateral bony
swelling consistent with osteoarthritis (1.5% vs. 0%); and
postoperative changes (1.0% vs. 0%). Noparticipant in either
group had physical findings of inflammatory synovitis or
myositis.

Plasma levels of C-reactive protein, D-dimer, and
biomarkers of cardiac injury or dysfunction (troponin I,
pro–B-type natriuretic peptide) and of brain injury (neurofi-
lament light chain) also did not differ significantly between
groups (Table 3). Results of laboratory measurements
assessing renal, hepatic, and hematopoietic function did
not reveal clinically relevant differences between groups
(Table 1 of Supplement 2).

The prevalence of antinuclear antibodies, rheuma-
toid factor, and anticardiolipin antibodies did not differ
significantly between groups (Table 3). No participant in
either group who tested positive for an autoantibody
had any clinical or laboratory findings compatible with sys-
temic lupus erythematosus, polymyositis, rheumatoid arthritis,
or thrombotic events.

The proportion of participants with abnormal findings
on pulmonary function testing (spirometry, lung volumes,
and diffusion capacity) was similar between groups (Table 3).
The most common abnormality reported in both groups
was a mild defect in diffusion of carbon monoxide (8% in
the COVID-19 group and 13% in the control group) (Table 2
of Supplement 2).

Abnormal findings on transthoracic echocardiogra-
phy were found in 17% of participants in the COVID-19
group versus 18% in the control group (Table 3). The
most common abnormality reported in both groups was
chamber enlargement (12% in both groups) (Table 2 of
Supplement 2).

The median distance walked during standardized
6-minute walk testing was shorter in the COVID-19
group than the control group (560 vs. 595 m; mean
difference,�24m [CI,�41 to�7 m]; P= 0.006; adjusted
P= 0.021) (Table 3). Two participants in the COVID-19
group showed a decrease in oxygen saturation (5% for
both) during the walk test, as did 2 in the control group
(7% and 4%).

In addition to protocol-defined procedures, other
diagnostic testing was performed if clinically indicated to
evaluate specific symptoms. The results of that testing are
described in Section 2.2 of Supplement 2.

Risk Factors and AssociationsWith PASC
Of the potential pre–COVID-19 risk factors shown in

panel A of Figure 1, only female gender (OR, 2.34 [CI,
1.25 to 4.41]; P= 0.005; adjusted P= 0.033) and self-
reported history of anxiety disorder (OR, 2.78 [CI, 1.35 to
5.98]; P= 0.003; adjusted P= 0.027) were significantly
associated with increased risk for PASC.

We found minimal to no associations between results
of diagnostic testing and presence of PASC (Figure 1, B).
The distance walked in 6 minutes, an abnormal pulmo-
nary function test result, or an abnormal echocardiogram
were not significantly associated with the presence of PASC
(Figure 1, B) or the presence of persistent cardiopulmonary
symptoms (dyspnea, chest pain, cough, palpitations),

Table 3. Selected Laboratory and Diagnostic Testing Results*

Variable Control Participants
(n = 120)

Overall COVID-19
Cohort (n = 189)

Odds Ratio or Mean
Difference (95% CI)

P Value FDR-Adjusted
P Value

Troponin I level ≥0.03 μg/L, n (%) 1 (0.8) 2 (1) 1.33 (0.11 to 16.11) 0.82 0.90
Anticardiolipin antibody detected, n (%) 13 (11) 10 (5) 0.46 (0.19 to 1.08) 0.075 0.144
Antinuclear antibody detected, n (%) 7 (6) 11 (6) 0.96 (0.36 to 2.58) 0.94 0.98
Rheumatoid factor detected, n (%) 7 (6) 7 (4) 0.62 (0.21 to 1.82) 0.39 0.57
Median pro–B-type natriuretic peptide level

(IQR), pg/mL
34 (18 to 59) 33 (17 to 65) 7.3 (�9.1 to 23.7) 0.39 0.57

Median C-reactive protein level (IQR), mg/L 1 (0.5 to 2.8) 1.4 (0.6 to 2.9) 0.24 (�0.72 to 1.20) 0.62 0.73
Median plasma neurofilament light chain level

(IQR), pg/mL
11.6 (8.1 to 16.0) 11.1 (8.4 to 15.3) 0.03 (�1.24 to 1.30) 0.96 0.98

Median D-dimer level (IQR), mg/L 0.14 (0.14 to 0.36) 0.14 (0.14 to 0.35) 0.02 (�0.04 to 0.08) 0.56 0.69
Median NIH Toolbox scores (IQR)†
Processing speed 53 (44 to 60) 50 (37 to 59) �3.0 (�6.2 to 0.1) 0.058 0.117
Episodic memory 51 (45 to 59) 51 (42 to 57) �0.7 (�3.2 to 1.8) 0.57 0.69
Executive functioning 52 (44 to 61) 52 (43 to 62) �0.3 (�3.0 to 2.4) 0.84 0.90

