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Abstract

Importance

The frequency and characteristics of post-acute sequelae of SARS-CoV-2 infection (PASC)
may vary by SARS-CoV-2 variant.

Objective

To characterize PASC-related conditions among individuals likely infected by the ancestral
strain in 2020 and individuals likely infected by the Delta variant in 2021.

Design

Retrospective cohort study of electronic medical record data for approximately 27 million
patients from March 1, 2020-November 30, 2021.

Setting

Healthcare facilities in New York and Florida.

Participants

Patients who were at least 20 years old and had diagnosis codes that included at least one
SARS-CoV-2 viral test during the study period.
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Exposure

Laboratory-confirmed COVID-19 infection, classified by the most common variant prevalent
in those regions at the time.

Main outcome(s) and measure(s)

Relative risk (estimated by adjusted hazard ratio [aHR]) and absolute risk difference (esti-
mated by adjusted excess burden) of new conditions, defined as new documentation of
symptoms or diagnoses, in persons between 31—180 days after a positive COVID-19 test
compared to persons without a COVID-19 test or diagnosis during the 31—180 days after
the last negative test.

Results

We analyzed data from 560,752 patients. The median age was 57 years; 60.3% were
female, 20.0% non-Hispanic Black, and 19.6% Hispanic. During the study period, 57,616
patients had a positive SARS-CoV-2 test; 503,136 did not. For infections during the ances-
tral strain period, pulmonary fibrosis, edema (excess fluid), and inflammation had the largest
aHR, comparing those with a positive test to those without a COVID-19 test or diagnosis
(aHR 2.32 [95% Cl1 2.09 2.57]), and dyspnea (shortness of breath) carried the largest excess
burden (47.6 more cases per 1,000 persons). For infections during the Delta period, pulmo-
nary embolism had the largest aHR comparing those with a positive test to a negative test
(aHR 2.18 [95% CI 1.57, 3.01]), and abdominal pain carried the largest excess burden (85.3
more cases per 1,000 persons).

Conclusions and relevance

We documented a substantial relative risk of pulmonary embolism and a large absolute risk
difference of abdomen-related symptoms after SARS-CoV-2 infection during the Delta vari-
ant period. As new SARS-CoV-2 variants emerge, researchers and clinicians should moni-
tor patients for changing symptoms and conditions that develop after infection.

Background

SARS-CoV-2 virus may cause persistent symptoms, exacerbations of existing conditions, or
onset of new diseases in the weeks to months after initial infection [1]. These symptoms and
conditions are generally referred to as “post-acute sequelae of SARS-CoV-2 infection” (PASC)
in the medical literature and “long COVID” in the lay press, and defined as ongoing, relapsing,
or new symptoms, or other health effects occurring after the acute phase of SARS-CoV-2 infec-
tion (i.e., present four or more weeks after the acute infection). Studies have produced
markedly varying estimates of PASC, which may be due to differences in methods or due to
true differences in the populations studied, severity of illness, viral genotype, or dose of virus
that caused infection. One meta-analysis estimated that, globally, 49% of people report persis-
tent symptoms 120 days after infection with an increased frequency in persons who are female
or required hospitalization [2].

Since the emergence of SARS-CoV-2 in 2019, mutations in the viral nucleic acid sequence
have changed the transmissibility, virulence, and immunogenicity of the virus [3]. The World
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Health Organization (WHO) determines whether a new genotype has phenotypic characteris-
tics that impact public health sufficiently to be classified as a variant of concern (VOC). In
2020, the US experienced a COVID-19 “wave” (generally considered a marked increase in
infections, hospitalizations, and deaths) due to the ancestral strain and subsequent waves at
the end of 2020 due to a mix of the ancestral strain and the alpha variant, then again in 2021
due to the Delta variant. Analyses suggest the Delta variant was more transmissible than the
ancestral strain, but not necessarily more likely to cause severe illness and death [4].

PASC may result from some combination of persistent viral infection, an exaggerated
immune response to initial infection, and tissue damage from the combination of initial infec-
tion and immune response [5]. It is, therefore, possible that the frequency or characteristics of
PASC may vary depending on infection with different VOCs.

We analyzed data from a large database of electronic health records (EHR) in the United
States to evaluate differences in PASC among those infected during the COVID-19 wave
caused by the ancestral lineage in 2020 and those infected during the COVID-19 wave caused
by the Delta variant in 2021.

