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Firstinfection with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)is associated with increased risk of acute and postacute death
and sequelaein various organ systems. Whether reinfection adds to risks

incurred after firstinfection is unclear. Here we used the US Department
of Veterans Affairs’ national healthcare database to build a cohort of
individuals with one SARS-CoV-2 infection (n = 443,588), reinfection (two
or more infections, n=40,947) and a noninfected control (n = 5,334,729).
We used inverse probability-weighted survival models to estimate risks
and 6-month burdens of death, hospitalization and incident sequelae.
Compared to no reinfection, reinfection contributed additional risks of
death (hazardratio (HR) = 2.17, 95% confidence intervals (CI) 1.93-2.45),
hospitalization (HR = 3.32,95% CI 3.13-3.51) and sequelae including
pulmonary, cardiovascular, hematological, diabetes, gastrointestinal,
kidney, mental health, musculoskeletal and neurological disorders. The
risks were evident regardless of vaccination status. The risks were most
pronounced in the acute phase but persisted in the postacute phase at 6
months. Compared to noninfected controls, cumulative risks and burdens
of repeat infectionincreased according to the number of infections.
Limitations included a cohort of mostly white males. The evidence shows
thatreinfection further increases risks of death, hospitalization and
sequelaein multiple organ systemsin the acute and postacute phase.
Reducing overall burden of death and disease due to SARS-CoV-2 will require
strategies for reinfection prevention.

Alargebody of evidence suggests that first infection with SARS-CoV-2
is associated with increased risk of acute and postacute death and
sequelae in the pulmonary and broad array of extrapulmonary organ
systems'®. However, many people around the globe are experiencing
repeat SARS-CoV-2infections (reinfections). Previous epidemiological
studies of SARS-CoV-2reinfection have been limited to investigations
of the risk of getting reinfection and the comparative evaluation of
risk differences of hospitalization or death between first and second
SARS-CoV-2infections during their acute phase®°. Whether and to what

extent reinfection adds to the risk incurred after the first infection is
notclear (thatis, evaluation of therisk of reinfection versus no reinfec-
tion). Whether reinfection contributes to theincreased risk of acute and
postacute sequelae is also not known. Addressing these questions has
broad public healthimplications sinceit willinform whether strategies
to prevent or reduce the risk of reinfection should be implemented.
In this study, we used the electronic healthcare database of the
US Department of Veterans Affairs to address the question of whether
SARS-CoV-2reinfection adds to the health risks associated with a first
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SARS-CoV-2infection. We characterized the risks and 6-month burdens
ofarange of prespecified outcomesinacohort of people who experi-
enced aSARS-CoV-2reinfection compared to those with noreinfection,
characterized therisks of acute and postacute outcomesin people who
had reinfection and finally estimated the cumulative risks and one-year
burdensassociated with one, two, three or more infections compared
to anoninfected control cohort.

Results

There were 443,588 cohort participants withno SARS-CoV-2 reinfection
(only asingle SARS-CoV-2infection) and 40,947 participants who had
SARS-CoV-2reinfection (two or more infections) (Extended Data Fig.1);
5,334,729 participants with norecord of positive SARS-CoV-2 infection
werein the noninfected control group. Among those who had reinfec-
tion, 37,997 (92.8%) people had two infections, 2,572 (6.3%) people had
threeinfectionsand 378 (0.9%) people had four or moreinfections. The
median distribution of time between the first and second infection was
191d (interquartile range (IQR) =127-330) and between the second and
third was 158 d (IQR =115-228). The demographic and health charac-
teristics of those with no reinfection, reinfection and the noninfected
control group are presented in Supplementary Table 1.

Sequelae of SARS-CoV-2 reinfection
To gain a better understanding of whether reinfection adds risk, we
first conducted analyses to examine the risks of all-cause mortality,
hospitalization and a set of prespecified outcomes in people who had
reinfection compared to those with no reinfection.