Pulmonary function testing
Abnormal test result, n (%)‡ 26 (22) 32 (17) 0.72 (0.40 to 1.29) 0.27 0.45
Median distance walked in 6 min (IQR), m§ 595 (531 to 634) 560 (511 to 617) �24 (�41 to �7) 0.006 0.021

Abnormal echocardiogram, n (%)|| 22 (18) 30 (17) 0.92 (0.50 to 1.71) 0.80 0.90

FDR = false discovery rate; NIH = National Institutes of Health.
* All estimates were adjusted for age and gender. Abnormal pulmonary function test result was also adjusted for preexisting asthma. Distance
walked in 6 min and abnormal echocardiogram were also adjusted for preexisting diabetes and hypertension. An odds ratio >1 indicates higher
odds in the COVID-19 cohort. A mean difference >0 indicates higher values in the COVID-19 cohort.
† NIH Toolbox scores were compared using the difference in means. 119 participants in the control group and 188 in the COVID-19 group had
processing speed and executive functioning scores. 118 participants in the control group and 188 in the COVID-19 group had episodic memory scores.
‡ Recorded for 120 participants in the control group and 188 in the COVID-19 group.
§ Recorded for 119 participants in the control group and 187 in the COVID-19 group.
|| Recorded for 119 participants in the control group and 174 in the COVID-19 group.
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Figure 1. Risk factors and associations with PASC.
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neurologic symptoms (concentration impairment, mem-
ory impairment, headache, parosmia, paresthesia), or fatigue
(Figure 2of Supplement 2). Laboratory biomarkers of inflam-
mation (C-reactive protein, D-dimer) and organ-specific
tissue damage (pro–B-type natriuretic peptide, troponin
I, neurofilament light chain, estimated glomerular filtra-
tion rate) were also not significantly associated with PASC or
with persistent fatigue, cardiopulmonary symptoms, or neu-
rologic symptoms (Figure 1, B; Figure 2 of Supplement 2).

Neurocognitive Testing andHealth Surveys
No significant differences were found between groups

in NIH Toolbox scores for processing speed, episodic mem-
ory, and executive functioning (Table 3). Performance scores
for the 3 NIH Toolbox domains were not significantly associ-
ated with PASC or with persistent fatigue, neurologic symp-
toms, or cardiopulmonary symptoms (Figure 1, B; Figure 2
of Supplement 2).

Quality of life was assessed using the SF-36 physical
and mental health component scores. Scores were lower
in participants in the COVID-19 group than the control
group (Table 2). This difference was driven by participants
with PASC, who had significantly lower values for both the
physical andmental health component scores compared
with those without PASC (Figure 3 of Supplement 2).
Lower SF-36 scores were associated with presence of
PASC (Figure 1, C).

The GAD-2 and PHQ-2 surveys were used to screen
for current anxiety and depression symptoms, respec-
tively. A total score of 3 or greater is a recommended
cutoff on each measure for identifying persons who war-
rant further evaluation for generalized anxiety or depres-
sive disorder (16). The proportion of participants with
GAD-2 anxiety scores above the cutoff was significantly
higher in the COVID-19 group than in the control group
(14% vs. 3%; OR, 6.0 [CI, 1.8 to 31.9]; P< 0.001; adjusted
P= 0.004) (Table 2). A GAD-2 score of 3 or above was
significantly associated with the presence of any PASC
(OR, 7.97 [CI, 2.23 to 43.62]; P< 0.001; adjusted P= 0.004)
(Figure 1, C). The proportion of participants in the COVID-19
group with a PHQ-2 depression score above the cutoff
was also significantly higher (11% vs. 4%; OR, 3.2 [CI, 1.0
to 13.4]; P= 0.040; adjusted P= 0.087) (Table 2); how-
ever, a higher PHQ-2 score was not significantly associ-
ated with the presence of PASC (OR, 1.94 [CI, 0.63 to
6.65]) (Figure 1,C).

Immunologic and Virologic Studies
To address the possibility that persistent activation of

the immune systemmight play a role in the pathogenesis
of PASC, plasma samples from a subgroup of partici-
pants were selected for inflammatory biomarker analysis.
Because recent vaccination could affect plasma levels of
inflammatory biomarkers and confound the interpreta-
tion of results, we selected samples from a subgroup of
48 participants with PASC, 52 without PASC, and 50 con-
trol participants who had not received a SARS-CoV-2
vaccine before blood sample collection. No significant dif-
ferences were detected between groups in plasma levels
of macrophage inflammatory protein-1b , interferon-g , tu-
mor necrosis factor-a, programmed cell death ligand-1,

interferon g–induced protein 10, interleukin-2 receptor a,
interleukin-1b , interleukin-6, interleukin-8, RANTES (regu-
lated on activation, normal T cell expressed and secreted),
and CD40 (Figure 4 of Supplement 2). We did find that
plasma levels of granzyme B were higher in the COVID-19
group (P< 0.001; adjusted P< 0.001) (Figure 2, A); how-
ever, no significant difference in granzyme B levels was
found between participants with and without PASC (P= 0.53)
(Figure 2,A).

