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BACKGROUND: COVID-19 symptom reports describe
varying levels of disease severity with differing periods of
recovery and symptom trajectories. Thus, there are a
multitude of disease and symptom characteristics clini-
cians must navigate and interpret to guide care.
OBJECTIVE: To find natural groups of patients with sim-
ilar constellations of post-acute sequelae of COVID-19
(PASC) symptoms.
DESIGN: Cohort
SETTING: Outpatient COVID-19 recovery clinic with pa-
tient referrals from 160 primary care clinics serving 36
counties in Texas.
PATIENTS: Adult patients seeking COVID-19 recovery
clinic care between November 15, 2020, and July 31,
2021, with laboratory-confirmed mild (not hospitalized),
moderate (hospitalized), or severe (hospitalized with criti-
cal care) COVID-19.
MAIN MEASURES: Demographics, COVID illness onset,
and duration of persistent PASC symptoms via semi-
structured medical assessments.
KEY RESULTS: Four hundred forty-one patients (mean
age 51.5 years; 295 [66.9%] women; 99 [22%] Hispanic,
and 170 [38.5%] non-White, racial minority) met inclu-
sion criteria. Using a k-medoids algorithm, we found
that PASC symptoms cluster into two distinct groups:
neuropsychiatric (N = 186) (e.g., subjective cognitive dys-
function) and pulmonary (N = 255) (e.g., dyspnea, cough).
The neuropsychiatric cluster had significantly higher
incidences of otolaryngologic (X2 = 14.3, p < 0.001), gas-
trointestinal (X2 = 6.90, p = 0.009), neurologic (X2 = 441, p
< 0.001), and psychiatric sequelae (X2 = 40.6, p < 0.001)
withmore female (X2 = 5.44, p = 0.020) and younger age (t
= 2.39, p = 0.017) patients experiencing longer durations
of PASC symptoms before seeking care (t = 2.44, p =
0.015). Patients in the pulmonary cluster were more
often hospitalized for COVID-19 (X2 = 3.98, p = 0.046)
and had significantly higher comorbidity burden (U =
20800, p = 0.019) and pulmonary sequelae (X2 = 13.2,
p < 0.001).

CONCLUSIONS: Health services clinic data from a large
integrated health system offers insights into the post-
COVIDsymptomsassociatedwith care seeking for sequel-
ae that are not adequately managed by usual care path-
ways (self-management and primary care clinic visits).
These findings can inform machine learning algorithms,
primary care management, and selection of patients for
earlier COVID-19 recovery referral.
TRIAL REGISTRATION: N/A
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INTRODUCTION

Recovery clinics for multidisciplinary evaluation of post-acute
COVID-19 patients in the context of long-term COVID-19
symptoms1 not otherwise fully addressed in the primary care
setting have been operating within several health systems in
the USA and worldwide since the start of the pandemic.2

Reports have cataloged more than 60 individual symptoms
of post-acute sequelae of COVID-19 (PASC) including mul-
tiple neuropsychiatric symptoms, rash, thromboembolic con-
ditions, dyspnea, chest pain, headache, diarrhea, joint pain,
and fatigue.3–6 Prevalence estimates of PASC have been clas-
sified into at least 10 organ systems (e.g., pulmonary, cardio-
vascular, neuropsychiatric, musculoskeletal, endocrine).5 In
epidemiologic studies of patients experiencing PASC, preva-
lence estimates of specific symptoms include dyspnea (5–
40%), chest pain (10–30%), and difficulty in concentration
(8–67%).5–8 In addition, current evidence suggests that PASC
persists for varying durations, with unknown resolution
bounds.
The myriad of COVID-19 symptom reports including