We provide two measures of risk: (1) we estimated the adjusted
HRs of aset of incident prespecified outcomes comparing people who
had reinfection versus no reinfection and (2) estimated the adjusted
excess burden of each outcome per 1,000 persons 6 months after
SARS-CoV-2 reinfection on the basis of the difference between the
estimated incidence rate in individuals who had reinfection and no
reinfection. Follow-up began at the time of reinfection, where reinfec-
tion was defined as a SARS-CoV-2 positive test at least 90 d after the
initial positive test; this time frame of 90 d was specified toreduce the
probability that a positive test was related to the firstinfection. Assess-
ment of standardized mean differences of participant characteristics
(fromdatadomainsincluding diagnoses, medications and laboratory
test results) after application of weighting showed they were well bal-
anced in each analysis of incident outcomes (Supplementary Table 2
and Supplementary Fig.1).

Compared to those with no reinfection, those who had reinfec-
tion exhibited an increased risk of all-cause mortality (HR =2.17, 95%
Cl=1.93-2.45) and excess burden of all-cause mortality estimated at
19.33 (95% Cl1 =15.34-23.82) per 1,000 persons at 6 months; all burden
estimates represent excess burden and are given per 1,000 persons
at 6 months (Fig. 1 and Supplementary Table 3). People with a rein-
fection also had an increased risk of hospitalization (HR = 3.32, 95%
CI=3.13-3.51; aburden 0f 100.19 (92.53-108.25)) and having at least
one sequela of SARS-CoV-2 infection (HR =2.10, 95% Cl=2.04-2.16; a
burden 0f235.91(225.54-246.34)) (Fig.1and Supplementary Table 3).

Compared to those with no reinfection, those who had reinfec-
tion exhibited increased risk of sequelaein the pulmonary (HR = 3.54,
95% Cl=3.29-3.82; burden = 75.74,95% Cl = 68.47-83.50) and several
extrapulmonary organ systems including cardiovascular disorders
(HR=3.02,95% Cl1=2.80-3.26; burden = 62.80,95% Cl = 56.17-69.91),
coagulation and hematological disorders (HR = 3.10, 95% Cl = 2.77-
3.47; burden = 33.85, 95% Cl = 28.55-39.74), fatigue (HR = 2.33, 95%
Cl=2.14-2.53; burden =46.92, 95% Cl = 40.46-53.89), gastrointes-
tinal disorders (HR =2.48, 95% Cl = 2.35-2.62; burden =100.30, 95%
Cl=91.88-109.09), kidney disorders (HR = 3.55, 95% Cl = 3.18-3.97;
burden =38.31, 95% Cl =32.86-44.37), mental health disorders
(HR=2.14, 95% Cl =2.04-2.24; burden =116.13, 95% Cl =106.71-
125.87), diabetes (HR =1.70, 95% Cl =1.41-2.05; burden = 6.46, 95%

Cl1=3.77-9.69), musculoskeletal disorders (HR =1.64, 95% Cl =1.49-
1.80; burden =25.55,95% Cl =19.73-31.91) and neurological disorders
(HR=1.60, 95% Cl=1.51-1.69; burden = 52.91, 95% CI = 45.48-60.70).
Risks and excess burdens of reinfection are provided in Fig. 1 and
Supplementary Table 3. Analyses examining whether the length of
time from first infection to reinfection might modify the association
between reinfection and the risks of all-cause mortality, hospitaliza-
tionand atleast one sequelasuggested no effect modificationonthe
multiplicative scale (P values for effect modification of 0.224, 0.156
and 0.356, respectively).

Analyses of prespecified subgroups based on vaccination status
before reinfection (no vaccination, one vaccination or two or more
vaccinations) showed that reinfection (compared to no reinfection)
was associated with ahigher risk of all-cause mortality, hospitalization,
atleastone sequelaand sequelaein the different organ systems (Fig.2
and Supplementary Table 4) regardless of vaccination status.

