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Abstract

Background

Post-acute sequelae of COVID-19 (PASC) includes a heterogeneous group of patients with

variable symptomatology, who may respond to different therapeutic interventions. Identify-

ing phenotypes of PASC and therapeutic strategies for different subgroups would be a

major step forward in management.

Methods

In a prospective cohort study of patients hospitalized with COVID-19, 12-month symptoms

and quantitative outcome metrics were collected. Unsupervised hierarchical cluster analy-

ses were performed to identify patients with: (1) similar symptoms lasting�4 weeks after

acute SARS-CoV-2 infection, and (2) similar therapeutic interventions. Logistic regression

analyses were used to evaluate the association of these symptom and therapy clusters with

quantitative 12-month outcome metrics (modified Rankin Scale, Barthel Index, NIH

NeuroQoL).

Results

Among 242 patients, 122 (50%) reported�1 PASC symptom (median 3, IQR 1–5) lasting a

median of 12-months (range 1–15) post-COVID diagnosis. Cluster analysis generated three

symptom groups: Cluster1 had few symptoms (most commonly headache); Cluster2 had

many symptoms including high levels of anxiety and depression; and Cluster3 primarily

included shortness of breath, headache and cognitive symptoms. Cluster1 received few

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0275274 September 29, 2022 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Frontera JA, Thorpe LE, Simon NM, de

Havenon A, Yaghi S, Sabadia SB, et al. (2022)

Post-acute sequelae of COVID-19 symptom

phenotypes and therapeutic strategies: A

prospective, observational study. PLoS ONE 17(9):

e0275274. https://doi.org/10.1371/journal.

pone.0275274

Editor: Chong Chen, Yamaguchi University:

Yamaguchi Daigaku, JAPAN

Received: April 24, 2022

Accepted: September 13, 2022

Published: September 29, 2022

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pone.0275274

Copyright: © 2022 Frontera et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

information files.

https://orcid.org/0000-0002-0719-2522
https://orcid.org/0000-0002-7155-8904
https://doi.org/10.1371/journal.pone.0275274
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0275274&domain=pdf&date_stamp=2022-09-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0275274&domain=pdf&date_stamp=2022-09-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0275274&domain=pdf&date_stamp=2022-09-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0275274&domain=pdf&date_stamp=2022-09-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0275274&domain=pdf&date_stamp=2022-09-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0275274&domain=pdf&date_stamp=2022-09-29
https://doi.org/10.1371/journal.pone.0275274
https://doi.org/10.1371/journal.pone.0275274
https://doi.org/10.1371/journal.pone.0275274
http://creativecommons.org/licenses/by/4.0/


therapeutic interventions (OR 2.6, 95% CI 1.1–5.9), Cluster2 received several interventions,

including antidepressants, anti-anxiety medications and psychological therapy (OR 15.7,

95% CI 4.1–59.7) and Cluster3 primarily received physical and occupational therapy (OR

3.1, 95%CI 1.3–7.1). The most severely affected patients (Symptom Cluster 2) had higher

rates of disability (worse modified Rankin scores), worse NeuroQoL measures of anxiety,

depression, fatigue and sleep disorder, and a higher number of stressors (all P<0.05). 100%

of those who received a treatment strategy that included psychiatric therapies reported

symptom improvement, compared to 97% who received primarily physical/occupational

therapy, and 83% who received few interventions (P = 0.042).

Conclusions

We identified three clinically relevant PASC symptom-based phenotypes, which received

different therapeutic interventions with varying response rates. These data may be helpful in

tailoring individual treatment programs.

Introduction

Post-acute sequelae of COVID-19 (PASC) have been reported in 7–91% of patients following

acute SARS-CoV-2 infection [1–10]. This wide prevalence range is related to heterogeneous

definitions of PASC [11–13], differences in populations being assessed (e.g. severe versus

mild-moderate versus asymptomatic COVID-19 patients), and types of symptoms or signs

included in rate estimates. Because there is no current biological definition of PASC, many

studies lump disparate symptoms and signs into the PASC diagnosis, without an assessment of

clinical relevance. The resulting heterogeneity in PASC cohorts makes it difficult to assess

treatment strategies, which are likely to vary depending on PASC symptomatology. Disaggre-

gating PASC into meaningful clinical phenotypes may help development of future targeted

therapies.

In this prospective study, we aimed to identify clinically important phenotypes of PASC in

patients hospitalized 12-months prior with COVID-19 illness, examine associations of these

phenotypes with quantitative measures of functional status and quality of life, and evaluate

whether PASC clusters received different therapeutic interventions. We further aimed to

determine the rates at which patients reported subjective improvement with a given treatment

program. While there are cluster analyses evaluating symptoms in the acute phase of COVID-

19 illness [14–17], and others focused on specific post-acute symptoms such as pulmonary

complaints [18], brain fog [19], or neuropsychiatric symptoms [20], we chose to evaluate the

entire post-acute COVID-19 symptom report form published by the World Health Organiza-

tion (WHO) [21] and map symptom clusters to therapeutic interventions. These analyses may

provide insight into the efficacy of various symptom-based treatment strategies and under-

score the need for a multi-disciplinary holistic approach to post-COVID-19 care.

Methods

Study design and patient cohort

We conducted a prospective, observational outcome study of consecutive COVID-19 patients

hospitalized at four New York City area hospitals within one academic system between March

10, 2020-May 20, 2020. Follow-up interviews were performed at 12-months (+/- 2 months)
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after initial SARS-CoV-2 diagnosis (window: January 10, 2021-July 20, 2021). Detailed enroll-

ment, methodology and outcome measures have been previously reported [2, 3, 22, 23]. Inclu-

sion criteria were: RT-PCR positive SARS-CoV-2 infection, age�18 years, hospital admission,

and consent to participate in a follow-up interview. Exclusion criteria were: evaluation in an

outpatient or emergency department setting only. PASC was defined according to Centers for

Disease Control and Prevention (CDC) criteria as new or persistent symptoms occurring�4

weeks after SARS-CoV-2 infection [11].

Standard protocol approvals and patient consents

This study was approved by the NYU Grossman School of Medicine Institutional Review

Board. All patients or their surrogates provided consent for participation. All patients or their

surrogates provided verbal consent for participation. The IRB did not require written consent

because follow-up visits were conducted via phone call due to social distancing guidelines in

place during the pandemic. Additionally, this research was deemed low risk by the IRB and

verbal consent was allowed due to the observational nature of the study. Consent was docu-

mented in REDCap.

12-month follow-up questionnaires

The post-COVID symptom interview was based on the clinical case report form for PASC

developed by the World Health Organization (WHO)(21). Subjects were asked if they believed

they had “post-COVID syndrome”, “long-hauler syndrome” or “long-COVID” characterized

by symptoms occurring�4 weeks after initial COVID diagnosis. If the response was affirma-

tive, subjects were asked to identify their symptoms from a list of 31 options [21] (S1 Table).

Similarly, subjects were asked “What treatments have you used to deal with your prolonged

COVID symptoms?” and were asked to indicate if they had used any of 14 possible therapeutic

interventions, and whether the therapy improved their post-COVID symptoms (S2 Table).

Subjects were also asked to indicate if they had experienced any of 15 stressors [1] within the

month prior to the 12-month interview (S3 Table).