varying criteria (e.g., mild, moderate, severe acute dis-
ease) at differing cross-section periods of recovery (e.g.,
28 days, 60 days, 6 months) presents a multitude of
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characteristics clinicians must navigate and interpret to
guide care. Moreover, varying and heterogenous PASC
symptoms affect multiple organ systems, and the rate of
co-occurrence of these symptoms in individual patients
remains unclear. Analyses to inform machine learning
methods to inspect PASC symptom co-occurrence pat-
terns could offer clinically relevant insights for clinicians
by identifying and anticipating the patterns of symptoms
which patients find problematic enough to seek care
within a COVID recovery clinic (i.e., the symptoms that
matter most to the patients).
A more systematic response to properly address PASC

requires rigorous reporting, recognition, and research.9 In this
study, we used cluster analysis with an integrated health
system multispecialty telemedicine-based consultation service
for post-COVID patients. This consultation service was imple-
mented to monitor and facilitate management of persistent
PASC symptoms and support primary care physicians and
advanced practice providers in providing ongoing care to these
patients. Cluster analysis, a data-driven statistical learning
approach that can discover unknown patterns within data, is
most often used to partition data into groups that simulta-
neously have high intra-group similarity and low inter-group
similarity. Specifically, we aimed to find natural groups of
patients with similar constellations of symptoms spanning six
medical specialty-referenced systems (i.e., psychiatric, neuro-
logical, cardiovascular, pulmonary, gastrointestinal [GI],
otolaryngologic).

METHODS

Setting and Participants

Baylor Scott & White Health (BSWH) COVID-19 Recovery
Clinic was established in November 2020 to support more
than 160 primary care clinics and 50 hospitals serving rural,
suburban, and metropolitan regions across Texas as part of the
BSWH System. All referred patients had a history of
laboratory-confirmed COVID-19 and active health insurance.
Patients were referred by primary care clinicians for persistent
PASC symptoms (e.g., beyond two weeks), including dys-
pnea, loss of taste or smell, and neuropsychiatric symptoms
(e.g., cognitive dysfunction, brain fog), or other psychiatric
symptoms (e.g., anxiety, depression, sleep disturbance).10

Visits to the COVID-19 Recovery Clinic last approximately
1 h and include a standard intake evaluation and telemedicine
examination by an internal medicine physician or advanced
practice provider with substantial experience managing
PASC. The COVID-19 Recovery Clinic team management
approach for each patient includes concurrent same-day case
history and care plan review with up to twenty specialists
representing cardiology, gastroenterology, physical medicine
and rehabilitation, pulmonary, infectious disease, geriatrics,
hematology/oncology, otolaryngology, neurology, and psy-
chiatry via secure electronic sharing to further define and

refine an individualized care plan. Based on the initial visit,
subsequent laboratory work and/or referral to specialists for
follow-up care may be initiated and/or communicated for the
primary care provider to consider.

Data Collection and Variables

A semi-structured interview guide with electronic health re-
cord review was used during the clinic visit to capture
patient-reported symptoms and treatment history
(Supplemental Table 1). Data from a 9-month period (No-
vember 2020–July 2021) were extracted from clinical nar-
ratives in the electronic health record to characterize patient
comorbidities present at the time of the COVID-19 clinic
visit, COVID-19 illness onset, and the time course of per-
sistent PASC symptoms for 441 consecutive COVID-19
Recovery Clinic patients. A total of 57 distinct PASC
symptoms were recorded from clinical documentation.
PASC symptoms were subsequently classified by organ
system for data analysis. A dichotomous variable for each
organ system classification was included (e.g., cardiovas-
cular sequelae: yes/no, psychiatric sequelae: yes/no). These
dichotomous variables were used for clustering. Comorbid-
ities were classified using the Charlson Comorbidity In-
dex.11 No sample size was calculated because all partici-
pants with COVID-19 Recovery Clinic visits during the 9-
month study period were included. The study was approved
by the BSWH Research Institute IRB (#021-145). This
report adheres to STROBE/SQUIRE reporting standards.12

