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Abstract:

Although the COVID-19 pandemic has persisted for over 2 years, reinfections with SARS-CoV-2
are not well understood. We use the electronic health record (EHR)-based study cohort from the
National COVID Cohort Collaborative (N3C) as part of the NIH Researching COVID to Enhance
Recovery (RECOVER) Initiative to characterize reinfection, understand development of Long
COVID after reinfection, and compare severity of reinfection with initial infection. We validate
previous findings of reinfection incidence (5.9%), the occurrence of most reinfections during the
Omicron epoch, and evidence of multiple reinfections. We present novel findings that Long
COVID diagnoses occur closer to the index date for infection or reinfection in the Omicron BA
epoch. We report lower albumin levels leading up to reinfection and a statistically significant
association of severity between first infection and reinfection (chi-squared value: 9446.2,
p-value: 0) with a medium effect size (Cramer’s V: 0.18, DoF = 4).

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.
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INTRODUCTION

Throughout the COVID-19 pandemic, hundreds of millions of SARS-CoV-2 cases have been
confirmed worldwide.' However, an infection with SARS-CoV-2 does not confer lasting immunity,
particularly in the context of immunologic escape displayed by new variants.? Reports of
SARS-CoV-2 reinfection are well documented, and whole genome sequencing analysis has
confirmed reinfections from SARS-CoV-2 variants that are genetically distinct from an initial
SARS-CoV-2 infection.® Reinfections are concerning because they may interfere with the
development of herd immunity.*

In this work, we seek to contribute to the growing literature on SARS-CoV-2 reinfections with
novel findings from a large cohort of more than 1.5 million individuals in the electronic health
record (EHR)-based N3C Data Enclave. We first characterize reinfection by describing
incidence, attributes, and biomarkers. We then explore the severity of reinfection as measured
by hospitalization and consider the relationship of reinfection and Long COVID. Finally, we
discuss findings and suggest opportunities for further research.

Incidence estimates of reinfections among persons who experienced a SARS-CoV-2 infection
are low, ranging from 0.2% to 5.5%.5° A review of laboratory studies found that the time from
primary SARS-CoV-2 infection to reinfection can range from 19 to 293 days.” Guidelines
generally suggest that a new positive COVID-19 antigen or PCR test should be considered a
reinfection if it occurred at least 60 to 90 days after initial infection.>%%"" A few studies document
cases of two or three infections, noting that third infections were mainly associated with the
transmission of the Omicron variant.”®"" In this work, we aim to validate these findings with
analyses from a larger cohort.

Biomarkers are an important tool for characterizing a disease. Existing research has explored
the relationship of severity of COVID-19 with biomarkers such as laboratory indicators of
inflammation, dysregulated coagulation and end-organ dysfunction.'>"'* Although studies of
reinfection have been less common, one study that characterized patients with suspected
reinfection showed increased rates of metabolic failure and similar rates of renal and hepatic
failure with reinfection compared to their index encounter, but did not further analyze these
findings using laboratory biomarkers." Most studies of biomarkers related to COVID-19 infection
are limited to the time period during infection, with limited insight into the trajectories of
laboratory indicators between infection and reinfection. In this work, we aim to use biomarkers
captured in EHR data between the index date and reinfection to add to the characterization of
the disease in reinfection and population-level trends in biomarkers.

Considerable interest exists regarding the severity of reinfection as compared to initial infection.
Hospitalization can be an indicator of disease severity because more severe disease often
requires treatment. Studies looking at reinfection and hospitalization have generally found that
rates of hospitalization following reinfection were similar to or lower than rates of hospitalization
following initial SARS-CoV-2 infection.''® One study found that the reduced risk of
hospitalization following reinfection persisted when disaggregated by age."” No study has clearly
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disaggregated by severity of hospitalization, such as considering the distinction between an
emergency department (ED) visit, an inpatient hospitalization, and an inpatient hospitalization
requiring intensive care. In this work, we aim to assess the association between the severity of
initial infection and severity of first reinfection to contribute more granular findings disaggregated
by severity of hospitalization.