Acute and postacute sequelae of SARS-CoV-2 reinfection

We examined whether the risk of sequelae of SARS-CoV-2 reinfection
was presentin the acute and postacute phases of reinfection. We con-
ducted analyses examining risk and burden starting from the time of
reinfectionup to180 d laterin 30-day increments. Compared to those
withnoreinfection, those who had reinfection exhibited increased risk
and excess burden of all-cause mortality, hospitalization and at least
onesequelaintheacute and postacute phases of reinfection. The risks
and excess burdens of all-cause mortality, hospitalization and at least
one sequela during the postacute phase gradually attenuated over
time but remained evident even 6 months after reinfection (Fig. 3 and
Supplementary Table 5). Examination of sequelae by organ system
suggested an increased risk and excess burden in all organ systems
during the acute phase (Fig. 4 and Supplementary Table 5). The risks
and burdens persisted in the postacute phase of reinfection and were
still evident at 6 months after reinfection.

Cumulative risk and burden of one, two and three or more
SARS-CoV-2infections

To better understand the cumulative risks incurred by people with
multiple infections, we estimated the cumulative risk and burden
of a set of prespecified outcomes in those who did not have arein-
fection (had only one infection), and those who had two or three or
moreinfections duringthe 1-year period after the acute phase of the
first infection, compared to a noninfected control group. Cohort
characteristics are provided in Supplementary Table 6. There was
agraded association in that the risks of adverse health outcomes
increased as the number of infections increased. Compared to the
noninfected control group, those who only had one infectionhad an
increasedrisk of at least one sequela (HR =1.37,95% Cl =1.36-1.38; bur-
denper1,000 persons at one-year = 108.88, 95% CI =105.89-111.87);
the risk was higher in those who had two infections (HR = 2.07, 95%
Cl=2.03-2.11;burden = 260.41, 95% CI = 253.70-267.09) and highest
inthose with three or more infections (HR =2.35,95% Cl = 2.12-2.62;
burden =305.44, 95% Cl = 268.07-341.11). In a pairwise comparison
of those with two infections versus one infection, those with two
infections had an increased risk of at least one sequela (HR =1.51,
95% Cl=1.48-1.54; burden =151.53, 95% CI = 144.83-158.21); in pair-
wise comparison of those with three or more infections versus those
with only two infections, those with three or more infections had
a higher risk of at least one sequela (HR =1.14, 95% Cl =1.02-1.27;
burden =45.02, 95% Cl = 7.66-80.70). Results were consistent when
hospitalization and sequelae by organ system were examined (Fig. 5
and Supplementary Tables 7-12).

Positive and negative outcome controls
We conducted a positive outcome control analysis to examine whether
our approach reproduced previous established knowledge, testing
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Fig.1|Risk and burden of sequelae in people with SARS-CoV-2 reinfection
versus no reinfection. Risk and 6-month excess burden of all-cause mortality,
hospitalization, at least one sequela and sequelae by organ system are plotted.
Incident outcomes were assessed from reinfection to the end of the follow-up.
Results from SARS-CoV-2 reinfection (n =40,947) and no SARS-CoV-2 reinfection
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Excess burden per 1,000
persons (95% CI)
(n=443,588) are compared. Adjusted HRs (dots) and 95% Cls (error bars) are
presented, as are the estimated excess burden (bars) and 95% Cls (error bars).
Burdens are presented per 1,000 persons at 6 months of follow-up from the time
of reinfection.

whether the association of a SARS-CoV-2 infection (irrespective of
reinfection) was associated with risk of fatigue (a well-characterized,
cardinal postacute sequela of COVID-19, where a positive association
would be expected based on previous evidence). Results showed that,
compared to a noninfected control group, those with a SARS-CoV-2
infection exhibited an increased risk of fatigue (HR =1.72, 95%
Cl=1.70-1.74).

We then conducted a set of negative outcome control analyses to
test for the potential presence of spurious associations using the same
data sources, cohort construction processes, covariate selections
and definitions (including predefined and algorithmically selected
high-dimensional covariates), covariate balance methods and result
interpretations as those of our primary analysis. Results examining
the risk of atopic dermatitis and neoplasms (negative outcome con-
trols), where there was no previous biological or epidemiological
evidence to suggest an association should be expected, did not show
asignificant association in those who had reinfection compared to
those withnoreinfection (HR =1.06,95% Cl = 0.91-1.24 and HR = 1.03,
95% Cl=0.97-1.10, respectively).