High-dimensional flow cytometry was performed on
peripheral blood T cells from a subset of 139 unvacci-
nated participants in the COVID-19 group and 78 unvacci-
nated control participants to evaluate phenotypic markers
of T-lymphocyte activation. Frequencies of CD4+ and CD8+

T-lymphocyte subsets did not differ significantly between
groups (Figure 5 of Supplement 2). Optimized t-distributed
stochastic neighbor embedding and FlowSOM analyses
identified 15 distinct T-cell clusters (Figure 6 of Supplement
2). Among these, only the frequency of CD4+ T-cell cluster
6, an effector memory phenotype with elevated expression
of CD25, met the criteria for significance, being higher in
the COVID-19 group than in the control group (P= 0.002;
adjusted P= 0.029) (Figure 2, B; Figure 6 of Supplement 2).
However, there was no significant difference for this T-cell
subpopulation in the COVID-19 group between those
with and those without PASC (P= 0.78) (Figure 2, B).

To assess for evidence of persistent SARS-CoV-2 infec-
tion in the COVID-19 cohort, plasma samples from 125
participants (63 with PASC and 62 without) were tested
for SARS-CoV-2 nucleocapsid protein. One participant
without PASC had a low-level positive result (10 pg/mL
[assay cutoff, 3 pg/mL]), and a single participant with
PASC had a detectable signal that was below 3 pg/mL.
No signal was detected in the remaining 121 samples.

Serologic Testing
All participants were tested for antibodies to the

SARS-CoV-2 spike protein using a surrogate neutralizing
antibody binding assay (17). For the 142 participants in
the COVID-19 group who had not received a SARS-CoV-
2 vaccine before the enrollment visit, the median binding
inhibition level was 61.5% (IQR, 28.0% to 88.8%), with 39
(27%) participants showing a level below the assay cutoff
of 30% (Figure 2, C). The percentage binding inhibition
in the unvaccinated COVID-19 group did not correlate
with time from COVID-19 symptom onset to study enroll-
ment (Spearman correlation, �0.03 [CI, �0.19 to 0.13];
P= 0.71) (Figure 2,D).

Forty-seven (25%) of the participants in the COVID-
19 group received a SARS-CoV-2 vaccine after infection
but before study enrollment, and 35 (29%) control partic-
ipants were vaccinated before enrollment. The median
time from vaccination to the baseline visit was 31 days
(IQR, 15.5 to 57 days) in the COVID-19 group and 45 days
(IQR, 27 to 94 days) in the control group. For the COVID-19
group, the percentage inhibition value in those who were
vaccinated before enrollment was higher than in those
who had not been vaccinated (mean difference, 40.3%
[CI, 34.8% to 45.6%]; P< 0.001) (Figure 2,C). The percent-
age inhibition was similar between vaccinated participants
in the COVID-19 group and vaccinated control participants
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Figure 2.Characterization of immune parameters in study participants.
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(mean difference, 2.9% [CI, 0.1% to 5.6%]; P= 0.041)
(Figure 2, C).

DISCUSSION

In this COVID-19 cohort, 55% of participants reported
1 or more persistent postacute symptoms, such as fatigue,
dyspnea, chest discomfort, parosmia, headache, insomnia,
memory impairment, anxiety, and concentration impairment.
These symptoms are similar to what has been reported in
questionnaire-based studies of PASC (3–7). In our cohort, the
risk factors for developing PASC were female gender and
pre–COVID-19 history of anxiety.

In contrast to other reports describing persistent
post–COVID-19 symptoms (3–8, 18), our study used pro-
tocol-prespecified diagnostic evaluations that were con-
ducted in all participants. We enrolled persons with a
spectrum of initial COVID-19 disease severity and without
regard for the presence of PASC. In addition, we concur-
rently enrolled a control group similar to the COVID-19
group in age and demographic characteristics with no
clinical history or serologic evidence of prior SARS-CoV-2
infection. Thus, we were able to compare findings in per-
sons with PASC versus both a control group without evi-
dence of SARS-CoV-2 infection and a COVID-19 group
without PASC.