Data Analysis

Data were first examined visually using graphs and plots for
outliers, errors, and normality of quantitative variables. Clus-
tering was conducted using the following 13 features: psychi-
atric sequelae (1 = yes, 0 = no), neurologic sequelae (1 = yes, 0
= no), GI sequelae (1 = yes, 0 = no), otolaryngologic sequelae
(1 = yes, 0 = no), cardiovascular sequelae (1 = yes, 0 = no),
pulmonary sequelae (1 = yes, 0 = no), age (years), comorbidity
burden measured using the Charlson Comorbidity Index
(CCI), sex (1 = female, 0 = male), racial minority (non-White
= 1, White = 0), hospitalized for COVID-19 (1 = yes, 0 = no),
and Hispanic ethnicity (1 = yes, 0 = no).
Clustering is a statistical technique that allows us to better

understand the underlying structure of our data by determining
subgroups that exist within the data that are not readily appar-
ent. Clustering can therefore discover latent classes within a
sample that may have important diagnostic characteristics for
informing treatment planning. Clustering involves four main
steps: (1) calculating the distance matrix, which defines the
similarity and dissimilarity between data points; (2) choosing a
clustering algorithm to apply to the distance matrix to deter-
mine the subgroups; (3) determining the number of clusters
and then applying the chosen clustering algorithm; and (4)
characterizing the resulting clusters to determine their clinical
meaning.
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Calculating the Distance Matrix. Because most features were
categorical, we employed the Gower distance, which
calculates the distance matrix for mixed numeric and
categorical data by determining the best distance metric for
each data level.13 Specifically, we computed all pairwise
dissimilarities (distances) between cases for the 13 features
described above.

Choosing the Clustering Algorithm.We selected a k-medoids
algorithm, also known as partitioning around medoids (PAM).
K-medoids tend to be more robust to noise and outliers
compared to k-means, akin to the median being more robust
to outliers than the mean.14

Determining the Number of Clusters. To determine the
optimal number of clusters, k, we used the average silhouette
width, which is a measure of how similar an observation is to
its own cluster compared to its closest neighboring cluster.15

The silhouette width ranges from − 1 to 1, with higher values
being optimal. We calculated the silhouette width for k = 2 to
10 for the PAM algorithm, and k = 2 was associated with the
highest value. We then clustered the Gower distance matrix
using PAM with k = 2. Since missing data were minimal, all
cases were included, and any missing data were ignored when
determining the medoid.

Characterizing the Clusters. Descriptive statistics including
percentage, mean, standard deviation, median, and
interquartile range were used to describe cluster
characteristics, as appropriate. Characteristics including the
features listed above (primary outcomes), as well as specific
symptoms within each physiologic system that were not used
in clustering (secondary outcomes), were compared between
clusters using chi square test (X2), t test (t), or Mann-Whitney
test (U), as appropriate. To evaluate potential relationships
among symptoms, exploratory, two-tailed Spearman correla-
tions were conducted between symptoms that were signifi-
cantly different between clusters, ignoring correlations within
the same medical specialty system. We were particularly
interested in the relationships that psychiatric symptoms had
with other symptoms. Correlations were conducted within
each cluster, separately. Alpha level for all analyses was set
at p < 0.05. The p values for secondary and exploratory out-
comes were corrected for multiple comparisons using the false
discovery rate (FDR).16 Data visualization and analyses were
performed using the R Statistical Package version 4.1.2 (R
Foundation, Vienna, Austria) including the “ggplot2” and
“cluster” libraries.

RESULTS

This study includes 441 consecutive patients referred by pri-
mary care clinicians to COVID-19 Recovery Clinic services

who completed a telehealth evaluation for persistent PASC
symptoms. The mean (standard deviation) age was 51.5 (14.9)
years, and there were 295 (66.9%) females and 145 (32.9%)
males. In general, patients were seeking care for PASC symp-
toms approximately 2 months after initial COVID-19 symp-
tom onset (median 58 days, interquartile range 61 days).
Patients had up to 13 symptoms at COVID-19 onset and up
to 16 symptomatic sequelae identified at the time of the
COVID-19 Recovery Clinic visit. K-medoids revealed two
distinct clusters of patients (Fig. 1). Cluster 1 was comprised
of n = 186 patients and cluster 2 had n = 255 patients.