Discussion

Inthis study of 5,819,264 people, including 443,588 people with afirst
infection, 40,947 people who had reinfection and 5,334,729 noninfected
controls, we showed that compared to people with no reinfection,
people who hadreinfection exhibited increased risks of all-cause mor-
tality, hospitalization and several prespecified outcomes. The risks
were evidentin those who were unvaccinated and had one vaccination
or two or more vaccinations before reinfection. The risks were most
pronounced in the acute phase but persisted in the postacute phase
of reinfection, and risks for all sequelae were still evident at 6 months.
Compared to noninfected controls, assessment of the cumulative risks
of repeatinfection showed that the risk and burden of all-cause mortal-
ity and the prespecified health outcomesincreased in agraded fashion
according to the number of infections (that is, risks were lowest in
people with one infection, increased in people with two infections
and were highestin people with three or more infections). Altogether,
the findings show that reinfection further increases risks of all-cause
mortality and adverse healthoutcomesinboth the acute and postacute
phases of reinfection. The findings highlight the clinical consequences
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Fig.2|Risk and burden of sequelae in people with SARS-CoV-2 reinfection
versus no reinfection by vaccination status before reinfection. Risk of
all-cause mortality, hospitalization, at least one sequela and sequelae by organ
system are plotted. Incident outcomes were assessed from reinfection to the
end of the follow-up. Results from SARS-CoV-2 reinfection (n = 40,947) versus no
SARS-CoV-2reinfection (n = 443,588) are compared. At the time of comparison,
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there were 51.3%,12.6% and 36.2% with no, one and two or more vaccinations,
respectively,among those who had reinfection. At the time of comparison,
there were 41.1%,11.7% and 47.2% with no, one and two or more vaccinations,
respectively, among the no reinfection group. Adjusted HRs (dots) and 95% Cls
(error bars) are presented.

of reinfection and emphasize theimportance of preventing reinfection
by SARS-CoV-2.

Estimates suggest that more than halfabillion people around the
globe have been infected with SARS-CoV-2 at least once. For the large
and growing number of people who encountered afirstinfection, the
question of whether asecondinfection carries additional risks is impor-
tant. In this work, we showed that reinfection further increases risks of
all-cause mortality and adverse health outcomes in both the acute and
postacute phases of reinfection, suggesting that for people who have
already been infected once, continued vigilance to reduce the risk of
reinfection may beimportant to lessen the overall risk to one’s health.

Given thelikelihood that SARS-CoV-2 will continue to mutate and
might remainathreat for yearsifnot decades, leading to the emergence
of variants or subvariants that might be more immune-evasive, and

given that reinfections are occurring and might continue to occur
duetothese emerging SARS-CoV-2 variants at scale in many countries
across the globe, and given that reinfection contributes nontrivial
health risk both in the acute and postacute phases, a strategy that
would result in vaccines that are more durable, cover abroad array of
variants (variant-proof vaccine strategy), reduce transmission (and
subsequently reduce therisk of infection and reinfection) and reduce
both acute and long-term consequencesin people who getinfected or
reinfected is urgently needed®. Other pharmaceutical and nonphar-
maceutical interventions to lessen both the risk of reinfection and its
adverse health consequences are also urgently needed.

Questions have been raised with regard to whether reinfection
increases the risk of long COVID—the umbrella term encompassing
the postacute sequelae of SARS-CoV-2 infection. Our results show
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Fig.3|Risk and burden of all-cause mortality, hospitalization and at least
onesequelain the acute and postacute phases of SARS-CoV-2 reinfection
versus no reinfection. Risk and 6-month burden of all-cause mortality,
hospitalization and at least one sequela of SARS-CoV-2 reinfection versus

no reinfectionin 30-d intervals covering the acute and postacute phases of
reinfection. Incident outcomes were assessed from reinfection to the end of the
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follow-up. Results from SARS-CoV-2 reinfection (n = 40,947) versus first SARS-
CoV-2infection (n =443,588) by time since reinfection were compared. Adjusted
HRs (dots) and 95% Cls (error bars) are presented for each 30-d period since the
time of reinfection, as are the estimated excess burden (bars) and 95% Cls (error
bars). Burdens are presented per 1,000 persons at every 30-d period of the
follow-up from the time of reinfection.