Methods

Cohort enrollment and follow-up

We conducted a retrospective cohort study of approximately 27 million people receiving medi-
cal care in New York and Florida in the United States from March 1, 2020, to November 30,
2021. Patient records were obtained from two large clinical research networks within PCOR-
net, the National Patient Centered Clinical Research Network [6]: INSIGHT, which contains
records from approximately 12 million persons who received services across five health sys-
tems (Albert Einstein School of Medicine/Montefiore Medical Center, Columbia University
and Weill Cornell Medicine/New York-Presbyterian Hospital, Icahn School of Medicine/
Mount Sinai Health System, and New York University School of Medicine/Langone Medical
Center) in the New York City (NYC) metropolitan area [7], and OneFlorida+, which contains
records from approximately 15 million persons receiving services across 13 health systems
(University of Florida and UF Health, Florida State University, University of Miami and
UHealth, Orlando Health System, AdventHealth, Tallahassee Memorial HealthCare, Tampa
General Hospital, Bond Community Health Center Inc., Nicklaus Children’s Hospital, Com-
munityHealth IT, University of South Florida and USF Health, University of Alabama at Bir-
mingham, Emory University) in Florida [8]. Data elements from these databases are
maintained on the PCORnet Common Data Model and mapped to the Observational Medical
Outcomes Partnership Common Data Model for interoperability. Both networks receive data
monthly from each in-network facility and create an integrated dataset of all encounters, diag-
noses, procedures, medications, vitals, and social history.

In this analysis, patients were included if they were at least 20 years old and had at least one
diagnosis code during a baseline period, and the follow-up period included at least one SARS--
CoV-2 viral diagnostic test (antigen or molecular). The baseline period was defined as three
years to seven days before the date of the first documented positive or negative SARS-CoV-2
test (referred to as the index date) for the infected group or the negative group, respectively.
We required that patients in the negative group had all negative SARS-CoV-2 viral diagnostic
tests and no COVID-19-related diagnoses. Requiring that patients had a least one diagnosis
during this baseline period helped ensure that they were connected to the healthcare system
and could have been diagnosed during baseline for relevant symptoms and conditions. The
baseline period was defined as 3 years to 1 week before lab-confirmed SARS-CoV-2 infection
and the follow-up period was defined as 31 to 180 days after the index date.
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COVID-19 Variants

Our dataset did not include data about the genotype of the virus that infected each person with
COVID-19. Instead, we defined the beginning and end of each variant wave using COVID-19
test data from the networks [S1 Fig] and assumed that all infections occurring during those
waves were attributable to the most common genotype prevalent in those regions at the time
according to data from CDC [9]. We defined the ancestral strain period as March 1 -Septem-
ber 30, 2020, and the Delta variant period as June 1-November 30, 2021. For this analysis, we
did not analyze the winter 2020-2021 period, because multiple genotypes were circulating
[10].

Data analysis

We investigated the following likely PASC categories based on prior analyses, including ane-
mia, thromboembolism, pulmonary embolism, dementia, pulmonary fibrosis, edema, and
inflammation, pressure ulcer, diabetes mellitus, malnutrition, fluid disorders, encephalopathy,
abnormal heartbeat, chest pain, abdominal pain, constipation, joint pain, cognitive problems,
headache, sleep disorders, dyspnea, acute pharyngitis, hair loss, edema, fever, malaise and
fatigue [11]. In addition, we used ICD-10 diagnostic codes B948 (sequelae of other specified
infectious and parasitic diseases) and U099 (post-COVID-19 condition, unspecified) to cap-
ture general or unspecified PASC conditions. Each condition was defined based on the Clinical
Classifications Software Refined (CCSR) v2022.1. Codes that could not be attributed to
COVID-19 were removed by clinicians.

We analyzed the risks of newly incident conditions, defined as new documentation of the
above-mentioned PASC categories in the follow-up period that were not present in the base-
line period. Specifically, we compared adjusted hazard ratios (aHR) and adjusted excess bur-
dens of these events occurring 31-180 days after the index date, namely the follow-up period,
between the SARS-CoV-2 positive group and the negative group. For each potential PASC
condition, aHR was estimated by a Cox proportional hazard model, and the excess burden was
defined as the difference in cumulative incidence per 1,000 patients in the positive group and
negative group over the follow-up period. For example, an excess burden of 40 for symptom X
indicates there were 40 more people per 1,000 with symptom X after COVID-19 infection
compared with people not infected with COVID-19. We estimated cumulative incidence by
the Aalen-Johansen model [12] considering death to be a competing risk for target outcomes.
We adjusted for a wide range of baseline covariates by stabilized inverse propensity score re-
weighting [13]. The standardized mean difference (SMD) was used to quantify the goodness-
of-balance of covariates after reweighting. We considered SMD < 0.1 as being balanced in
terms of each covariate and required all covariates to be balanced after re-weighting.