In addition to the above patient-reported outcomes, the following standardized batteries

were administered at the 12-month interview: the modified Rankin Scale (mRS; 0 = no symp-

toms, 6 = dead) [24], the Barthel Index of activities of daily living (0 = completely dependent,

100 = independent for all activities) [25], the telephone-MoCA (22 = perfect score;

�18 = abnormal cognition) [26], and Quality of Life in Neurological Disorders [27] (Neuro-

QoL) short form self-reported health measures of anxiety, depression, fatigue and sleep. Neu-

roQoL raw scores were converted into T-scores with a mean of 50 and standard deviation of

10 in a reference population (U.S. general population or clinical sample) [28]. Higher T-scores

indicate worse self-reported health for the anxiety, depression, fatigue and sleep metrics.

Statistical analyses

Unsupervised hierarchical agglomerative cluster analyses were performed using Ward’s

method to place patients into similar clusters suggested by the data, not into a priori pre-

defined categories. Case similarity was measured using variance computed from a fourfold

table as (b+c)/4n, where b and c represent the diagonal cells corresponding to cases present on

one item but absent on the other, and n is the total number of observations. We selected unsu-

pervised agglomerative hierarchical cluster analysis methods because they provided a flexible

approach to assemble symptoms clusters (based on similarity of their taxonomic structures)

without prior knowledge about any underlying relationships, and because they allowed us to

generate easy-to-interpret views of the clustering structure, an advantage over some other
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clustering approaches. Agglomerative approaches are also efficient when datasets are smaller,

such as ours [29]. Unlike k-means and some other clustering approaches, this method does

not require advanced selection of number of clusters, and smaller clusters tend to be generated,

which was useful in our exploration of PASC sub-phenotypes. We used Ward’s minimum vari-

ance methods to minimizes the total within-cluster variance.

For symptom clustering, all 31 binary symptom variables were entered into the model in

the order of their prevalence. Similarly, for therapy cluster analysis, all 14 binary therapy vari-

ables were entered into the model in the order of most to least frequently used. No other vari-

ables were entered into either cluster analysis. The number of clusters was determined based

on inspection of the dendogram. To ensure cluster stability, cluster analyses were repeated in

random subsamples of patients. In sensitivity analyses, we repeated hierarchical cluster analy-

sis evaluating only incident symptoms (e.g. brain fog/confusion/memory loss, headache, anxi-

ety, depression and shortness of breath could only be coded as present if the patient did not

have a pre-COVID history of these symptoms). Because cluster analysis is performed on data-

sets without missing variables, patients with missing data were removed. To ensure the com-

plete data sample was representative of the full sample, we contrasted the dataset used in the

cluster analysis and the dataset of individuals with missing data using Chi-square tests for cate-

gorical measures and Mann-Whitney-U tests for continuous measures.

Demographics, stressors, comorbidities, hospital metrics and 12-month quantitative met-

rics were compared between symptom clusters, as well as between therapy groups, using Krus-

kal-Wallis tests for continuous, non-normally distributed data and Chi-squared or Fisher’s

exact tests for dichotomous variables. The association of therapy groups with 12-month out-

come metrics were assessed using binary logistic regression analyses. Multivariable logistic

regression analyses were used to assess the relationship between each therapy cluster with the

rate of subjective improvement with treatment, adjusting for severity of index COVID-19 ill-

ness (intubated vs. not-intubated). All analyses were conducted using IBM SPSS Statistics for

Mac version 28 (IBM Corp., Armonk, NY).

Results

PASC symptoms and impact

Follow-up interviews 12-months after hospitalization for COVID-19 were attempted in 590

patients and completed in 242/590 (41%)(3). The median age was 65 (IQR 53–73), 64% were

male, 81/242 (34%) required invasive mechanical ventilation during index hospitalization and

113/242 (47%) had a neurological complication during their hospitalization. Of these patients,

122/242 (50%) reported�1 prolonged COVID-19 symptom lasting a median of 12-months

(range 1–15 months). Multiple symptoms were reported in 87/122 (71%), and the median

number of symptoms was 3 (IQR 1–5). The most prevalent symptoms included shortness of

breath in 73/122 (60%), headache in 54/122 (44%) and cognitive symptoms, including diffi-

culty concentrating, “brain fog” and/or memory issues in 48/122 (39%, Fig 1A). PASC symp-

toms interfered with work activities in 55/122 (45%), household responsibilities in 61/122

(50%) and leisure activities in 66/122 (54%). There were no differences in age, sex, past medical

history (hypertension, diabetes, lung disease, dementia, psychiatric illness, headache disorder),

vaccination status or proportion of patients with neurological events when comparing patients

with or without PASC symptoms (all P>0.05). However, the severity of index COVID-19

infection—as measured by requirement of invasive mechanical ventilation—was significantly

associated with the development of PASC symptoms (73% of ventilated patients developed

PASC compared to 43% of patients who were not mechanically ventilated, P<0.001). Of those

who completed 12 month follow-up, data on post-acute symptoms was missing on 12 patients.
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When comparing data among included patients (N = 122) to those with missing data (N = 12),

those with missing data were significantly older (median 74 versus 64 years, P = 0.002), had

fewer life stressors (median 0 versus 1, P = 0.010) and had worse 12-month modified Rankin

scores (median 4 versus 2, P<0.001, S5 Table).

PASC therapies and response rates

Of 122 PASC patients, 85 (70%) received at least one therapy to manage PASC symptoms and

72/122 (59%) received multiple therapies. The most frequently prescribed interventions were

physical or occupational therapy, exercise or pain medications. Psychiatric interventions

included: talk therapy (9%), antidepressants (6%) and anti-anxiety medications (5%). Most

Fig 1. Frequency of PASC symptoms, therapies received and rates of response to therapy. A. Frequency of post-COVID symptoms lasting� 4

weeks after initial diagnosis as reported by participants 12-months after hospitalization for COVID-19 (N = 242). B. Percent of patients who received,

and responded to a given therapy for PASC symptoms within 12-months after hospitalization for COVID-19 (N = 242).

https://doi.org/10.1371/journal.pone.0275274.g001
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patients reported a positive response to each therapy (range 75–100% reported symptom

improvement), though a smaller proportion of patients (77%) felt that exercise alleviated their

symptoms, and 7/85 (8%) reported no improvement with any intervention (Fig 1B).

Symptom cluster analysis

Hierarchical cluster analysis generated three symptom clusters (Fig 2A and 2B): Symptom

Cluster 1 (N = 38, 31%) included patients with few symptoms, most often headache and anxi-

ety though at lower rates than reported in other clusters; Symptom Cluster 2 (N = 16, 13%)

consisted of patients with many symptoms, including high levels of anxiety and depression;

and Symptom Cluster 3 (N = 68, 56%) included patients who predominantly reported short-

ness of breath, headache and cognitive abnormalities. Sensitivity analyses evaluating only

index symptoms post-COVID yielded similar cluster results to the primary analysis (S1 Fig).

Symptom clusters did not differ significantly by age, sex, race, pre-COVID-19 disability status

(baseline mRS) or medical comorbidities (Table 1). However, patients in Symptom Cluster 2

had the highest number of symptoms and stressors, were least likely to report that their symp-

toms did not affect routine activities, and had worse 12-month quantitative outcomes as com-

pared to the other groups, including higher mRS scores (indicative of worse disability), as well

as increased levels of anxiety, depression, fatigue and sleep abnormalities, as measured by Neu-

roQoL metrics (all P<0.05). In contrast, Symptom Cluster 1 had the fewest number of symp-

toms, less severe index COVID-19 illness (significantly lower rates of mechanical ventilation

and hypotension), was most likely to report that symptoms did not impact routine activities,

and had the lowest measures of anxiety, depression, sleep abnormalities and fatigue.