Cluster 1

Cluster 1 had significantly higher incidences of otolaryngo-
logic (X2 = 14.3, p < 0.001), GI (X2 = 6.90, p = 0.009),
neurologic (X2 = 441, p < 0.001), and psychiatric sequelae
(X2 = 40.6, p < 0.001, Table 1). This cluster had more female
patients (X2 = 5.38, p = 0.020) and younger age (t = 2.39, p =
0.017), and reported a longer duration of PASC symptoms
before seeking care (t = 2.44, p = 0.015) compared to cluster 2
(Table 1).
Individual otolaryngologic and GI symptoms were not sig-

nificant after correction for multiple comparisons (Table 2).
Significant individual neurological symptoms included brain
fog (X2 = 154, p < 0.001), confusion (X2 = 14.03, p < 0.001),
concentration difficulties ((X2 = 60.31, p < 0.001), headache
(X2 = 144, p < 0.001), memory loss (X2 = 58.66, p < 0.001),
paresthesia (X2 = 14.00, p < 0.001), word finding difficulty (X2

= 21.29, p < 0.001), and other (X2 = 24.24, p < 0.001)
(Table 2). Significant psychiatric symptoms included anxiety
(X2 = 31.08, p < 0.001, corrected), depressed mood (X2 =
8.29, p = 0.004, corrected), insomnia (X2 = 13.61, p < 0.001,
corrected), and other (X2 = 6.93, p = 0.018, corrected)
(Table 2). Other psychiatric symptoms included substance
abuse, survivor guilt, bizarre dreams, and panic attacks.
Considering these characteristics, we qualitatively labeled
cluster 1 the “Neuropsychiatric Cluster.”
Within cluster 1, depressedmood was correlated with mem-

ory loss, but this was not significant after correction for
multiple comparisons. No other correlations were observed
between psychiatric and other symptoms (Fig. 2).

Cluster 2

Cluster 2 patients were more often hospitalized for
COVID-19 (X2 = 3.98, p = 0.046) and had significantly
higher comorbidity burden (U = 20800, p = 0.019) and
pulmonary sequelae (X2 = 13.2, p < 0.001) (Table 1). The
cluster 2 difference in individual pulmonary symptoms
included cough (X2 = 12.37, p < 0.001, corrected) and
dyspnea (X2 = 20.39, p < 0.001, corrected) (Table 2).
Cardiovascular sequelae were not significant after correc-
tion for multiple corrections (Table 2) in either cluster.
Considering these characteristics, we qualitatively labeled
cluster 2 the “Pulmonary Cluster.”
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Figure 1 Bivariate cluster plot. A 2-dimensional representation of the cluster solution using principal components analysis. These components
explain 31.14% of the point variability.

Table 1 Primary Cluster Characteristics

Variables* Cluster 1 (N = 186) Cluster 2 (N = 255) Statistic p value

Female 136 (73%) 159 (63%) X2 = 5.38 0.020
Age Mean = 50 ± 13 Mean = 53 ± 16 t = 2.39 0.017
Racial minority 71 (39%) 99 (39%) X2 = 0.008 0.928
Hispanic ethnicity 43 (23%) 56 (22%) X2 = 0.057 0.812
Otolaryngologic sequelae 69 (37%) 53 (21%) X2 = 14.3 < 0.001
Cardiovascular sequelae 48 (26%) 49 (19%) X2 = 2.72 0.100
Pulmonary sequelae 114 (61%) 197 (77%) X2 = 13.2 < 0.001
Gastrointestinal sequelae 39 (21%) 30 (12%) X2 = 6.90 0.009
Neurologic sequelae 186 (100%) 0 (0.0%) X2 = 441 < 0.001
Psychiatric sequelae 75 (40%) 35 (14%) X2 = 40.6 < 0.001
Symptom duration (months) Median = 63, IQR = 75 Mean = 50, IQR = 53 U = 25254 0.005
CCI Median = 0, IQR = 1.75 Median = 1, IQR = 2 U = 20800 0.019
Hospitalized 43 (23%) 81 (32%) X2 = 3.98 0.046

CCI Charlson Comorbidity Index, IQR interquartile range
*These variables were included in the clustering algorithm
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Cluster 2 differed only in terms of pulmonary symptoms, so
no correlations were conducted.