Both the aHR and excess burden calculations used the same covariates for adjustment. We
summarized the baseline covariates in Table 1 and have included detailed descriptions in our
previous studies [14, 17]. Briefly speaking, the baseline covariates included age, gender, race,
ethnicity, and additional factors described here. The national-level area deprivation index
(ADI) was used to assess the socioeconomic disadvantage of patients [15]. We imputed a miss-
ing ADI value with median ADI per site. Healthcare utilization was measured as the number
of inpatient, outpatient, and emergency encounters (0, 1-2, 3—4, 5 or more visits for each
encounter type). The Body Mass Index (BMI) was categorized according to WHO guidelines.
We adopted a tailored list of the Elixhauser comorbidities and related drug categories (e.g.,
corticosteroid and immunosuppressant prescriptions) to capture comorbidities [16]. Patients
were defined as having comorbidity if they had at least two corresponding diagnoses
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Table 1. Population characteristics of the lab-confirmed SARS-CoV-2 positive patients (cases) and SARS-CoV-2 negative patients (control) for the entire study
period (March 2020 to November 2021), ancestral strain period (March 2020 to September 2020), and Delta variant period (June 2021 to November 2021).

Entire Study Period Ancestral Strain Period Delta Period
Characteristics Cases Control Cases Control Cases Control
N 57,616 503,136 19,943 215,842 8,097 52,717
Median age (IQR)—yrs 53 (36-66) 57 (40-69) 53 (36-66) 57 (41-69) 48 (33-63) 57 (40-70)
Age group—no. (%)
20-<40 years 17,035 (29.6) 119,689 (23.8) 5,928 (29.7) 50,855 (23.6) 2,972 (36.7) 13,119 (24.9)
40-<55 years 13,448 (23.3) 107,868 (21.4) 4,680 (23.5) 46,058 (21.3) 2,003 (24.7) 10,579 (20.1)
55-<65 years 11,001 (19.1) 103,503 (20.6) 3,832 (19.2) 45,262 (21.0) 1,380 (17.0) 10,219 (19.4)
65-<75 years 8,641 (15.0) 97,461 (19.4) 2,957 (14.8) 41,961 (19.4) 997 (12.3) 9,993 (19.0)
75+ years 7,491 (13.0) 74,615 (14.8) 2,546 (12.8) 31,706 (14.7) 745 (9.2) 8,807 (16.7)
Sex—no. (%)
Female 34,690 (60.2) 303,693 (60.4) 11,907 (59.7) 129,090 (59.8) 5,126 (63.3) 32,304 (61.3)
Male 22,921 (39.8) 199,394 (39.6) 8,034 (40.3) 86,732 (40.2) 2,970 (36.7) 20,408 (38.7)
Race—no. (%)
Asian 2,011 (3.5) 20,351 (4.0) 771 (3.9) 9,470 (4.4) 123 (1.5) 1,795 (3.4)
Black 14,295 (24.8) 97,662 (19.4) 5,589 (28.0) 40,850 (18.9) 2,253 (27.8) 11,049 (21.0)
White 23,631 (41.0) 245,033 (48.7) 7,036 (35.3) 107,251 (49.7) 4,143 (51.2) 26,341 (50.0)
Other 13,574 (23.6) 99,544 (19.8) 5,124 (25.7) 42,773 (19.8) 1,237 (15.3) 9,307 (17.7)