Fig 2. Symptom clusters among patients with PASC (N = 122). Cluster 1 has few symptoms; Cluster 2 has multiple symptoms with high rates of

anxiety, depression and post-exertional malaise; Cluster 3 has high rates of shortness of breath, headache, and cognitive issues. Panel A. shows the

frequency of each of the assessed symptoms in each cluster. Colors corresponding to each symptom are shown from left to right in the key. Panel B.

shows a heat map for each patient, where red indicates presence of a symptom and blue indicates absence. SOB = shortness of breath; HA = headache.

https://doi.org/10.1371/journal.pone.0275274.g002
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Table 1. Demographics, stressors, co-morbidities, and 12-month metrics among symptoms clusters (N = 122 patients with PASC).

Symptom Cluster 1

(N = 38) Few

symptoms

Symptom Cluster 2 (N = 16) Many

symptoms with high levels of anxiety

and depression

Symptom Cluster 3 (N = 68) Predominantly

shortness of breath, headache and cognitive

issues

P across all

3 groups

Demographics

Age, median (IQR) 62 (49–70) 63 (52–71) 64 (58–72) 0.351

Sex (male), N (%) 25/38 (66%) 7/16 (44%) 43/68 (63%) 0.285

Race (white), N (%) 19/32 (59%) 9/16 (56%) 33/51 (54%) 0.791

Education level >12 years, N (%) 27/33 (82%) 10/13 (77%) 53/64 (83%) 0.882

Stressors

At least one stressor, N (%) 22/38 (58%) 14/16 (88%) 38/68 (56%) 0.061

Number of stressors, median (IQR) 1 (0–2) 2 (1–5) 1 (0–2) 0.005

Social Isolation, N (%) 6/38 (16%) 5/16 (31%) 10/68 (15%) 0.277

Financial Insecurity, N (%) 6/38 (16%) 6/16 (38%) 12/68 (18%) 0.153

Unemployment, N (%) 5/38 (13%) 3/16 (19%) 9/68 (13%) 0.837

Food Insecurity, N (%) 1/33 (3%) 0/12 (0%) 0/39 (0%) 0.457

Homelessness, N (%) 0/38 (0%) 0/16 (0%) 1/68 (2%) 0.670

Domestic violence, N (%) 0/38 (0%) 0/16 (0%) 0/68 (0%) —

Relationship problems in household,

N (%)

2/38 (5%) 2/16 (13%) 5/68 (7%) 0.649

Education disruption, N (%) 1/38 (3%) 0/16 (0%) 3/68 (4%) 0.648

Increased caregiver responsibilities,

N (%)

1/38 (3%) 2/16 (13%) 5/68 (7%) 0.378

Personal Illness, N (%) 8/38 (21%) 7/16 (44%) 22/68 (32%) 0.218

New Disability, N (%) 2/38 (5%) 5/16 (31%) 5/68 (7%) 0.008

Death of close contact, N (%) 0/38 (0%) 10/16 (63%) 6/68 (9%) <0.001

Illness of close contact, N (%) 5/38 (13%) 3/16 (19%) 6/68 (9%) 0.494

Lack of access to child care, N (%) 0/38 (0%) 1/16 (6%) 0/68 (0%) 0.035

Political conflict with close contacts,

N (%)

2/38 (5%) 0/16 (0%) 6/68 (9%) 0.407

Comorbidities

Pre-COVID disability (mRS),

median (IQR)

0 (0–0) 0 (0–2) 0 (0–1) 0.488

Hypertension, N (%) 9/38 (24%) 8/16 (50%) 28/68 (41%) 0.102

Diabetes, N (%) 5/38 (13%) 5/16 (31%) 22/68 (32%) 0.087

COPD/Asthma, N (%) 3/38 (8%) 4/16 (25%) 7/68 (10%) 0.178

Headache Disorder, N (%) 4/38 (11%) 0/16 (0%) 2/68 (3%) 0.139

Dementia, N (%) 2/38 (5%) 0/16 (0%) 7/68 (10%) 0.306

Psychiatric history, N (%) 3/38 (8%) 2/16 (13%) 6/67 (9%) 0.864

Index COVID-19 Hospitalization

Neuro complication, N (%) 17/38 (45%) 6/16 (38%) 31/68 (46%) 0.840

Mechanically ventilated, N (%) 10/38 (26%) 8/16 (50%) 39/68 (57%) 0.009

Worst Sequential Organ Failure

Assessment (SOFA) score, median

(IQR)

3 (3–9) 6 (3–13) 6 (3–12) 0.062

Lowest % oxygen saturation, median

(IQR)

86% (76–92%) 80% (68–87%) 78% (66–88%) 0.251

Lowest mean arterial blood pressure

(mmHg), median (IQR)

70 (56–79) 59 (55–68) 60 (48–71) 0.020

Acute renal failure, N (%) 2/38 (5%) 4/16 (25%) 15/68 (22%) 0.061

Impact of Symptoms

Interfered with work, N (%) 13/38 (34%) 9/16 (56%) 33/68 (49%) 0.229

(Continued)
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Therapy cluster analysis

A separate hierarchical cluster analysis was performed to identify groups of patients who

received similar therapeutic interventions. Three clusters were generated (Fig 3A and 3B):

Therapy Group A (N = 72, 59%) received few therapeutic interventions, most often pain medi-

cations and exercise; Therapy Group B (N = 12, 10%) received several interventions, notably

psychological talk therapy, antidepressants, and anti-anxiety medications; and Therapy Group

Table 1. (Continued)

Symptom Cluster 1

(N = 38) Few

symptoms

Symptom Cluster 2 (N = 16) Many

symptoms with high levels of anxiety

and depression

Symptom Cluster 3 (N = 68) Predominantly

shortness of breath, headache and cognitive

issues

P across all

3 groups

Interfered with household

responsibilities, N (%)

16/38 (42%) 10/16 (63%) 35/68 (52%) 0.367

Impacted leisure activities, N (%) 15/38 (40%) 10/16 (63%) 41/68 (60%) 0.092

No impact of symptoms on routine

activities, N (%)

16/38 (42%) 1/16 (6%) 8/68 (12%) <0.001

Duration of symptoms in months,

median (IQR)

12 (4–13) 12 (12–12) 12 (12–13) 0.496

12-month Quantitative Metrics

Number of symptoms, median (IQR) 1 (1–3) 16 (13–18) 3 (2–5) <0.001

12-mo Barthel Index, median (IQR) 100 (100–100) 98 (68–100) 100 (90–100) 0.053

12-mo T-MoCA, median (IQR) 19 (16–20) 18 (14–19) 18 (15–20) 0.206

12-mo mRS, median (IQR) 2 (0–3) 3 (2–4) 2 (2–4) 0.047

12-mo NeuroQoL Anxiety, median

T-score (IQR)

47 (36–54) 58 (52–62) 50 (44–55) 0.001

12-mo NeuroQoL Depression,

median T-score (IQR)

40 (37–50) 50 (43–59) 47 (37–51) 0.047

12-mo NeuroQoL Fatigue, median

T-score (IQR)