DISCUSSION

In this study, we evaluated symptom clusters among adults
with laboratory-confirmed COVID-19 with persistent PASC
seeking care through COVID-19 Recovery Clinic evaluations.
In our sample of adults with mild (not hospitalized), moderate
(hospitalized), and severe COVID-19 (hospitalized with criti-
cal care), we found that symptoms cluster into two distinct
groups: (1) neuropsychiatric (e.g., subjective cognitive dys-

function, dizziness, memory problems) and (2) pulmonary
(e.g., dyspnea, cough). While other epidemiologic reports
and cluster analyses have contributed to discerning that PASC
is comprised of symptoms referable to multiple organ systems
with varied time courses, our approach characterizes symptom
patterns prompting patients to seek and receive specialized
COVID-19 recovery care.
Previous reports suggest that PASC disproportionately

affects patients in middle adulthood, Caucasians, and females,
with similar clusters of pulmonary and multisystem presenta-
tions. Generalizability has been limited by reliance on conve-
nience samples that were disproportionately female and not
ethnically diverse, and which under-represented older-age



individuals.17 Our sample of COVID-19 laboratory test con-
firmed patient presentations offers diversity in age, sex, and
severity of illness of COVID-19 not present in cluster analyses
in other US and non-US samples to date.5,6,18 Results of
natural groups of patients with similar presentations are pre-
sented in the context of a multitude of PASC phenotypes and

differing courses of recovery. These natural groups inform
primary care clinicians of the patients who seek COVID-19
Recovery Clinic follow-up for PASC.
The neuropsychiatric cluster and pulmonary cluster repre-

sent two distinct symptom groups with maximum intra-group
similarity and maximum inter-group dissimilarity. The

Table 2 Secondary Cluster Characteristics

Variable* Cluster 1 (N = 186) Cluster 2 (N = 255) Chi-squared (X2) p p FDR corrected

Otolaryngologic
Ageusia 18 (9.7%) 20 (7.8%) 0.60 0.498 0.543
Anosmia 30 (16%) 32 (13%) 1.14 0.285 0.428
Dizziness 4 (8.6%) 11 (4.3%) 3.44 0.064 0.216
Dysphagia 4 (2.2%) 0 (0.0%) 5.53 0.019 0.114
Mouth sores 1 (0.54%) 0 (0.0%) 1.37 0.241 0.413
Otalgia 1 (0.54%) 3 (1.2%) 0.488 0.485 0.543
Rhinorrhea 1 (0.54%) 1 (0.39%) 0.050 0.822 0.822
Sneezing 0 (0.0%) 1 (0.39%) 0.731 0.393 0.524
Sore throat 7 (3.8%) 3 (1.2%) 3.25 0.072 0.216
Tinnitus 5 (2.7%) 0 (0.0%) 6.93 0.008 0.096
Vision disturbance 6 (3.2%) 3 (1.2%) 2.26 0.133 0.300
Other 14 (7.5%) 11 (4.3%) 2.08 0.150 0.300

Gastrointestinal
Anorexia 10 (5.4%) 8 (3.1%) 1.38 0.241 0.626
Diarrhea 12 (6.5%) 14 (5.5%) 0.179 0.672 0.896
Gastroesophageal reflux symptoms 3 (1.6%) 4 (1.6%) 0.001 0.971 0.971
Nausea 15 (8.1%) 8 (3.1%) 5.28 0.022 0.176
Vomiting 4 (2.2%) 1 (0.39%) 2.97 0.085 0.340
Abdominal pain 1 (0.54%) 4 (1.6%) 1.02 0.313 0.626
Weight loss 4 (2.2%) 6 (2.4%) 0.020 0.888 0.971
Other 5 (2.7%) 4 (1.6%) 0.674 0.412 0.659