Less attention has been given to the relationship of reinfections to post-acute sequelae of
SARS-CoV-2 infection (PASC) or Long COVID." PASC is understood as complications resulting
from SARS-CoV-2 that persist or occur de novo for at least 4 weeks post-infection, and Long
COVID is the clinical diagnosis for these conditions. Long COVID is associated with commonly
reported symptoms including fatigue that interferes with daily life, fever, cough, sleep problems,
difficulty breathing, and difficulty thinking.'® Existing work suggests that reinfection can increase
the risk of post-acute sequelae in the pulmonary organ systems.?’ Additional knowledge about
the relationship of reinfections and Long COVID could help inform interested parties who may
be concerned that reinfections could contribute to the incidence of Long COVID. In this work, we
contribute novel findings on the relationship of reinfection and Long COVID.

METHODS

This study uses individual EHR data stored in the N3C Data Enclave as part of the NIH
Researching COVID to Enhance Recover (RECOVER) Initiative. The RECOVER Initiative seeks
to understand, treat, and prevent PASC. For more information on RECOVER, visit
https://recovercovid.org. The N3C Data Enclave provides access to harmonized EHRs from
more than 75 health sites with data from over 16 million patients.?'??> We used N3C data from
version 87 (8/2/2022), which has 63 contributing sites, for the current investigation. The N3C
Data Enclave's Palantir Foundry platform (2021, Denver, CO), a secure analytics platform, was
used for data access and analysis.

Key Definitions

We describe the following key definitions for the study cohort, reinfection, COVID-19 variant
epochs, and Long COVID.

Study Cohort Definition, Inclusion, and Exclusion Criteria

The study inclusion criteria include (1) having an International Classification of
Diseases-10-Clinical Modification (ICD-10) COVID-19 diagnosis code (U07.1) or a positive
SARS-CoV-2 PCR or antigen test between March 1, 2020, and May 1, 2022; the earliest of
these events was considered the COVID-19 index date; (2) reinfection events (if any) occurring
before July 1, 2022; (3) being 18 years of age or older; (4) having at least one recorded
healthcare visit in the two years prior to index; (5) having at least one recorded healthcare visit
more than 60 days after the COVID-19 index date; (6) being from a hospital partner with data
that has been updated in the last two months prior to July 1, 2022; (7) being from a hospital
partner with at minimum 100 hospitalizations related to a first known COVID-19 infection and at
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minimum 25 hospitalizations related to a COVID-19 reinfection. A total of 1,597,490 individuals
met these criteria.

Definition of Reinfection

A COVID-19 reinfection was defined as a positive SARS-CoV-2 PCR or antigen test that
occurred 60 or more days after a COVID-19 infection index date. The date of the test was
considered the first COVID-19 reinfection index date. Subsequent reinfections were defined as
a new positive SARS-CoV-2 PCR or antigen test that occurred 60 or more days after each
reinfection index date. Although a threshold of 90 days for reinfection post index date is
common in the literature, other findings suggest that nearly all patients stop shedding
SARS-CoV-2 within 60 days of infection and many stop shedding much sooner than that.?>-2
Based on these findings and support from the RECOVER clinician advisory panel, 60 days was
selected as a more appropriate threshold.