44 (39–51) 58 (48–62) 50 (42–55) <0.001

12-mo NeuroQoL Sleep, median T-

score (IQR)

46 (33–55) 57 (52–66) 50 (40–56) 0.003

https://doi.org/10.1371/journal.pone.0275274.t001

Fig 3. Therapeutic groups among PASC patients (N = 122). Group A received few therapeutic interventions; Group B received several interventions,

most notably psychological talk therapy, anti-depressants, anti-anxiety medications and physical therapy; Group C primarily received physical and

occupational therapy. Panel A. shows the percent of patients who received a given therapy stratified by therapy group. Colors corresponding to each

therapy are shown from left to right in the key. Panel B. shows a heat map where red indicates a given therapy was received and blue indicates that a

therapy was not utilized.

https://doi.org/10.1371/journal.pone.0275274.g003
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C (N = 38, 31%) primarily received physical and occupational therapy. Patients in Therapy

Group A were significantly younger than the other groups, and were less likely to have been

mechanically ventilated, while Therapy Group C had significantly higher rates of mechanical

ventilation (Table 2). Among those who received no therapeutic interventions (N = 37), the

median age was 62 (IQR 51–72), 67% were male and 30% required mechanical ventilation dur-

ing hospitalization. There were no significant differences in age or sex among those who did

or did not receive a therapeutic intervention. However, those who did not receive any thera-

pies were less likely to have required mechanical ventilation during index COVID-19 than

those who received some intervention (30% versus 54%, P = 0.018).

Relationship of symptom and therapy clusters

Although generated independently, symptom clusters and therapeutic groups were closely

aligned. Inclusion in Symptom Cluster 1 significantly predicted Therapy Group A (odds ratio

[OR] 2.55, 95% confidence interval [CI] 1.10–5.89), Symptom Cluster 2 was associated with

Therapy Group B (OR 15.70, 95% CI 4.14–59.70) and Symptom Cluster 3 was associated with

Therapy Group C (OR 3.08, 95% CI 1.33–7.13, Fig 4, S4 Table).

Subjective improvement among therapy groups

Among patients who received at least one therapeutic intervention (N = 85), those in Therapy

Group B and C were significantly more likely to report improvement following therapy than

Therapy Group A (100%, vs. 97% vs 83%, respectively, P = 0.042). This was observed despite

the fact that Therapy Group A had significantly better measures of activities of daily living

(Barthel Index) and less severe disability (mRS) than other groups. After adjusting for severity

of index COVID-19 illness (intubation status) and age, Therapy Group A was associated with

significantly lower rates of subjective improvement compared to other therapy groups

(adjusted OR 0.07, 95% CI 0.01–0.68, P = 0.022). Conversely, belonging to Therapy Groups B

or C (compared to A) was strongly associated with subjective improvement (aOR 14.5, 95% CI

1.5–142.9, P = 0.022), after adjusting for age and ventilator status. There was a significant asso-

ciation between the number of therapeutic interventions trialed and the subjective report of

improvement following therapy (OR 3.00, 95% CI 1.22–7.35, P = 0.017).

Discussion

In this prospective study, hierarchical cluster analysis identified three distinct groups of PASC

patients, who differed in type and frequency of post-COVID symptoms. These symptom clus-

ters were clinically significant since they were associated with quantitative 12-month outcome

measures of disability and quality of life. An independent cluster analysis also identified three

therapeutic groups, and symptom clusters intuitively and statistically mapped to these therapy

clusters. The most severely affected cluster (Symptom Cluster 2 representing 13% of PASC

patients) had more symptoms, higher rates of disruption of routine activities due to symptoms,

higher disability and higher quantitative measures of anxiety and depression, but also reported

some of the highest rates of subjective symptom improvement with a therapeutic strategy that

included psychiatric treatments (Therapy Group B). Given the high rates of incident anxiety

disorders, depression, stress and adjustment disorders reported post-COVID-19 [30], and the

stigma attached to mental health treatment [31], this excellent response rate suggests that psy-

chiatric interventions for PASC are important in appropriately identified individuals. Since

care for PASC patients may be siloed among different subspecialties, vigilance and aggressive

management of psychiatric symptoms are warranted.
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Table 2. Demographics, comorbidities, symptom clusters and 12-month outcome metrics among Therapy Groups (N = 122 PASC patients).

Therapy group A: (N = 72)

Received few therapeutic

interventions

Therapy group B: (N = 12) Received several

interventions, most notably psychological talk

therapy, anti-depressants, anti-anxiety medications

and physical therapy

Therapy group C: (N = 38)

Primarily received physical and

occupational therapy

P across all

3 groups

Demographics

Age, median (IQR) 62 (50–71) 68 (63–71) 66 (60–72) 0.035

Sex (male), N (%) 45/72 (63%) 5/12 (42%) 25/38 (66%) 0.314

Race (white), N (%) 33/55 (60%) 9/12 (75%) 19/32 (59%) 0.595

Education level >12 years, N

(%)

9/51 (18%) 1/8 (13%) 3/29 (10%) 0.356

Comorbidities

Pre-COVID disability (mRS),

N (%)

0 (0–1) 0 (0–0) 0 (0–2) 0.460

Hypertension, N (%) 23/72 (32%) 5/12 (42%) 17/38 (45%) 0.391

Diabetes, N (%) 16/72 (22%) 3/12 (25%) 13/38 (34%) 0.395

COPD/Asthma, N (%) 9/72 (13%) 2/12 (17%) 3/38 (8%) 0.647

Headache disorder, N (%) 5/72 (7%) 1/12 (8%) 0/38 (0%) 0.235

Dementia, N (%) 6/72 (8% 0/12 (0%) 3/38 (10%) 0.587

Psychiatric history, N (%) 4/71 (6%) 3/12 (25%) 4/38 (11%) 0.091

Neuro complication during

index COVID-19

hospitalization, N (%)

32/72 (44%) 5/12 (42%) 17/38 (45%) 0.982

Mechanically ventilated

during hospitalization for

COVID-19, N (%)

24/72 (33%) 7/12 (58%) 26/38 (68%) 0.001

COVID-19 Vaccination, N

(%)

46/70 (64%) 9/12 (75%) 27/38 (71%) 0.754

Symptom Clusters

Symptom Cluster 1, N (%) 24/34 (71%) 0/12 (0%) 9/38 (24%) 0.052

Symptom Cluster 2, N (%) 1/34 (3%) 10/12 (83%) 1/38 (3%) <0.001

Symptom Cluster 3, N (%) 9/34 (27%) 2/12 (17%) 28/38 (74%) 0.015

Symptom Cluster 2 or 3

versus 1, N (%)

44/72 (61%) 11/12 (92%) 29/38 (76%) 0.052

Number of PASC symptoms,

N (%)

2 (1–5) 12 (4–18) 3 (2–5) <0.001

Number of therapies received,

median (IQR)

0 (0–2) 7 (5–8) 3 (2–4) <0.001

Duration of symptoms,

median (IQR)

12 (10–12) 12 (12–13) 12 (12–13) 0.087

12-month Outcomes

Improved with therapy�, N

(%)

29/35 (83%) 12/12 (100%) 37/38 (97%) 0.042

12-mo Barthel Index, median

(IQR)

100 (100–100) 98 (61–100) 98 (68–100) <0.001

12-mo T-MoCA, median

(IQR)