Missing 4,105 (7.1) 40,546 (8.1) 1,423 (7.1) 15,498 (7.2) 341 (4.2) 4,225 (8.0)
Ethnic group—no. (%)
Hispanic: Yes 15,158 (26.3) 95,006 (18.9) 5,482 (27.5) 38,199 (17.7) 1,701 (21.0) 10,221 (19.4)
Hispanic: No 35,636 (61.9) 336,494 (66.9) 12,152 (60.9) 149,272 (69.2) 5,506 (68.0) 34,280 (65.0)
Hispanic: Other/Missing 6,822 (11.8) 71,636 (14.2) 2,309 (11.6) 28,371 (13.1) 890 (11.0) 8,216 (15.6)
Median area deprivation index (IQR)—rank 25 (12-53) 24 (10-48) 25 (12-52) 24 (10-48) 50 (27-70) 30 (15-58)
Follow-up days (IQR) 246 (133-386) 263 (136-394) 471 (317-539) 403 (255-479) 92 (59-128) 86 (57-121)
Death in follow-up (%) 724 (1.3) 4,676 (0.9) 275 (1.4) 2,665 (1.2) 102 (1.3) 380 (0.7)
No. of hospital visits in the past 3 yrs—no. (%)
Inpatient 0 38,555 (66.9) 391,264 (77.8) 13,543 (67.9) 156,773 (72.6) 4,927 (60.8) 43,269 (82.1)
Inpatient 1-2 11,419 (19.8) 70,955 (14.1) 3,704 (18.6) 35,211 (16.3) 1,741 (21.5) 6,672 (12.7)
Inpatient >=3 7,642 (13.3) 40,917 (8.1) 2,696 (13.5) 23,858 (11.1) 1,429 (17.6) 2,776 (5.3)
Outpatient 0 5,327 (9.2) 28,119 (5.6) 1,829 (9.2) 11,857 (5.5) 1,249 (15.4) 3,846 (7.3)
Outpatient 1-2 5,944 (10.3) 50,669 (10.1) 2,263 (11.3) 22,269 (10.3) 849 (10.5) 4,909 (9.3)
Outpatient >=3 46,345 (80.4) 424,348 (84.3) 15,851 (79.5) 181,716 (84.2) 5,999 (74.1) 43,962 (83.4)
Emergency 0 29,234 (50.7) 335,023 (66.6) 10,174 (51.0) 139,775 (64.8) 3,279 (40.5) 34,423 (65.3)
Emergency 1-2 14,669 (25.5) 97,067 (19.3) 4,959 (24.9) 41,575 (19.3) 2,050 (25.3) 11,031 (20.9)
Emergency >= 3 13,713 (23.8) 71,046 (14.1) 4,810 (24.1) 34,492 (16.0) 2,768 (34.2) 7,263 (13.8)
BMI (IQR) 28 (23-33) 26 (21-31) 27 (23-33) 26 (21-31) 29 (24-34) 26 (20-31)
BMI: <18.5 under weight 6,848 (11.9) 93,344 (18.6) 2,425 (12.2) 35,439 (16.4) 537 (6.6) 11,013 (20.9)
BMI: 18.5-<25 normal weight 10,304 (17.9) 103,463 (20.6) 3,586 (18.0) 46,361 (21.5) 1,405 (17.4) 10,271 (19.5)
BMI: 25-<30 overweight 12,936 (22.5) 116,673 (23.2) 4,376 (21.9) 50,686 (23.5) 1,794 (22.2) 11,924 (22.6)
BMI: >= 30 obese 18,248 (31.7) 137,366 (27.3) 6,224 (31.2) 58,810 (27.2) 2,826 (34.9) 14,672 (27.8)
BMI: missing 9,280 (16.1) 52,290 (10.4) 3,332 (16.7) 24,546 (11.4) 1,535 (19.0) 4,837 (9.2)
Pre-existing conditions—no. (%)
Alcohol Abuse 1,741 (3.0) 15,236 (3.0) 602 (3.0) 7,547 (3.5) 284 (3.5) 1,480 (2.8)
Anemia 8,933 (15.5) 53,673 (10.7) 3,188 (16.0) 26,112 (12.1) 1,369 (16.9) 5,314 (10.1)
Arrythmia 8,425 (14.6) 57,916 (11.5) 3,075 (15.4) 28,058 (13.0) 1,042 (12.9) 5,782 (11.0)
Asthma 6,546 (11.4) 39,531 (7.9) 2,115 (10.6) 17,885 (8.3) 1,000 (12.4) 3,888 (7.4)

(Continued)
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Table 1. (Continued)