Definition of the COVID-19 Variant Epoch

We define the following COVID-19 variant epochs based on the patient's COVID-19 diagnosis
code (U07.1) or a positive SARS-CoV-2 PCR or antigen test date: Wild-type COVID-19 (March
01, 2020-November 30, 2020), Alpha/Beta/Gamma variant (December 01, 2020-May 31, 2021),
Delta variant (June 01, 2021-October 31, 2022), Omicron variant (November 01, 2021-March
11, 2022), and Omicron BA variant (March 12, 2022-August 01, 2022).%"

Definition of Long COVID

Patients with a Long COVID diagnosis were identified with the U09.9 or B94.8 ICD-10-CM
diagnosis codes. The U09.9 code was implemented in October 2021 for providers to use in a
clinical setting with patients experiencing ongoing conditions after a COVID-19 infection,
commonly understood as Long COVID. Many hospital sites appear to have rapidly adopted the
use of U09.9 once it became available.?® The B94.8 code is not specific to COVID-19 and
instead represents sequelae of other specified infectious and parasitic diseases. This code was
rarely used prior to the pandemic, but it started seeing considerably more use in November
2020. The use of this code is understood to represent Long COVID diagnoses prior to the
availability of U09.9.% For the purposes of the Long COVID analysis, we limited the study cohort
to individuals at sites that had at least 250 uses of either the U09.9 code after October 1, 2021
or the B94.8 code after November 1, 2020. Eligible reinfections for U09.9 or B94.8 had to occur
after the respective dates of use of the codes. This subcohort included 1,568,810 individuals.

Statistical Analysis

In this work, we perform three main analyses focused on describing characterizing reinfection,
understanding reinfection severity, and exploring the relationship of reinfection and long COVID.
All analysis and visualization were done in the N3C enclave using SQL, Python (v3.6), and R
(v3.6), including ggplot2, survival, and survminer packages.
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Characterization of Reinfection

We used two approaches to characterize reinfection. The first is a cohort summary where we
calculate summary statistics related to reinfection and disaggregate by demographic
characteristics. Chi-square tests were used for categorical variables and Student's t-test or
ANOVA were used for continuous variables (Table 1, Supplementary Table 2, 3). Time to
reinfection analysis was based on Kaplan-Meier curves from the survival package in R. This
analysis was performed using the date of the COVID-19 index date (the date of earliest
diagnosis or positive test) and the date of event (first reinfection date) as endpoints.

The second approach to characterizing reinfection is with biomarkers. We explored the
trajectories of various biomarkers around COVID-19 initial and subsequent index dates from
patients with and without a reinfection. Biomarker measurements included laboratory values of
ferritin, fibrinogen, C-reactive protein, procalcitonin, white blood cell count, absolute lymphocyte
count, absolute neutrophil count, erythrocyte sedimentation rate, albumin, D-dimer, alanine
transaminase (ALT), aspartate transaminase (AST), and serum creatinine. Units were
harmonized across data partners, and clinically infeasible values were excluded according to
standard N3C data quality protocols.?? Measurements were taken from 100 days prior to and
180 days after the COVID-19 index date in patients with and without reinfection. The same time
frame was used for collection around the first reinfection index date in individuals with at least
one reinfection. Laboratory values were reported separately for hospitalized and
nonhospitalized patients. The median laboratory value of each biomarker, with upper (75%) and
lower (25%) quartiles, was binned by 7-day intervals and visualized according to time from
COVID-19 infection or reinfection index date. For patients with more than one measurement of
the same laboratory test in a day, values were averaged.

Severity of Reinfection

Severity of infection was measured with records of COVID-associated hospitalization, which
was defined as an inpatient visit with a start date 1 day prior to 16 days after the COVID-19
index date with a COVID diagnosis code used during the visit. A COVID-associated ED visit was
defined as an ED visit with a start date 1 day prior to 16 days after the COVID-19 index date.
These thresholds were intended to capture hospitalizations and ED visits that are related to
COVID. Severity of infection is assessed with hospitalization metrics. Four levels of severity are
considered: mild infection that does not require an ED visit or hospitalization, mild infection that
requires an ED visit, moderate infection that requires hospitalization, and severe infection that
requires hospitalization and use of extracorporeal membrane oxygenation (ECMO), invasive
mechanical ventilation (IMV), or vasopressors. Vasopressors were included in addition to the
more intensive ECMO and IMV because some hospitals may be limited in their ability to provide
ECMO or IMV. We compared the severity of the first COVID-19 infection versus severity of first
reinfection using a pivot table with row, column, and table percentages along with a chi-square
test for association. Death after initial infection or reinfection is also included in the table.
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Reinfections and Long COVID

The subcohort of individuals described in Section 2.1.4 was used for analysis of reinfections and
Long COVID. Kaplan-Meier curves were calculated to explore the differences in time to Long
COVID diagnosis following initial infection versus reinfection. Time to event analysis was
performed using the initial COVID-19 index date and with the first reinfection index date (for
those with one or more reinfections) to the first B94.8 or U09.9 diagnosis.