Abnormal findings on physical examination and rou-
tine laboratory evaluation were uncommon and occurred
with similar frequency in the COVID-19 and control groups.
Levels of plasma inflammatory markers, levels of bio-
markers for cardiac and central nervous system injury,
and presence of select autoantibodies were similar
between groups and were not associated with the pres-
ence of PASC. Results of pulmonary function testing,
6-minute walk testing, and echocardiograms were
normal in the majority of participants in both groups.
Mild to moderate abnormalities on pulmonary func-
tion testing and echocardiography were detected at a
similar frequency in both groups and were not associ-
ated with the presence of PASC. No significant differ-
ences were found in neurocognitive testing scores
between groups, and scores were not associated with
PASC or self-reported post–COVID-19 neurocognitive
symptoms.

Despite the largely normal findings on objective test-
ing, the presence of PASC had a significant effect on self-
reported physical and mental health. Participants with
PASC reported lower quality of life than either partici-
pants with COVID-19 without PASC or control participants,
as measured by the mental and physical health compo-
nents of the SF-36 Health Survey. Self-reported current
anxiety, as measured by the GAD-2 questionnaire, was
significantly associated with PASC. This finding suggests
that reported anxiety after COVID-19 may reflect the
uncertainty and worry felt by those experiencing persis-
tent unexplained symptoms.

Aberrant immune activation, possibly secondary to
persistent SARS-CoV-2 infection, has been suggested as
a cause of PASC (19, 20). We did not find evidence of
persistent viral infection when we tested for SARS-CoV-2
RNA in nasopharyngeal specimens and the presence of

viral nucleocapsid protein in plasma. These negative
results cannot rule out possible occult viral infection in
deep tissues that cannot be easily accessed. Using meas-
urements of soluble markers of inflammation and high-
dimensional T-cell phenotyping, we were unable to find
evidence of ongoing systemic inflammation or immune
activation in participants in the COVID-19 group who had
PASC. Only plasma levels of granzyme B and a CD4+

CD25+ T-lymphocyte subset with an effector memory
phenotype were significantly increased in the COVID-
19 group compared with control participants. However,
neither of these parameters differed significantly in par-
ticipants with versus without PASC, suggesting they
reflect recent SARS-CoV-2 infection rather than being a
factor in the pathogenesis of PASC. These negative find-
ings combined with the lack of objective evidence of tis-
sue damage or organ dysfunction on diagnostic evaluations
suggest that persistent, abnormal immune activation, if pres-
ent, is not causing ongoing organ damage in persons in our
COVID-19 cohort.

Evaluation of neutralizing antibodies using a surro-
gate binding inhibition assay showed that 39 of the 142
unvaccinated participants in our COVID-19 cohort had
binding inhibition levels below the cutoff of 30% and
thus would be considered antibody-negative by this
emergency use–authorized test. The 47 participants in
the COVID-19 cohort who were vaccinated after infec-
tion but before study enrollment showed significantly
higher antibody levels than the unvaccinated group, with
all having binding inhibition levels greater than 85%.
These findings indicate that there may be a subpopula-
tion of recovered patients with antibody concentrations
below a protective level and suggest that vaccination after
natural infection provides a significant boost in neutraliz-
ing antibodies.

Our results have several limitations. First, most partic-
ipants with COVID-19 in our study had mild to moderate
initial illness that did not require hospitalization. Thus,
our findings may not represent the full spectrum and
severity of PASC experienced by persons with severe
disease requiring hospitalization. Second, although we en-
rolled participants regardless of the presence of PASC, our
study probably overestimated the prevalence of persistent
post–COVID-19 symptoms because persons with PASC
were likely more motivated to enroll. Third, control partici-
pants were not intentionally age- or gender-matched
to participants with COVID-19. Fourth, PASC that
resolved before study enrollment were not captured
in our cohort. Finally, this report contains detailed data
on 189 COVID-19 survivors, a sample size that may not
fully capture all PASC.

In summary, these initial observations in a cohort of
persons with predominantly mild to moderate COVID-19
and control participants without evidence of prior SARS-
CoV-2 infection provide insights into the nature and se-
verity of PASC. For participants with PASC, an extensive
diagnostic evaluation failed to reveal a cause of reported
symptoms in most cases. Exploratory studies did not show
evidence of abnormal systemic immune activation or per-
sistent viral infection in participants with PASC. The constel-
lation of subjective symptoms in the absence of objective
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abnormalities on diagnostic evaluation resembles what
has been described with other illnesses, including chronic
fatigue syndrome/myalgic encephalomyelitis (21), post-
infection syndromes described after resolution of
certain viral and bacterial infections (22–25), and
mental health disorders such as depression and anxi-
ety (26). The pathogenesis of PASC remains unclear
and requires further study.
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Appendix Figure. Study flow diagram.
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