Entire Study Period Ancestral Strain Period Delta Period
Characteristics Cases Control Cases Control Cases Control
Autism 136 (0.2) 866 (0.2) 58 (0.3) 359 (0.2) 23(0.3) 104 (0.2)
Cancer 5,584 (9.7) 58,310 (11.6) 1,981 (9.9) 29,302 (13.6) 691 (8.5) 5,646 (10.7)
Chronic Kidney Disease 8,383 (14.5) 47,376 (9.4) 3,016 (15.1) 22,614 (10.5) 1,086 (13.4) 5,209 (9.9)
Chronic Pulmonary Disorders 10,644 (18.5) 70,105 (13.9) 3,535 (17.7) 33,185 (15.4) 1,596 (19.7) 6,760 (12.8)
Cirrhosis 950 (1.6) 7,953 (1.6) 295 (1.5) 3,958 (1.8) 147 (1.8) 804 (1.5)
Coagulopathy 3,652 (6.3) 17,039 (3.4) 1,319 (6.6) 8,880 (4.1) 466 (5.8) 1,595 (3.0)
Congestive Heart Failure 6,602 (11.5) 42,007 (8.3) 2,310 (11.6) 20,811 (9.6) 944 (11.7) 4,322 (8.2)
COPD 3,326 (5.8) 23,118 (4.6) 1,180 (5.9) 12,019 (5.6) 478 (5.9) 2,058 (3.9)
Coronary Artery Disease 7,400 (12.8) 52,920 (10.5) 2,522 (12.6) 25,232 (11.7) 919 (11.3) 5,296 (10.0)
Cystic Fibrosis 29 (0.1) 307 (0.1) 4(0.0) 174 (0.1) 9(0.1) 24 (0.0)
Dementia 2,313 (4.0) 9,430 (1.9) 997 (5.0) 4,526 (2.1) 205 (2.5) 970 (1.8)
Diabetes Type 1 829 (1.4) 4,676 (0.9) 291 (1.5) 2,241 (1.0) 132 (1.6) 440 (0.8)
Diabetes Type 2 13,004 (22.6) 77,745 (15.5) 4,694 (23.5) 34,920 (16.2) 1,635 (20.2) 8,376 (15.9)
Down’s Syndrome 65 (0.1) 251 (0.0) 30(0.2) 94 (0.0) 14 (0.2) 28 (0.1)
End Stage Renal Disease on Dialysis 2,468 (4.3) 10,795 (2.1) 1,012 (5.1) 5,611 (2.6) 320 (4.0) 1,089 (2.1)
Hemiplegia 785 (1.4) 4,292 (0.9) 313 (1.6) 2,216 (1.0) 86 (1.1) 385 (0.7)
HIV 774 (1.3) 7,074 (1.4) 278 (1.4) 3,060 (1.4) 95 (1.2) 695 (1.3)
Hypertension 23,650 (41.0) 169,604 (33.7) 8,041 (40.3) 75,509 (35.0) 3,226 (39.8) 18,288 (34.7)
Inflammatory Bowel Disorder 618 (1.1) 7,693 (1.5) 199 (1.0) 3,602 (1.7) 100 (1.2) 655 (1.2)
Lupus or Systemic Lupus Erythematosus 547 (0.9) 3,430 (0.7) 157 (0.8) 1,617 (0.7) 96 (1.2) 346 (0.7)
Mental Health Disorders 7,665 (13.3) 54,170 (10.8) 2,615 (13.1) 25,421 (11.8) 1,252 (15.5) 5,724 (10.9)
Multiple Sclerosis 296 (0.5) 2,003 (0.4) 71 (0.4) 960 (0.4) 45 (0.6) 198 (0.4)
Other Substance Abuse 4,919 (8.5) 45,367 (9.0) 1,509 (7.6) 21,651 (10.0) 1,109 (13.7) 4,850 (9.2)
Parkinson’s Disease 365 (0.6) 3,347 (0.7) 141 (0.7) 1,474 (0.7) 33(0.4) 411 (0.8)
Peripheral vascular disorders 4,257 (7.4) 30,330 (6.0) 1,521 (7.6) 14,727 (6.8) 527 (6.5) 3,076 (5.8)
Pregnant 3,112 (5.4) 26,072 (5.2) 1,085 (5.4) 10,982 (5.1) 678 (8.4) 3,432 (6.5)
Pulmonary Circulation Disorder 2,272 (3.9) 11,967 (2.4) 796 (4.0) 6,341 (2.9) 329 (4.1) 1,110 (2.1)
Rheumatoid Arthritis 997 (1.7) 6,870 (1.4) 347 (1.7) 3,176 (1.5) 131 (1.6) 666 (1.3)
Seizure/Epilepsy 1,585 (2.8) 9,720 (1.9) 628 (3.1) 4,814 (2.2) 244 (3.0) 974 (1.8)
Severe Obesity (BMI>= 40 kg/m2) 5,298 (9.2) 31,619 (6.3) 1,803 (9.0) 13,859 (6.4) 882 (10.9) 3,477 (6.6)
Sickle Cell 482 (0.8) 2,644 (0.5) 164 (0.8) 1,248 (0.6) 90 (1.1) 299 (0.6)
Weight Loss 2,728 (4.7) 14,932 (3.0) 985 (4.9) 8,111 (3.8) 385 (4.8) 1,283 (2.4)
Corticosteroids Drugs 9,252 (16.1) 56,698 (11.3) 3,076 (15.4) 27,730 (12.8) 1,467 (18.1) 5,271 (10.0)
Immunosuppressant Drugs 3,123 (5.4) 18,042 (3.6) 1,054 (5.3) 8,888 (4.1) 432 (5.3) 1,713 (3.2)