RESULTS

The study cohort included 1,597,490 adults (age: mean 48.85 years, standard deviations (SD)
18.27; 63.11% female) (Table 1, Supplementary Table 1). The study cohort contains data from
38 health facility data partners. Women make up nearly two-thirds of the study cohort and a
larger proportion of individuals with reinfections. The skew in sex can be attributed to the
inclusion requirement for at least two visits prior to COVID diagnosis (Supplementary Figure
1). The sex ratio of individuals hospitalized with COVID-19 was more balanced (Supplementary
Table 2).

Characterization of Reinfection

Table 1 describes the study cohort and highlights differences between the subgroup with no
reinfections and the subgroup with at least one reinfection. A total of 5.9% of the study cohort
had at least one documented reinfection. A documented reinfection was defined as a positive
SARS-CoV-2 PCR or antigen test that occurred 60 or more days after a COVID-19 infection
index date. Home COVID-19 tests administered outside a healthcare setting were not included
in the dataset. The subgroup of reinfected patients tends to be younger and more likely to have
documented race and ethnicity information. Although the majority of individuals (N=89,357) had
only one reinfection, a small group (N=102) had three or more reinfections. This group was
characterized by non-Hispanic, male, White race, and older age groups compared to other
groups (Supplementary Table 1). Supplementary Table 1 shows Table 1 further disaggregated
by number of reinfections.

Figure 1 illustrates three approaches for understanding the occurrence of reinfection as it
relates to COVID-19 variants. Figure 1A shows the percentage of patients at risk that had a
reinfection in a given month. Distinct colors are used to indicate the epoch of initial infection and
the size of the dot illustrates the number of persons with a reinfection. This figure is useful for
appreciating the varying likelihood of reinfection while accounting for individuals who passed
away following their first infection since these individuals are no longer considered at risk. This
figure shows the largest increase in reinfections in the Omicron epoch among individuals with
initial infections during the WT COVID and Alpha, Beta, Gamma periods which overlap in the
Omicron epoch, and a smaller increase among those first infected in the Delta epoch. The
difference between these variants is smaller for reinfections in the Omicron BA epoch.
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Table 1: Descriptive characteristics of reinfected and non-reinfected COVID-19 positive

patients
Category Variable No Reinfection | Reinfected Total P value
(N=1505855) Patients (N=1597490)
(N=91635)
Age, Age 49.14(18.26) 44.31(17.71) |48.85(18.27) <0.0001
Mean (SD)
Sex Female 946166 (62.83) | 61989 (67.65) | 1008155 (63.11)
(N, %)
Male 559280 (37.14) | 29617 (32.32) | 588897 (36.86) <0.0001
No sex 409 (0.03) 29 (0.03) 438 (0.03)
Information
Race (N, %) | White 1141563 (75.81) | 69852 (76.23) | 1211415 (75.83)
Black 199891 (13.27) | 12871 (14.05) | 212762 (13.32)
Asian 24615 (1.63) 1022 (1.12) 25637 (1.6)
Others 33996 (2.26) 2222 (2.42) 36218 (2.27) <0.0001
No race 105790 (7.03) 5668 (6.19) 111458 (6.98)
Information
Ethnicity Not 1197960 (79.55) | 73706 (80.43) | 1271666 (79.6)
(N, %) Hispanic
Hispanic 106956 (7.1) 7925 (8.65) 114881 (7.19) <0.0001
No 200939 (13.34) | 10004 (10.92) | 210943 (13.2)
Ethnicity
information