Neurological
Expressive aphasia 1 (0.54%) 0 (0.0%) 1.37 0.241 0.241
Bell’s palsy 3 (1.6%) 0 (0.0%) 4.14 0.042 0.063
Brain fog 89 (48%) 0 (0.0%) 153.87 < 0.001 < 0.001
Confusion 10 (5.4%) 0 (0.0%) 14.03 < 0.001 < 0.001
Impaired concentration 40 (21%) 0 (0.0%) 60.31 < 0.001 < 0.001
Headache 85 (46%) 0 (0.0%) 144.36 < 0.001 < 0.001
Hemiplegia 2 (1.1%) 0 (0.0%) 2.75 0.097 0.121
Memory loss 39 (21%) 0 (0.0%) 58.66 < 0.001 < 0.001
Neuropathy 2 (1.1%) 0 (0.0%) 2.75 0.097 0.121
Facial pain 1 (0.54%) 0 (0.0%) 1.37 0.241 0.240
Neuropathic pain 6 (3.2%) 0 (0.0%) 8.34 0.004 0.007
Unilateral paralysis 1 (0.54%) 0 (0.0%) 1.37 0.241 0.241
Paresthesia 10 (5.4%) 0 (0.0%) 14.003 < 0.001 < 0.001
Word finding difficulty 15 (8.1%) 0 (0.0%) 21.29 < 0.001 < 0.001
Other 17 (9.1%) 0 (0.0%) 24.24 < 0.001 < 0.001

Psychiatric
Anxiety 40 (22%) 11 (4.3%) 31.08 < 0.001 < 0.001
Apathy 3 (1.6%) 1 (0.39%) 1.78 0.182 0.205
Bereavement 3 (1.6%) 1 (0.39%) 1.78 0.182 0.205
Depressed mood 18 (9.7%) 8 (3.1%) 8.29 0.004 0.012
Insomnia 43 (21%) 26 (10%) 13.61 < 0.001 0.001
Irritability 2 (1.1%) 0 (0.0%) 2.75 0.097 0.146
Mood lability 5 (2.7%) 1 (0.39%) 4.23 0.040 0.072
Posttraumatic stress disorder 1 (0.54%) 2 (0.78%) 0.097 0.756 0.756
Other 5 (2.7%) 0 (0.0%) 6.93 0.008 0.018

Pulmonary
Bronchitis 0 (0.0%) 1 (0.39%) 10.731 0.393 0.822
Congestion 9 (4.8%) 9 (3.5%) 0.471 0.493 0.822
Cough 34 (18%) 85 (33%) 12.37 < 0.001 < 0.001
Dyspnea 96 (52%) 185 (73%) 20.39 < 0.001 < 0.001
Suspected obstructive sleep apnea 1 (0.54%) 1 (0.39%) 0.050 0.822 0.822
Pneumonia 6, 3.2% 7 (2.7%) 0.087 0.768 0.822
Wheezing 6 (3.2%) 11 (4.3%) 0.343 0.558 0.822
Other 12 (6.5%) 18 (7.1%) 0.062 0.803 0.822

Cardiovascular
Chest pain 27 (15%) 50 (20%) 1.94 0.164 0.410
Hypotension 1 (0.54%) 2 (0.78%) 0.097 0.756 0.880
Hypertension 4 (2.1%) 5 (2.0%) 0.019 0.880 0.880
Palpitations 40 (22%) 36 (14%) 4.12 0.042 0.210
Other 8 (4.3%) 13 (5.1%) 0.151 0.698 0.880