a. The lab-confirmed SARS-CoV-2 positive and negative patients were identified by polymerase chain reaction (PCR) test or antigen test. Negative patients were further

required no documented COVID-19 related diagnoses at any time. IQR denotes inter-quartile range. Percentage may not sum up to 100 because of rounding.

c. Coexisting conditions existed if two records in the 3-years prior to index event. See detailed phenotyping codes in the appendix. SLE: Systemic Lupus Erythematosus;

COPD: Chronic obstructive pulmonary disease.

https://doi.org/10.1371/journal.pone.0282451.t001

documented during the baseline period. The clinical features were collected during the base-
line period, namely 3 years to 1 week before lab-confirmed SARS-CoV-2 infection.

We reported PASC conditions if they had: adjusted hazard ratio > 1; P-value <3.6 x 10~*
(corrected by the Bonferroni method to control for false discovery) in multiple test settings;
and at least 100 patients with the condition. We reported adjusted hazard ratios with a 95%
confidence interval. We used Python 3.9, python package lifelines-0.2666 for survival analysis,
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and scikit-learn-0.2318 for machine learning models. The code is available at https://github.
com/calvin-zcx/pasc_phenotype.

Ethical review

The use of the INSIGHT data was approved by the Institutional Review Board (IRB) of Weill
Cornell Medicine following NIH protocol 21-10-95-380 with protocol title: Adult PCORnet-
PASC Response to the Proposed Revised Milestones for the PASC EHR/ORWD Teams
(RECOVER). The use of the OneFlorida+ data for this study was approved under the Univer-
sity of Florida IRB number IRB202001831. The IRBs waived informed consent for this obser-
vational cohort study that involves a limited, but not de-identified, data set.

Results
Demographics

Our final dataset included data from 560,752 patients [Fig 1]. The median age of patients was
57 years (interquartile range [IQR] 40-69), and 338,383 (60.3%) were female [Table 1].
According to EHR data, 268,664 (47.9%) patients identified as non-Hispanic white, 111,957
(20.0%) identified as non-Hispanic Black, 110,164 (19.6%) identified as Hispanic, 22,362
(4.0%) identified as Asian/Pacific Islander, and 44,651 (8.0%) had missing race and ethnicity.
The median Body Mass Index (BMI) was 26 (IQR 21, 32).

For the overall study period, 57,616 patients had a positive molecular or antigen test (99.8%
were molecular) for SARS-CoV-2 (19,943 during the ancestral strain period, 8,097 during
Delta variant period, 29,576 outside of these two periods), and 503,136 did not (215,842 during
ancestral strain period, 52,717 during Delta variant period, 234,577 outside of these two peri-
ods). We observed that cases in the Delta variant period had a median age of 48 (IQR 33, 63),
and cases in the ancestral strain period had a median age of 53 ([IQR 36, 66]). The proportion
of female cases in the Delta variant period was 63.3% compared with 59.7% in the ancestral
strain period.

Further information about co-morbid conditions of both cases and controls over the differ-
ent periods is in Table 1.