Figure 1B is a KM-curve that shows time to event between initial COVID-19 infection and first
COVID-19 reinfection by COVID-19 variant. This figure is useful for understanding the days to
infection, including demonstrating that in many cases, reinfection occurred more than 100 days
after the initial COVID-19 infection. Figure 1B also shows that this analysis is not particularly
sensitive to the decision to use a 60-day threshold rather than a 90-day threshold because few
reinfections occur in the 60- to 90-day window for any variant. We recognize that this figure
cannot appropriately account for individuals who passed away following their first infection;
because of this violation of proportional hazards, we have chosen to not report odds ratios
because they may be misinterpreted. Figure 1C most clearly details the relationship between
the variant of initial infection and the variant of reinfection, highlighting that reinfections in the
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Omicron time period were particularly common among individuals initially infected in the
Wild-type COVID-19 and the Alpha, Beta, and Gamma epochs.

Figure 1
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We evaluated biomarker trends in Figure 2, comparing the median laboratory values of patients
with and without a reinfection. Comparisons were made between the index date of initial
infection and subsequent reinfection date. Biomarkers of hepatic inflammation (ALT and AST)
were less elevated during acute reinfection compared to initial COVID-19 infection and
normalized over a similar time period. However, albumin trends show that among patients with
reinfection, albumin levels were persistently lower after initial COVID-19 infection and that levels
were also lower prior to the reinfection date.
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We explored the characteristics of severity of infection and hospitalization in Table 2. The “No
Documented Reinfection” column highlights that the large majority of individuals, even those
with ED visits or hospitalization, do not have documentation of a reinfection. The shaded portion
of Table 2 summarizes results from individuals with a documented reinfection. We performed a
chi-square test of independence for both the entirety of Table 2 (with “No Reinfection” included)
and for the shaded portion of Table 2. For the entire table, we found a statistically significant
difference (chi-squared value: 9049.2, p-value: 0), although with a negligible effect size
(Cramer’s V: 0.04, DoF = 4). For the shaded portion of the table, we found a statistically
significant difference (chi-squared value: 9446.2, p-value: 0) with a medium effect size
(Cramer’s V: 0.18, DoF = 4). These results, particularly those among individuals who experience
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reinfection, suggest that the severity of reinfection may not be independent from the severity of
initial infection.

Table 2: Comparison of Severity of First and Reinfection with SARS-CoV-2

Count Severity of Reinfection Total
Row (R)%
Column (C)%
Table (T)%
among those
with a
reinfection*
severity of | No Mild with Mild with ED | Moderate Severe with Death
e Documented | No ED Visit | Visit Around | with ECMO or Within 60
Initial Reinfection or Hospital- | Reinfection Hospitaliza- IMV or Days of
Infection ization Index tion Around | Vasopressor | Reinfection
Around Reinfection During Index
Reinfection Index Hospitalizatio
Index n Around
Reinfection
Index
Mild with No 1288792 71126 4970 2961 414 622 1368885
EpVstor R:88.8% |R:6.2% |R:3.7% |R: 0.5% R: 0.8% (80093
Aro:fnd CcoVID C:90.9% | C:67.5% | C:65.3% C:64.7% C:72.0% multiple
Index T:77.6% | T: 5.4% T:3.2% T:0.4% T:0.7% infections)
Mild with ED 115740 4357 1820 432 67 39 122455
g'g\f/jgﬂgggx R:64.9% | R: 27.1% | R: 6.4% R: 1.0% R: 0.6% (6715
C:5.6% C:24.7% | C:9.5% C:10.5% C:4.5% multiple
T:4.8% T:2.0% T: 0.5% T: <0.1% T: <0.1% infections)
Moderate with 85959 2496 523 1034 124 176 90312
Hospitalization R:57.3% | R: 12.0% | R:23.8% | R:2.9% R: 4.0% (4353
Index C:3.2% C:7.1% C: 22.8% C: 19.4% C: 20.4% multiple
T:2.7% T: 0.6% T:1.1% T:0.1% T:0.2% infections)
Severe with 9357 251 52 109 35 27 9831
frc\“/’;gof”r ;";’S‘gr R:52.9% | R: 12.0% | R:23.0% | R:7.4% R:5.7% (474
During C:03% [C:07% |C:24% |C:55% C:3.1% multiple
Hospitalization T:0.2% T: <0.1% T:0.1% T: <0.1% T: <0.1% infections)
Around COVID
Index
Death Within 6007 N/A N/A N/A N/A N/A 6007
60 Days of
COVID Index
Total 1505855 78230 7365 4536 640 864 1597490
*The shaded region indicates the values used for calculation of row, column, and table percentages among those
with a SARS-CoV-2 reinfection. Individuals without a reinfection are not included in this calculation.