18 (15–20) 18 (14–21) 19 (17–20) 0.480

12-mo mRS, median (IQR) 2 (1–3) 3 (1–4) 3 (2–4) 0.003

12-mo NeuroQoL Anxiety,

median (IQR)

50 (44–56) 55 (39–63) 48 (36–53) 0.338

12-mo NeuroQoL

Depression, median (IQR)

45 (37–51) 47 (38–57) 47 (37–51) 0.644

12-mo NeuroQoL Fatigue,

median (IQR)

48 (42–54) 55 (45–60) 48 (42–54) 0.244

(Continued)
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This study differs from other COVID-19 cluster analyses [15–20] in that, not only did we

identify phenotypes of PASC symptoms, but we also mapped these clusters to corresponding

therapeutic strategies and their subjective effectiveness. Disaggregating PASC, which is a

highly heterogeneous condition, and identifying useful treatment strategies is critically needed,

particularly since we found that 50% of hospitalized COVID-19 patients have PASC symp-

toms. The Centers for Disease Control and Prevention report 4,575,344 hospital admissions

for COVID-19 since August 1, 2020 (which does not include the first wave in New York City)

through February 2022 [32]. This would translate into approximately 2.3 million Americans

who have had PASC symptoms within 12-months of hospitalization for COVID-19, in addi-

tion to the millions more who have PASC after mild-moderate COVID-19. Additionally, the

economic and societal impact of PASC symptoms after hospitalization for COVID-19 is likely

Table 2. (Continued)

Therapy group A: (N = 72)

Received few therapeutic

interventions

Therapy group B: (N = 12) Received several

interventions, most notably psychological talk

therapy, anti-depressants, anti-anxiety medications

and physical therapy

Therapy group C: (N = 38)

Primarily received physical and

occupational therapy

P across all

3 groups

12-mo NeuroQoL Sleep,

median (IQR)

52 (39–57) 51 (46–65) 46 (39–53) 0.195

�among those who had symptoms and received at least one intervention, logistic regression analyses adjusted for severity of index COVID-19 (as assessed by

requirement for invasive mechanical ventilation)

Bold = significance with P<0.05. mRS = modified Rankin Scale; T-MoCA = telephone Montreal Cognitive Assessment, NeuroQoL = NIH Neurological Quality of Life

patient reported outcomes.

https://doi.org/10.1371/journal.pone.0275274.t002

Fig 4. Relationship of symptom clusters and therapy groups (N = 122). Symptom Cluster 1 was significantly related to membership in Therapy

Group A (Odds Ratio [OR] 2.55, 95% confidence interval [CI] 1.10–5.89), Symptom Cluster 2 was associated with Therapy Group B (OR 15.70, 95% CI

4.14–59.70) and Symptom Cluster 3 was associated with Therapy Group C (OR 3.08, 95% CI 1.33–7.13).

https://doi.org/10.1371/journal.pone.0275274.g004
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to be considerable since 80% of PASC patients in our study reported disruptions in their ability

to work, manage household responsibilities or engage in leisure activities due to symptoms.

Other strengths of this study include its prospective design, highly detailed characterization of

the cohort from hospital stay through 12-month follow-up, and combination of patient

reported outcomes and objective measures of functional status (mRS, Barthel Index,

NeuroQoL).

We found that COVID-19 severity, even amongst a hospitalized cohort, was an overall pre-

dictor of PASC in the group of 242 patients that completed follow-up, as has been described in

multiple other cohorts [33–35]. Although some studies have suggested that PASC may be

more common in those with mild disease [36], we did not have a comparison group of non-

hospitalized patients in our cohort to test this hypothesis. Among the subgroup of patients

with PASC, the severity of index COVID-19 illness did not appear to predict which patients

would have the most symptoms or disability. Indeed, the most severely affected group (Symp-

tom Cluster 2) had not only the highest number of symptoms, but also worse measures of

functional outcome, even though this group had less severe index COVID-19 illness (based on

intubation rates), and similar rates of neurological complications compared to other clusters.

Our findings imply that there are other factors that impact PASC severity. Notably, patients in

Symptom Cluster 2 reported a significantly higher number of life stressors than other clusters.

In a prior study of risk factors for PASC among U.S. community dwellers with and without

mild COVID-19 conducted in February 2021, we identified multiple stressors (present within

the month prior to interview) that were associated with the development of PASC, most nota-

bly financial insecurity and unemployment [1]. In that study, multivariable models predicting

NeuroQoL measures of cognition, anxiety, depression, fatigue and sleep, demonstrated that

several stressors were stronger predictors of abnormalities on quality of life testing than was

COVID-19 infection itself. These data suggest an interplay of environmental and pandemic-

related factors that may impact the development of PASC.

A positive finding of this paper is that most patients who received a given therapy or group

of therapies reported improvement, and only 8% reported no improvement at all with any

trialed intervention. These data are encouraging, particularly since no patient received a ther-

apy specifically engineered to target PASC symptoms. Practitioners appeared to prescribe ther-

apies directed towards symptoms, and were largely successful with this approach. However,

not all patients reported the same rate of symptom improvement with a given therapeutic

strategy. Notably, the patients in Therapy Group A, who received the fewest therapeutic inter-

ventions, and were the youngest and least disabled (based on mRS and Barthel Index scores),

were also the least likely to report improvement following therapy. These data suggest that

these patients may have had relatively mild PASC and small improvements were difficult to

detect, or that too few or inadequate interventions were trialed. We did identify a significant

association between the number of interventions used and the reported rates of symptomatic

improvement. Whether this relationship is merely related to trial and error resulting in selec-

tion of effective treatments, increased interaction with the healthcare system in those that

received more therapies, or other factors such as PASC severity, remains to be determined. Of

the 14 interventions tested, exercise appeared to be the least likely to lead to symptomatic

relief. This is noteworthy because of the similarities PASC shares with chronic fatigue syn-

drome, in which symptoms are characteristically worsened with exertion [37]. However, only

16% of PASC patients in our study reported post-exertional malaise, suggesting that pheno-

typic similarities with chronic fatigue syndrome may only occur in a subset of PASC patients.

There are several limitations to this study. First, the study population had COVID-19

requiring hospitalization and results of our study may not generalize to non-hospitalized

COVID-19 patients. However, the types and prevalence of PASC symptoms we reported are
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similar to those described following mild-moderate COVID-19 [1, 35, 38–40]. Second, data

was missing in 12 patients who were excluded from cluster analyses. Those excluded from

analyses were largely similar to those included, however excluded patients were significantly

older, had worse 12-month mRS scores, and had fewer life stressors than those included. Addi-

tionally, we were only able to contact 242/590 (41%) patients eligible for 12-month follow-up

due to defunct contact information, language barriers, lack of patient/surrogate consent or

unanswered phone calls. Though we made three phone attempts at contact, our data may rep-

resent a biased sample. Third, because this was not a controlled, clinical trial, we are unable to

determine if one therapeutic intervention was superior to another. Indeed, since the majority

of patients received multiple treatments and these treatments may augment or interact with

one another, the only way to deal with this heterogeneity was with cluster analysis. Addition-

ally, there were too few patients in certain treatment categories to make any statements regard-

ing efficacy. While those in Therapy Group A reported lower rates of subjective improvement

compared to Groups B or C, confidence intervals were wide suggesting imprecision in point

estimates. Fourth, though patients reported subjective improvement with therapy, we do not

have objective measures of improvement, and we cannot exclude the possibility that responses

to interventions may represent a “placebo effect”. Fifth, we did not have detailed information

on the severity of symptoms or the degree of improvement with therapy, since these data were

collected in a dichotomous fashion. It is possible that those in Therapy Group A who reported

lower rates of symptomatic improvement with therapy had less severe symptoms, and hence,

less room for dramatic improvements with intervention. Conversely, those with several symp-

toms of varying severity might require only modest interventions to notice results. We

attempted to mitigate against this bias by adjusting for initial severity of COVID-19 illness,

and we still demonstrated a lower likelihood of subjective improvement in Therapy Group A.