PASC associated with ancestral strain period

We found an increased risk of multiple symptoms and conditions from ancestral strain infec-
tions. As shown in Fig 2, the largest adjusted hazard ratios, comparing patients with positive
vs. negative were for: pulmonary fibrosis, edema, and inflammation (2.32 [95% CI 2.09 2.57]),
hair loss (2.10[95% CI 1.74 2.52]), pressure ulcers (1.98 [95% CI 1.69 2.32]), pulmonary embo-
lism (1.65 [95% CI 1.36 2.99]), dyspnea (1.58 [95% CI 1.45 1.69]), dementia (1.50 [95% CI 1.28
1.74]). As shown in Fig 3, the largest excess burdens were for: dyspnea (47.6 more cases per
1000 persons), pulmonary fibrosis, edema, and inflammation (21.5), malaise and fatigue
(18.2), edema (17.6), chest pain (16.9), abnormal heartbeat (15.4), cognitive problems (12.8),
and joint pain (11.5).

PASC associated with Delta variant period

The spectrum of PASC-related symptoms and conditions from Delta infections varied from
ancestral strain infections. For the Delta variant period, the largest adjusted hazard ratios,
comparing patients with positive vs. negative tests [Fig 2] were for: pulmonary embolism (2.18
[95% CI 1.57 3.01]), hair loss (2.07 [95% CI 1.31 3.27]), pulmonary fibrosis, edema, and
inflammation (1.99 [95% CI 1.54 2.57]), pressure ulcers (1.64 [95% CI 1.15 2.35]), acute
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Fig 1. Patients included from both the INSIGHT and OneFlorida+, March 2020 to November 2021. The post-acute sequelae of SARS-CoV-2
infection (PASC) outcomes were ascertained from day 30 after the SARS-CoV-2 infection (index date) and the adjusted risk was computed 180 days

after the index date.

https://doi.org/10.1371/journal.pone.0282451.g001
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Fig 2. Adjusted hazard ratios of likely incident PASC conditions in all time (March 2020 to November 2021)
versus ancestral strain period (March 2020 to September 2020) versus Delta variant period (June 2021 to

November 2021). Sequelae outcomes were ascertained from day 30 after the SARS-CoV-2 infection and the adjusted
hazard ratio was computed at 180 days after the SARS-CoV-2 infection. The color panels from top to bottom represent
different organ systems, including the nervous system or mental disorders, skin, respiratory system, circulatory system,

blood, endocrine and metabolic, digestive system, and other signs.

https://doi.org/10.1371/journal.pone.0282451.9002
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Fig 3. Adjusted excess burden per 1,000 patients of potential incident PASC conditions for the entire study period
(March 2020-November 2021), ancestral strain period (March 2020-September 2020), and Delta variant period
(June 2021-November 2021). The excess burdens were represented by a heatmap with deeper colors representing
more significant burdens. The color panels from top to bottom represent different organ systems, including the
nervous system or mental disorders, skin, respiratory system, circulatory system, blood, endocrine and metabolic,
digestive system, and other signs.

https://doi.org/10.1371/journal.pone.0282451.g003
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pharyngitis (1.64 [95% CI 1.31 2.05]), chest pain (1.43 [95% CI 1.21 1.69]). As shown in Fig 3,
the largest excess burdens were for: abdominal pain (85.3 more cases per 1000 persons), dys-
pnea (84.8), chest pain (70.7), joint pain (68.4), anemia (48.9), headache (37.2), acute pharyngi-
tis (36.0), malaise and fatigue (34.3), dementia (25.8), pulmonary fibrosis, edema, and
inflammation (21.0), and edema (18.8).

Similar patterns were observed in the region-specified sensitivity analyses as shown in S2
Fig and S1 Table.

Discussion

In this study of more than half a million patients, we documented an increased burden of
abdomen-related conditions during the Delta variant period and a substantial burden of post-
acute pulmonary-related conditions in people infected with COVID-19 during both the ances-
tral strain and Delta variant periods.