FDR false discovery rate correction for multiple comparisons
*These variables were not included in the clustering algorithm but were examined to further characterize the identified cluster
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emergence of two symptom clusters from a sample of 441
patient assessments supports emerging evidence that PASC
may be more than one syndrome.9,18 Anaya demonstrated two
clusters,6 and our increased sample size and diversity offers
more insight by building on these characteristics. Other anal-
yses apply multiple logistic regression in pre-defined organ
system clusters,7 which have linear constraints in separating
sets of clusters.
The neuropsychiatric cluster had a higher prevalence of

neurological, psychiatric, and otolaryngological-related con-
cerns and a longer duration of symptoms prior to seeking
COVID-19 Recovery Clinic care, and these patients were
more often younger and female. Within this group, 100%
endorsed at least one neurological symptom and were signif-
icantly more likely to have neurological symptoms compared
to cluster 2 patients. Importantly, anxiety, depressed mood,
and insomnia were not significantly associated with other
cluster 1 symptoms (e.g., headache, memory loss, concentra-
tion problems). These results suggest that mood symptoms
alone are an insufficient sole explanation for PASC-related
neurological symptoms. Women more often endorse symp-
toms of mood disturbance compared to men, and there were
statistically more women in cluster 1. However, this repre-
sented only a 10% difference, so does not likely reflect a true
gender effect. Patients in cluster 1 were significantly younger,
on average, compared to patients in cluster 2. Previous studies,
including our own, have indicated a relationship between
younger age and increased PASC-related neuropsychiatric
symptoms.19,20 However, the age difference between the clus-
ters was only 3 years, on average, which is not likely clinically
relevant. Further research is required to determine the socio-
demographic and physiologic factors that contribute to PASC
symptom clusters.
COVID-19 Recovery Clinic care seekers in cluster 2

(pulmonary) are representative of higher comorbidity burdens
and seeking care for pulmonary symptoms persisting more
than a month after initial illness. Pulmonary sequelae clusters
have been previously discerned from self-reported symptom
report surveys but are constrained by overlapped distribution

across multiple clusters with pulmonary symptoms highlight-
ed in four of six time series clusters.21 Other cluster analysis
approaches have employed clustering self-reported symptoms
pre-defined by organ system to develop a pulmonary cluster.
In contrast to these approaches, our analysis relies on expert
clinician interviews and assessments to classify PASC, and
presents a distinct cluster set of persistent pulmonary
symptoms.
Cluster 2 patients did not endorse any neurologic symptoms

suggesting that this sample of patients was best separated by
neurologic symptoms. It is surprising that patients with higher
comorbidity and greater pulmonary symptom burden would
not have neurologic symptoms. It is possible that these symp-
toms had yet to develop in this subgroup given that they
sought care earlier than cluster 1 patients. Neurologic symp-
toms may also develop more insidiously than pulmonary
symptoms during post-COVID-19 recovery.22 It is also possi-
ble that cluster 2 patients were not reporting their neurologic
symptoms due to the prominence of pulmonary symptoms
which may have been more urgent at the time of consultation.
In a review of 197 brain autopsies of patients who succumbed
to SARS-CoV-2 illness, the most common finding was hyp-
oxic injury followed by ischemia, hemorrhage, and reactive
astrocytosis and gliosis.23 These are findings typical of sys-
temic inflammation. This suggests coexistence of neurologic
involvement related to hypoxia from pulmonary involvement
and systemic inflammatory factors to be present in many
patients even if they do not report neurologic symptoms.
Patients with significant respiratory distress may focus on
these symptoms primarily and not report on less dramatically
impairing struggles with cognitive performance and mood,
which may lead to underreporting of CNS symptoms depen-
dent on the depth of clinician questioning. Neurologic symp-
toms may then become more distressing as patients resume
normal activities. Further research is required to determine the
timeline of symptom development in PASC subgroups.
Understanding PASC is important to guiding investigations

into underlying pathophysiology tied to sites of inflammatory
pathways and/or evolving tissue damage,24 particularly in the