Finally, the spectrum of therapies we assessed was wide, but not comprehensive. For example,

we did not evaluate cognitive therapies, and we did not have details regarding which psychiat-

ric medications were most efficacious. Future studies focusing on specific therapeutic inter-

ventions are warranted.

Conclusions

PASC following severe COVID-19 is a heterogeneous condition that can be phenotyped into

three clinically relevant symptom clusters. These symptom clusters differed in number and

impact of symptoms, disability status and quantitative measures of anxiety, depression, sleep

and fatigue, and were significantly associated with independently generated therapy clusters.

However, response rates to therapeutic strategies differed significantly among groups. Match-

ing PASC symptom phenotypes with corresponding therapeutic strategies may be helpful in

tailoring individual treatment programs. Importantly, identifying the most severely affected

PASC patients (i.e. Symptom Cluster 2) and implementing psychiatric treatments should be

considered in clinical practice.
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S1 Table. Symptom questionnaire. Subjects were asked 12-months after hospitalization for

COVID, “Do you believe you have "post-COVID syndrome" also called "long hauler" syn-

drome or did you continue to have symptoms for at least 4 weeks after your initial diagnosis of

COVID-19?” If the response was “yes”, they were presented with the options shown in this

table.
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(DOCX)
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therapy groups (N = 122 PASC patients).

(DOCX)

S5 Table. Comparison of patients included in analyses to patients with missing data.

(DOCX)

S1 Fig. Sensitivity analysis of incident symptom clusters using hierarchical cluster analysis

(Ward’s method, variance measurement). The three symptom clusters generated are similar

to the primary analysis.

(TIFF)

Acknowledgments

We would like to thank the patients and families that participated in this study.

Author Contributions

Conceptualization: Jennifer A. Frontera, Steven L. Galetta.

Data curation: Jennifer A. Frontera, Sakinah B. Sabadia, Dixon Yang, Kara Melmed.

Formal analysis: Jennifer A. Frontera, Lorna E. Thorpe.

Investigation: Dixon Yang.

Methodology: Jennifer A. Frontera, Naomi M. Simon, Adam de Havenon, Shadi Yaghi,

Ariane Lewis.

Resources: Sakinah B. Sabadia.

Supervision: Laura J. Balcer, Thomas Wisniewski, Steven L. Galetta.

Writing – original draft: Jennifer A. Frontera.

Writing – review & editing: Jennifer A. Frontera, Lorna E. Thorpe, Naomi M. Simon, Adam

de Havenon, Shadi Yaghi, Ariane Lewis, Kara Melmed, Laura J. Balcer, Thomas Wis-

niewski, Steven L. Galetta.

References
1. Frontera JA, Lewis A, Melmed K, Lin J, Kondziella D, Helbok R, et al. Prevalence and Predictors of Pro-

longed Cognitive and Psychological Symptoms Following COVID-19 in the United States. Frontiers in

Aging Neuroscience. 2021; 13(357). https://doi.org/10.3389/fnagi.2021.690383 PMID: 34349633

2. Frontera JA, Yang D, Lewis A, Patel P, Medicherla C, Arena V, et al. A prospective study of long-term

outcomes among hospitalized COVID-19 patients with and without neurological complications. J Neurol

Sci. 2021; 426:117486. https://doi.org/10.1016/j.jns.2021.117486 PMID: 34000678

PLOS ONE Post-acute sequelae of COVID-19 symptom phenotypes

PLOS ONE | https://doi.org/10.1371/journal.pone.0275274 September 29, 2022 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275274.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275274.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275274.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275274.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275274.s006
https://doi.org/10.3389/fnagi.2021.690383
http://www.ncbi.nlm.nih.gov/pubmed/34349633
https://doi.org/10.1016/j.jns.2021.117486
http://www.ncbi.nlm.nih.gov/pubmed/34000678
https://doi.org/10.1371/journal.pone.0275274


3. Frontera JA, Yang D, Medicherla C, Baskharoun S, Bauman K, Bell L, et al. Trajectories of Neurologic

Recovery 12 Months After Hospitalization for COVID-19: A Prospective Longitudinal Study. Neurology.

2022. https://doi.org/10.1212/WNL.0000000000200356 PMID: 35314503

4. Chevinsky JR, Tao G, Lavery AM, Kukielka EA, Click ES, Malec D, et al. Late Conditions Diagnosed

1–4 Months Following an Initial Coronavirus Disease 2019 (COVID-19) Encounter: A Matched-Cohort

Study Using Inpatient and Outpatient Administrative Data-United States, 1 March-30 June 2020. Clin

Infect Dis. 2021; 73(Suppl 1):S5–S16. https://doi.org/10.1093/cid/ciab338 PMID: 33909072

5. Graham EL, Clark JR, Orban ZS, Lim PH, Szymanski AL, Taylor C, et al. Persistent neurologic symp-

toms and cognitive dysfunction in non-hospitalized Covid-19 "long haulers". Ann Clin Transl Neurol.

2021; 8(5):1073–85. https://doi.org/10.1002/acn3.51350 PMID: 33755344

6. Deng J, Zhou F, Hou W, Silver Z, Wong CY, Chang O, et al. The prevalence of depression, anxiety, and

sleep disturbances in COVID-19 patients: a meta-analysis. Ann N Y Acad Sci. 2021; 1486(1):90–111.

https://doi.org/10.1111/nyas.14506 PMID: 33009668

7. Becker JH, Lin JJ, Doernberg M, Stone K, Navis A, Festa JR, et al. Assessment of Cognitive Function

in Patients After COVID-19 Infection. JAMA Netw Open. 2021; 4(10):e2130645. https://doi.org/10.

1001/jamanetworkopen.2021.30645 PMID: 34677597

8. Crivelli L, Palmer K, Calandri I, Guekht A, Beghi E, Carroll W, et al. Changes in cognitive functioning

after COVID-19: A systematic review and meta-analysis. Alzheimers Dement. 2022. https://doi.org/10.

1002/alz.12644 PMID: 35297561

9. Xiong Q, Xu M, Li J, Liu Y, Zhang J, Xu Y, et al. Clinical sequelae of COVID-19 survivors in Wuhan,

China: a single-centre longitudinal study. Clin Microbiol Infect. 2021; 27(1):89–95. https://doi.org/10.

1016/j.cmi.2020.09.023 PMID: 32979574

10. Spudich S, Nath A. Nervous system consequences of COVID-19. Science. 2022; 375(6578):267–9.

https://doi.org/10.1126/science.abm2052 PMID: 35050660

11. CDC. Post-COVID Conditions [https://www.cdc.gov/coronavirus/2019-ncov/long-term-effects/index.

html.