Among individuals with a documented reinfection, the majority (77.6%) experienced both mild
first and reinfections that did not require an ED visit or hospitalization. A smaller percentage of
individuals (12.6%) required either an ED visit or hospitalization or passed away following their
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reinfection as compared to individuals who required an ED visit or hospitalization or passed
away after first infection (14.4%). Among those with either an ED visit or hospitalization during
their first infection, a substantial proportion also required an ED visit or hospitalization or passed
away following their first reinfection. This included nearly half (47.1%) of those who experienced
a severe first infection.

Among individuals who experienced a severe initial infection, 7.4% experienced a severe
reinfection and another 5.7% passed away following reinfection. More individuals with a severe
initial infection (23.0%) had a moderate reinfection which required hospitalization but did not
require use of ECMO or IMV. The largest proportion of individuals who experienced a severe
reinfection had mild initial infections with no ED visit or hospitalization (64.7%). Individuals with
mild initial infections also made up the majority of those with a mild infection requiring an ED
visit or moderate hospitalization for reinfection. The second largest group of individuals with a
mild reinfection requiring an ED visit was those who also had a first infection that was mild and
required an ED visit (27.1%). A similar proportion of individuals with a moderate initial infection
requiring hospitalization (23.8%) also required hospitalization during reinfection.

We provide additional detail in Supplementary Table 2 with a breakdown of demographic details
for patients who experience hospitalization for COVID-19. In Supplementary Table 3, we provide
Table 2 disaggregated by age, noting that disclosure requirements may limit the robustness of
conclusions.

Reinfection and Diagnosis of Long COVID

Finally, Figure 3 shows the Kaplan-Meier curves for time to Long COVID diagnosis after initial
infection versus first reinfection. For most variant epochs, incidence of new Long COVID
diagnoses after reinfection is lower than after initial COVID-19 infection. The exception is
Omicron BA where incidence of new Long COVID diagnoses after reinfection in Omicron BA is
higher than after initial COVID-19 in Omicron BA. The rate of Long COVID diagnoses following
the first infection was largest in the Delta epoch and smallest in the Omicron BA epoch. This
contrasts with the incidence of Long COVID diagnoses after first reinfection which is largest in
the Omicron BA epoch and smallest following reinfection during the Delta epoch.
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Figure 3
Comparison of U09.9/B94.8 Rates Between Variants
Variants are classified based on the date of COVID infection
Epoch Delta (< Nov. 2021) Omicron (< Mar. 2022) Omicron BA
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DISCUSSION