Figure 2 Correlation heatmap for cluster 1. Pairwise correlation coefficients shown for psychiatric symptoms and neurologic symptoms.
Psychiatric symptoms were not significantly associated with other cluster 1 symptoms. Color map represents correlation coefficients, which are

also displayed within the heatmap grids.
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context of myocardial inflammation and neurological sequel-
ae.25 Mechanisms of cognitive impairment attributed to PASC
could be tied to infectious, toxic, vascular, and/or metabolic
pathways.25 A strength of this study is that patients seeking
care at different intervals after initial onset are included. This
reflects important pragmatic pattern-based insights, to offer
overarching symptom clusters that are not tied to a traditional
3- or 6-month follow-up endpoint in epidemiologic research
designs. The data also reflects direct patient-provider interac-
tions and assessments conducted via telemedicine and does
not rely on survey completion by a convenience sample.
Furthermore, data collected were elicited by real-time report-
ing and recording of persistent sequelae at the time of the clinic
visit, which minimizes retrospective recall bias present in
other studies. Consequently, our approach represents a high
fidelity of data collection with more homogenous groups
compared with other cluster analysis reports including
diagnostic/antibody negative or untested self-report
participants.5

Limitations

There are limitations inherent to the design and data drawn
from a single integrated health system. First, we may be
underpowered and not be able to discern whether there are
additional clusters or other differences between clusters in
persistent sequelae (e.g., differences associated with self-
reported cognitive dysfunction/brain fog, patients reporting
that they are unable to return to work due to PASC symptoms).
Future research to perform cross-validation with independent
data from other COVID-19 recovery clinics is needed. Sec-
ond, given that “other” neuropsychiatric sequelae were among
the largest effects, the classification of persistent sequelae
might not be sufficiently consistent. Persistent sequelae were
drawn from patient responses to standard-of-care telehealth-
enabled assessments performed by expert clinicians using a
semi-structured interview guide, and standardized cognitive
assessments and inventories were not performed. However,
the interactive standard-of-care comprehensive interviews
allowed for expertise-informed symptom assessment and were
not confined to a self-report checklist of symptoms, which
contributes to a more nuanced analysis of symptoms in this
analysis. Third, we are unable to predict which sequelae will
be persistent after severe illness or delineate differences related
to vaccination status. However, an advantage of this dataset is
that it represents the full continuum of care seekers and is not
restricted to vaccination status or severe disease. Some hy-
potheses regarding persistent COVID-19 morbidity include
speculation that brain injury could explain some neuropsychi-
atric sequelae,26 so neuroimaging and other diagnostic evalua-
tion may be needed as a pathway to advancing knowledge
around underlying pathophysiology to further understand phe-
notypes associated with symptom clusters. However, routine
clinical neuroimaging may be insufficiently sensitive to assess
for subtle evidence of prolonged COVID-19 symptoms.

CONCLUSION

Health services clinic data from a large integrated health system
offers insights into the PASC symptoms associated with care
seeking for persistent sequelae that are not adequately managed
by usual care pathways (self-management at home and/or pri-
mary care clinic visits). Insights into the epidemiologic preva-
lence of sequelae are important for establishing the character-
istics of the illness caused by SARS-CoV-2 virus. Of critical
importance to clinicians and administrators are insights into the
prevalence of persistent symptoms that are not only present, but
which persist to such a degree as to prompt patients to access
clinical services for COVID-19 recovery and rehabilitation.
Globally endorsed definitions of COVID-associated illness have
been developed with an explicit intent of evolving as epidemi-
ologic and health services research insights advance knowledge
on prevalence, risk factors, and outcomes.4 Pairing comprehen-
sive epidemiologic data with real-world care-seeking behaviors
of patients experiencing PASC delivers a balanced view for
policymakers on incidence/prevalence (epidemiologic data)
and healthcare utilization (health services clinic data) to inform
resource allocation, tailor recovery and rehabilitation program
design and implementation, and inform clinical trial designs and
prioritizations. Epidemiologic research on prevalence, risk fac-
tors, and outcomes is important to public health and health
services administration, as are parallel investigations cultivating
machine learning–enabled pragmatic insights discerned from
COVID-19 Recovery Clinic care seekers to highlight the clus-
ters of symptoms that matter most to patients.
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