12. Venkatesan P. NICE guideline on long COVID. Lancet Respir Med. 2021; 9(2):129. https://doi.org/10.

1016/S2213-2600(21)00031-X PMID: 33453162

13. WHO. A clinical case definition of post COVID-19 condition by Delphi consensus October 6, 2021

[https://www.who.int/publications/i/item/WHO-2019-nCoV-Post_COVID-19_condition-Clinical_case_

definition-2021.1.

14. Valladares-Garrido MJ, Failoc-Rojas VE, Soto-Becerra P, Zena-Nanez S, Torres-Roman JS, Fernan-

dez-Mogollon JL, et al. Clinical-epidemiological variation in patients treated in the first and second wave

of COVID-19 in Lambayeque, Peru: A cluster analysis. Int J Infect Dis. 2022. https://doi.org/10.1016/j.

ijid.2022.07.045 PMID: 35872099

15. Ilbeigipour S, Albadvi A, Akhondzadeh Noughabi E. Cluster-based analysis of COVID-19 cases using

self-organizing map neural network and K-means methods to improve medical decision-making. Inform

Med Unlocked. 2022; 32:101005. https://doi.org/10.1016/j.imu.2022.101005 PMID: 35813016

16. Raposo LM, Abreu GFD, Cardoso FBM, Alves ATJ, Rosa P, Nobre FF. Symptom-based clusters of

hospitalized patients with severe acute respiratory illness by SARS-CoV-2 in Brazil. J Infect Public

Health. 2022; 15(6):621–7. https://doi.org/10.1016/j.jiph.2022.04.013 PMID: 35569253

17. Han L, Shen P, Yan J, Huang Y, Ba X, Lin W, et al. Exploring the Clinical Characteristics of COVID-19

Clusters Identified Using Factor Analysis of Mixed Data-Based Cluster Analysis. Front Med (Lausanne).

2021; 8:644724. https://doi.org/10.3389/fmed.2021.644724 PMID: 34336871

18. Perotin JM, Gierski F, Bolko L, Dury S, Barriere S, Launois C, et al. Cluster analysis unveils a severe

persistent respiratory impairment phenotype 3-months after severe COVID-19. Respir Res. 2022; 23

(1):199. https://doi.org/10.1186/s12931-022-02111-9 PMID: 35918719

19. Jennings G, Monaghan A, Xue F, Duggan E, Romero-Ortuno R. Comprehensive Clinical Characterisa-

tion of Brain Fog in Adults Reporting Long COVID Symptoms. J Clin Med. 2022; 11(12). https://doi.org/

10.3390/jcm11123440 PMID: 35743516

20. Grisanti SG, Garbarino S, Barisione E, Aloe T, Grosso M, Schenone C, et al. Neurological long-COVID

in the outpatient clinic: Two subtypes, two courses. J Neurol Sci. 2022; 439:120315. https://doi.org/10.

1016/j.jns.2022.120315 PMID: 35717880

21. WHO. Global COVID-19 Clinical Platform Caser Report Form (CRF) for Post COVID condition 2020

[https://www.who.int/publications/i/item/global-covid-19-clinical-platform-case-report-form-(crf)-for-

post-covid-conditions-(post-covid-19-crf-).

22. Frontera JA, Sabadia S, Lalchan R, Fang T, Flusty B, Millar-Vernetti P, et al. A Prospective Study of

Neurologic Disorders in Hospitalized Patients With COVID-19 in New York City. Neurology. 2021; 96

(4):e575–e86. https://doi.org/10.1212/WNL.0000000000010979 PMID: 33020166

PLOS ONE Post-acute sequelae of COVID-19 symptom phenotypes

PLOS ONE | https://doi.org/10.1371/journal.pone.0275274 September 29, 2022 15 / 16

https://doi.org/10.1212/WNL.0000000000200356
http://www.ncbi.nlm.nih.gov/pubmed/35314503
https://doi.org/10.1093/cid/ciab338
http://www.ncbi.nlm.nih.gov/pubmed/33909072
https://doi.org/10.1002/acn3.51350
http://www.ncbi.nlm.nih.gov/pubmed/33755344
https://doi.org/10.1111/nyas.14506
http://www.ncbi.nlm.nih.gov/pubmed/33009668
https://doi.org/10.1001/jamanetworkopen.2021.30645
https://doi.org/10.1001/jamanetworkopen.2021.30645
http://www.ncbi.nlm.nih.gov/pubmed/34677597
https://doi.org/10.1002/alz.12644
https://doi.org/10.1002/alz.12644
http://www.ncbi.nlm.nih.gov/pubmed/35297561
https://doi.org/10.1016/j.cmi.2020.09.023
https://doi.org/10.1016/j.cmi.2020.09.023
http://www.ncbi.nlm.nih.gov/pubmed/32979574
https://doi.org/10.1126/science.abm2052
http://www.ncbi.nlm.nih.gov/pubmed/35050660
https://www.cdc.gov/coronavirus/2019-ncov/long-term-effects/index.html
https://www.cdc.gov/coronavirus/2019-ncov/long-term-effects/index.html
https://doi.org/10.1016/S2213-2600%2821%2900031-X
https://doi.org/10.1016/S2213-2600%2821%2900031-X
http://www.ncbi.nlm.nih.gov/pubmed/33453162
https://www.who.int/publications/i/item/WHO-2019-nCoV-Post_COVID-19_condition-Clinical_case_definition-2021.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-Post_COVID-19_condition-Clinical_case_definition-2021.1
https://doi.org/10.1016/j.ijid.2022.07.045
https://doi.org/10.1016/j.ijid.2022.07.045
http://www.ncbi.nlm.nih.gov/pubmed/35872099
https://doi.org/10.1016/j.imu.2022.101005
http://www.ncbi.nlm.nih.gov/pubmed/35813016
https://doi.org/10.1016/j.jiph.2022.04.013
http://www.ncbi.nlm.nih.gov/pubmed/35569253
https://doi.org/10.3389/fmed.2021.644724
http://www.ncbi.nlm.nih.gov/pubmed/34336871
https://doi.org/10.1186/s12931-022-02111-9
http://www.ncbi.nlm.nih.gov/pubmed/35918719
https://doi.org/10.3390/jcm11123440
https://doi.org/10.3390/jcm11123440
http://www.ncbi.nlm.nih.gov/pubmed/35743516
https://doi.org/10.1016/j.jns.2022.120315
https://doi.org/10.1016/j.jns.2022.120315
http://www.ncbi.nlm.nih.gov/pubmed/35717880
https://www.who.int/publications/i/item/global-covid-19-clinical-platform-case-report-form-(crf)-for-post-covid-conditions-(post-covid-19-crf-)
https://www.who.int/publications/i/item/global-covid-19-clinical-platform-case-report-form-(crf)-for-post-covid-conditions-(post-covid-19-crf-)
https://doi.org/10.1212/WNL.0000000000010979
http://www.ncbi.nlm.nih.gov/pubmed/33020166
https://doi.org/10.1371/journal.pone.0275274


23. Valdes E, Fuchs B, Morrison C, Charvet L, Lewis A, Thawani S, et al. Demographic and social determi-

nants of cognitive dysfunction following hospitalization for COVID-19. J Neurol Sci. 2022:120146.

https://doi.org/10.1016/j.jns.2022.120146 PMID: 35031121

24. van Swieten JC, Koudstaal PJ, Visser MC, Schouten HJ, van Gijn J. Interobserver agreement for the

assessment of handicap in stroke patients. Stroke. 1988; 19(5):604–7. https://doi.org/10.1161/01.str.