Our statistical approach considered both the relative risk of a new condition, expressed as a
hazard ratio, and the risk difference, expressed as an excess burden. The risk difference pro-
vides a measure of public health impact because it estimates how much each symptom or con-
dition could potentially be reduced if patients had not been infected with COVID-19 ancestral
or Delta variants. We estimate that, for every 1,000 patients, there were an additional 85 per-
sons with abdominal pain after Delta variant infection than in those without documentation of
Delta variant infection. The excess burden was, notably, not found during the ancestral strain
period. Since the beginning of the pandemic, clinicians have noted that patients may present
with pronounced gastrointestinal symptoms, possibly due to direct infection, alteration of the
gut microbiome, or enhanced immune response [17, 18]. Whether these same mechanisms
explain post-acute sequelae is unclear. Further research is needed to understand the long-term
prognosis of PASC-related abdominal pain and to quantify its excess burden, given that inter-
national experts did not include gastrointestinal conditions in its core outcome set for evaluat-
ing patients [19].

The excess burden of pulmonary-related conditions was large and markedly increased for
the Delta variant period. We found a 78% increase in post-acute dyspnea from the ancestral
strain to Delta variant periods (47.6 additional persons vs. 84.8 additional persons), even
though the excess burden of diagnosed conditions that could explain dyspnea (pulmonary
fibrosis, edema, and inflammation) was similar (21.5 vs. 21.0) during both periods. We do not
know whether the increase in burden during the Delta variant period represents a specific
change in the virus or some other factor, such as the types of persons infected, the dose, dura-
tion, or route of exposure, or increased awareness and documentation by providers. In the
absence of hypoxemia, no current treatment exists for persistent dyspnea, although novel strat-
egies to help patients, such as breathlessness training, are being evaluated [20]. Notably, the
largest relative risk was associated with pulmonary embolism, a well-documented COVID-19
complication that could also cause persistent dyspnea [21].

Our study is subject to important limitations. First, we may have misclassified patients as
not infected with COVID-19, because a test was never performed or not recorded in the in-
network facilities. This may have been more likely during the follow-up of the post-Delta
wave, as the follow-up period overlapped with the increasing availability of home testing. Such
misclassification would likely lead us to underestimate the prevalence and relative risk of
PASC, particularly during the first wave when diagnostic testing was less widely available. It is
also possible that persons who did not test positive had other infections, which could produce
illnesses similar to PASC [22]. Further misclassification could have occurred, because we
assumed all infections during a wave were attributable to the most prevalent variant circulating
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at that time or because patients suffered viral or bacterial co-infections at the same time as
COVID-19 [23-26]. Second, we were not able to obtain vaccination information, which is
important for further research given our finding that the burden of PASC was high during the
Delta wave, despite the widespread availability of vaccines at that time [27]. Third, the number
of cases during the Delta variant period was substantially higher in Florida (S1 Fig and S1
Table), and, for several conditions, the magnitude of excess burden varied between NY and
Florida (S2 Fig), but our major conclusions still hold. Fourth, while we adjusted for many char-
acteristics, other unmeasured factors or missing values (e.g., missing ADI value, smoking sta-
tus, etc.) could explain differences. We examined PASC in patients who were still alive beyond
their acute infection period, namely alive beyond 30 days, and we modeled death in the follow-
up period (Table 1) as a competing risk in our analyses. However, different mortality rates in
different periods might also contribute to the observed PASC differences. Finally, some condi-
tions, such as pressure ulcers, may be attributable to prolonged hospitalization, rather than
infection itself.

In conclusion, we found that conditions associated with PASC vary by viral variant. As the
virus continues to evolve new variants rapidly, researchers and clinicians need to monitor for
changing symptoms and conditions associated with COVID-19 infection. From the perspective
of patients, physicians need to be aware that PASC may present differently in the future as new
variants emerge and that treatment efficacy may vary by the variant that initially caused PASC.

Supporting information

S1 Fig. Lab-confirmed new SARS-CoV-2 cases per 10,000 patients with different variants
of concerns in the INSIGHT and OneFlorida+ cohorts.
(TIFF)

S2 Fig. Adjusted excess burdens per 1,000 patients of potential incident PASC conditions
in all time (March 2020 to November 2021) versus ancestral strain period (March 2020 to
September 2020) versus Delta variant period (June 2021 to November 2021), stratified by
different regions (NYC vs. Florida). The sequelae outcomes were ascertained from day 30
after the SARS-CoV-2 infection and the adjusted hazard ratio were computed 180 days after
the SARS-CoV-2 infection.

(TIFF)

S1 Table. Number of patients in all time (March 2020 to November 2021) versus ancestral
strain period (March 2020 to September 2020) versus Delta variant period (June 2021 to
November 2021), stratified by different regions, NYC Insight vs. Florida OneFlorida.
(DOCX)
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