The overall proportion of individuals with at least one documented reinfection in the cohort
(5.7%) was slightly larger than the upper bound of incidence of reinfection noted in the literature
(5.5%).° This is likely an underestimate given the advent of home testing, particularly in more
recent epochs when home testing has been even more accessible. Similar to existing findings,
the large majority of reinfections occurred during the Omicron epoch. Figure 1 suggests that this
finding holds regardless of the epoch of the initial COVID-19 infection. The large number of
reinfections during Omicron makes it challenging to draw conclusions about comparing
reinfections between variants because there may be other factors, such as adherence to mask
or social distance policies, that impacted likelihood of exposure and subsequent reinfections.
However, it is notable that in Figure 1, initial infection during Delta appeared to be more
protective against reinfection during Omicron than initial infection during WT COVID or Alpha,
Beta, Gamma. This difference disappeared during Omicron BA. Previous studies have
documented reinfections up to 293 days after initial COVID-19 infection.” This study finds
evidence of reinfections that occur more than 300 days and up to 500 days after initial
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COVID-19 infection. This work also validates the occurrence of multiple reinfections, including a
small subset of individuals with three or more reinfections.

The mean age of reinfected individuals is close to 5 years lower than the mean age of those
without reinfection. This aligns with literature that suggests that reinfections are more commonly
reported for younger individuals: one study found that the reinfection rate was highest among
those aged 18 to 29 years old?® while public health data collected from September 2021 through
September 2022 in the state of Washington found disproportionately large numbers of
individuals with reinfections in the 18- to 34- and 35- to 49-year old age groups.*® One possible
explanation is that younger age groups are less likely to use COVID-19 preventative measures
like social distancing and more likely to engage with others for work and leisure, leading to
multiple exposures and reinfections.®' Another possible explanation is that younger individuals
are less likely to be vaccinated and may be more susceptible to reinfection.®? A third possible
explanation is that older individuals were more likely to die following initial infection, so more
reinfections occurred among younger individuals.®® A fourth possible explanation is that young
adults have high rates of asymptomatic and paucisymptomatic infection which may be less
protective of reinfection.** More research is needed to explore these potential explanations.

Women make up nearly two-thirds of the study cohort and a larger proportion of those with a
documented reinfection. Some studies have also noted larger proportions of women than men
with reinfections and suggested that there may be relevant differences in immune response by
sex.>>*" However, Supplemental Figure 1 suggests that the inclusion criteria requiring at least
two visits prior to COVID-19 index date contributes to this imbalance. Previous research also
suggests that women are more likely to utilize health services and demonstrate health-seeking
behavior.®=° The sex imbalance in these findings may be more likely associated with differential
healthcare utilization rather than biological differences.

We explore the characterization of reinfection with biomarkers. Biomarkers have been well
studied in acute COVID-19 infection and several laboratory markers have been associated with
higher severity of infection and mortality.“>*' Our work extends knowledge of biomarkers to
reinfections. In finding that biomarkers of hepatic inflammation were less elevated during acute
reinfection compared to acute initial infection, we contribute a novel result that has not yet been
reported. Another new finding is that albumin appears to be lower leading up to reinfection.
Previous studies have suggested that hypoalbuminemia is common in COVID-19 patients and
dynamic monitoring of serum albumin can be a useful tool for evaluating the prognosis of
COVID-19 infections. We suggest that further work may explore if lower albumin levels may be
a predictor of COVID-19 reinfection.

Similar to previous studies measuring severity of reinfection through hospitalization, we find that
most individuals did not require an ED visit or hospitalization for either first infection or
reinfection. We also find that the total proportion of individuals requiring an ED visit or
hospitalization or passing away is similar between first infection and reinfection. However, when
we further interrogate these results, we contribute novel findings that individuals who were
hospitalized for an acute initial infection are potentially at much greater risk for hospitalization
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during reinfection. The effect size is medium when we consider the results among those with
reinfections, noting that we cannot account for what would have happened among those who
passed away following their first infection.

We first consider the varying degrees of severity of initial infection among individuals who also
have a reinfection. Nearly two thirds of individuals who had a mild initial infection that did include
an ED visit (64.9%) did not require an ED visit or hospitalization or pass away after reinfection,
but a substantial proportion (27.1%) recorded an ED visit for their reinfection. This proportion is
larger than the respective proportion of individuals who had a moderate or severe
hospitalization during first infection and an ED visit following reinfection. Further analysis could
investigate if the group of individuals who visited an ED for both first and reinfection reflects
ED-seeking behavior that may result from convenience of the ED, limited access to other
healthcare options, or health insurance status.*?