19.5.604 PMID: 3363593

25. Mahoney FI, Barthel DW. Functional Evaluation: The Barthel Index. Md State Med J. 1965; 14:61–5.

PMID: 14258950

26. Pendlebury ST, Welch SJ, Cuthbertson FC, Mariz J, Mehta Z, Rothwell PM. Telephone assessment of

cognition after transient ischemic attack and stroke: modified telephone interview of cognitive status

and telephone Montreal Cognitive Assessment versus face-to-face Montreal Cognitive Assessment

and neuropsychological battery. Stroke. 2013; 44(1):227–9. https://doi.org/10.1161/STROKEAHA.112.

673384 PMID: 23138443

27. Cella D, Lai JS, Nowinski CJ, Victorson D, Peterman A, Miller D, et al. Neuro-QOL: brief measures of

health-related quality of life for clinical research in neurology. Neurology. 2012; 78(23):1860–7. https://

doi.org/10.1212/WNL.0b013e318258f744 PMID: 22573626

28. Neuro-QoL. Neuro-QoL Reference Populations https://www.healthmeasures.net/score-and-interpret/

interpret-scores/neuro-qol/reference-populations. 2021.

29. Dalmaijer ES, Nord CL, Astle DE. Statistical power for cluster analysis. BMC Bioinformatics. 2022; 23

(1):205. https://doi.org/10.1186/s12859-022-04675-1 PMID: 35641905

30. Xie Y, Xu E, Al-Aly Z. Risks of mental health outcomes in people with covid-19: cohort study. BMJ.

2022; 376:e068993. https://doi.org/10.1136/bmj-2021-068993 PMID: 35172971

31. The L. The health crisis of mental health stigma. Lancet. 2016; 387(10023):1027. https://doi.org/10.

1016/S0140-6736(16)00687-5 PMID: 27025171

32. CDC. COVID Data Tracker Weekly Review [https://www.cdc.gov/coronavirus/2019-ncov/covid-data/

covidview/index.html.

33. Al-Aly Z, Xie Y, Bowe B. High-dimensional characterization of post-acute sequelae of COVID-19.

Nature. 2021; 594(7862):259–64. https://doi.org/10.1038/s41586-021-03553-9 PMID: 33887749

34. Taquet M, Dercon Q, Luciano S, Geddes JR, Husain M, Harrison PJ. Incidence, co-occurrence, and

evolution of long-COVID features: A 6-month retrospective cohort study of 273,618 survivors of COVID-

19. PLoS Med. 2021; 18(9):e1003773. https://doi.org/10.1371/journal.pmed.1003773 PMID: 34582441

35. Taquet M, Geddes JR, Husain M, Luciano S, Harrison PJ. 6-month neurological and psychiatric out-

comes in 236 379 survivors of COVID-19: a retrospective cohort study using electronic health records.

Lancet Psychiatry. 2021; 8(5):416–27. https://doi.org/10.1016/S2215-0366(21)00084-5 PMID:

33836148

36. Knight DRT, Munipalli B, Logvinov II, Halkar MG, Mitri G, Dabrh AMA, et al. Perception, Prevalence,

and Prediction of Severe Infection and Post-acute Sequelae of COVID-19. Am J Med Sci. 2022.

37. Haney E, Smith ME, McDonagh M, Pappas M, Daeges M, Wasson N, et al. Diagnostic Methods for

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome: A Systematic Review for a National Institutes of

Health Pathways to Prevention Workshop. Ann Intern Med. 2015; 162(12):834–40. https://doi.org/10.

7326/M15-0443 PMID: 26075754

38. Ceban F, Ling S, Lui LMW, Lee Y, Gill H, Teopiz KM, et al. Fatigue and cognitive impairment in Post-

COVID-19 Syndrome: A systematic review and meta-analysis. Brain Behav Immun. 2022; 101:93–135.

https://doi.org/10.1016/j.bbi.2021.12.020 PMID: 34973396

39. Groff D, Sun A, Ssentongo AE, Ba DM, Parsons N, Poudel GR, et al. Short-term and Long-term Rates

of Postacute Sequelae of SARS-CoV-2 Infection: A Systematic Review. JAMA Netw Open. 2021; 4

(10):e2128568. https://doi.org/10.1001/jamanetworkopen.2021.28568 PMID: 34643720

40. Schou TM, Joca S, Wegener G, Bay-Richter C. Psychiatric and neuropsychiatric sequelae of COVID-

19—A systematic review. Brain Behav Immun. 2021; 97:328–48. https://doi.org/10.1016/j.bbi.2021.07.

018 PMID: 34339806

PLOS ONE Post-acute sequelae of COVID-19 symptom phenotypes

PLOS ONE | https://doi.org/10.1371/journal.pone.0275274 September 29, 2022 16 / 16

https://doi.org/10.1016/j.jns.2022.120146
http://www.ncbi.nlm.nih.gov/pubmed/35031121
https://doi.org/10.1161/01.str.19.5.604
https://doi.org/10.1161/01.str.19.5.604
http://www.ncbi.nlm.nih.gov/pubmed/3363593
http://www.ncbi.nlm.nih.gov/pubmed/14258950
https://doi.org/10.1161/STROKEAHA.112.673384
https://doi.org/10.1161/STROKEAHA.112.673384
http://www.ncbi.nlm.nih.gov/pubmed/23138443
https://doi.org/10.1212/WNL.0b013e318258f744
https://doi.org/10.1212/WNL.0b013e318258f744
http://www.ncbi.nlm.nih.gov/pubmed/22573626
https://www.healthmeasures.net/score-and-interpret/interpret-scores/neuro-qol/reference-populations
https://www.healthmeasures.net/score-and-interpret/interpret-scores/neuro-qol/reference-populations
https://doi.org/10.1186/s12859-022-04675-1
http://www.ncbi.nlm.nih.gov/pubmed/35641905
https://doi.org/10.1136/bmj-2021-068993
http://www.ncbi.nlm.nih.gov/pubmed/35172971
https://doi.org/10.1016/S0140-6736%2816%2900687-5
https://doi.org/10.1016/S0140-6736%2816%2900687-5
http://www.ncbi.nlm.nih.gov/pubmed/27025171
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/covidview/index.html
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/covidview/index.html
https://doi.org/10.1038/s41586-021-03553-9
http://www.ncbi.nlm.nih.gov/pubmed/33887749
https://doi.org/10.1371/journal.pmed.1003773
http://www.ncbi.nlm.nih.gov/pubmed/34582441
https://doi.org/10.1016/S2215-0366%2821%2900084-5
http://www.ncbi.nlm.nih.gov/pubmed/33836148
https://doi.org/10.7326/M15-0443
https://doi.org/10.7326/M15-0443
http://www.ncbi.nlm.nih.gov/pubmed/26075754
https://doi.org/10.1016/j.bbi.2021.12.020
http://www.ncbi.nlm.nih.gov/pubmed/34973396
https://doi.org/10.1001/jamanetworkopen.2021.28568
http://www.ncbi.nlm.nih.gov/pubmed/34643720
https://doi.org/10.1016/j.bbi.2021.07.018
https://doi.org/10.1016/j.bbi.2021.07.018
http://www.ncbi.nlm.nih.gov/pubmed/34339806
https://doi.org/10.1371/journal.pone.0275274