More than a quarter of individuals with either a moderate or severe first infection requiring
hospitalization also experienced hospitalization for reinfection. Although this is concerning, a
promising finding is that the proportion experiencing a severe reinfection requiring ECMO, IMV,
or vasopressors during hospitalization was small (2.9% of those with moderate first infection
and 7.4% of those with severe first infection). One possible explanation is that experiencing
hospitalization during reinfection may be related to experiencing hospitalization during first
infection, but the hospitalization may be less severe. Another possible explanation is that clinical
thresholds for this treatment or clinical behavior may have changed over time. We also observe
that the proportion of individuals who pass away following reinfection is higher than the
proportion who experience a severe reinfection among those with an initial moderate infection
and similar for those who have a severe initial infection. We suggest further analysis to better
understand attributes, such as comorbidities, that are predictive of moderate and severe
reinfections.

This study contributes novel findings of the relationship of reinfection with Long COVID
diagnosis. The largest proportion of Long COVID diagnoses occur among individuals with a first
reinfection in the Omicron BA epoch. Long COVID diagnoses also occurred much closer to the
index date following both initial or first reinfection in the Omicron BA epoch as compared to
earlier Delta and Omicron epochs. The rate of Long COVID diagnoses has been increasing for
reinfections in more recent variants. A number of possible explanations exist for these
associative findings. One is that there may be a biological explanation where reinfection may be
associated with increased risk of post-acute sequelae. This has been suggested in other
literature.?’ Another explanation is that physician diagnosing behavior has changed and
physicians are more likely to have adopted use of either the new U09.9 Long COVID diagnosis
code or the existing B94.8 code. This work has also not accounted for other factors like the
impact of vaccination status or use of outpatient therapeutics like paxlovid. Future analysis
could explore a causal relationship between reinfection and Long COVID and account for these
other factors.
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A limitation of this study is the reliance on EHR data. EHR limitations are well documented and
include selection bias based on varying rates of healthcare utilization, concerns about fitness for
purpose and drawing inappropriate conclusions, and data quality and missing data challenges.*®
EHR studies also differ from clinical studies, where patients may be followed more closely. A
major limitation of this particular analysis is that we are limited to EHR collected at specific
hospitals; we cannot join patient records between hospitals. Strategies we have used to address
these limitations include hospitalization inclusion criteria for sites and visit inclusion criteria for
individuals that promote more detailed, robust, and higher quality data.

A second limitation is that it is not feasible to include results of home COVID-19 tests.
Individuals may be testing positive for COVID-19 reinfections that are not documented in this
dataset. This may result in an underestimate of the number of individuals with reinfections. The
varying availability of home tests over the duration considered for this project may result in an
uneven impact of this limitation. To address this limitation, we have attempted to maintain a
focus on behaviors that require healthcare interaction, such as Long COVID diagnosis,
biomarkers, and hospitalization. We do not suggest generalizability of results to situations that
would not involve healthcare settings. We also limited analysis to individuals who had a COVID
diagnosis prior to May 1, 2022, in an effort to focus on a window in time when home tests were
less common. Future work could explore which time periods best capture testing for reinfection.

Reinfections are well documented in an EHR-based cohort from the RECOVER initiative and
align with overall incidence rates in the literature. This work validates existing characterization of
reinfection as most common in the Omicron epoch and contributes a novel characterization of
lower albumin levels after initial COVID-19 infection and leading up to reinfection. The severity
of reinfection appears to be associated with the severity of initial infection, and Long COVID
diagnoses appear to occur more often following and closer to the index date of reinfection. We
describe a number of opportunities for further research with these findings to better understand
COVID-19 reinfections.
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