thatbeyond the acute phase, reinfection with SARS-CoV-2 contributes
substantial additional risks of all-cause mortality, hospitalization and
postacute sequelaeinthe pulmonary and broad array of extra pulmo-
nary organ systems.

The mechanisms underpinning the increased risks of death and
adverse health outcomes in reinfection are not completely clear. Previ-
ous exposure to the virus may be expected to hypothetically reduce
risk of reinfection andits severity®*; however, SARS-CoV-2 is mutating
rapidly and new variants and subvariants are replacing older ones every
few months. Evidence suggests that the reinfection risk is especially
higher with the Omicron variant, which was shown to have a marked
ability to evade immunity from previous infection'®™, Any protec-
tion from previousinfection (against reinfection and its severity) also
wanes over time'®; evidence suggests that protection from reinfec-
tion declined as time increased since the last immunity-conferring
event in people who had previously been infected with SARS-CoV-2,

regardless of vaccination status”. Furthermore, impaired health as
a consequence of the first infection might result in increased risk of
adverse health consequences uponreinfection. Our results expand this
evidencebase and show thatin people who getreinfected, reinfection
(compared to no reinfection) further increases risk in both the acute
and postacute phases and that this was evident even among fully vac-
cinated people, suggesting that even combined (a hybrid of) natural
immunity (from previous infection) and vaccine-induced immunity
does not abrogate the risk of adverse health effects after reinfection.
Thetotality of evidence suggests that strategies to prevent reinfection
might benefit people regardless of previous history of infection and
vaccination status.

This study has several strengths. To our knowledge, this is the
first study to characterize both the short- and long-term health risks
of reinfection. We used the US Department of Veterans Affairs national
healthcare database (the largest nationally integrated healthcare
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Fig. 4 |Risk and burden of sequelae by organsystemin the acute and
postacute phases of SARS-CoV-2 reinfection versus no reinfection. Risk and
6-month excess burden of sequelae by organ system of SARS-CoV-2 reinfection
versus no reinfection in 30-d intervals covering the acute and postacute phases
of reinfection. Incident outcomes were assessed from reinfection to the end

of the follow-up. Results from SARS-CoV-2 reinfection (n = 40,947) versus first
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SARS-CoV-2infection (n = 443,588) by time since reinfection are compared.
Adjusted HRs (dots) and 95% Cls (error bars) are presented for each 30-d period
since the time of reinfection, as are the estimated excess burden (bars) and 95%
Cls (error bars). Burdens are presented per 1,000 persons at every 30-d period of
the follow-up from the time of reinfection.

delivery systeminthe US) to undertake the analyses. We used advanced
statistical methodologies and adjusted through weighting for aset of
predefined covariates selected based on previous knowledge and algo-
rithmically selected covariates from high-dimensional data domains
including diagnoses, prescription records and laboratory test results.

Becausethe virusis mutating over time and the proportion of different
variants may vary geographically, and because different variants may
have different effects on outcomes, we further adjusted our analyses
for measures of the time and geographical region where participants
firsttested positive for SARS-Cov-2 and additionally for the proportions
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Fig. 5| Cumulative risk and burden of sequelae in people with one, two and
three or more SARS-CoV-2 infections compared to noninfected controls. Risk
and1-year excess burden of hospitalization, at least one sequela and sequelae

by organ systemare plotted. Incident outcomes were assessed from 30 d after
the first positive SARS-CoV-2 test to the end of the follow-up. Results from one
SARS-CoV-2infection (n=234,990), two SARS-CoV-2 infections (n = 28,509) and

2 0 1 5 15 50 200 420

Excess burden per 1,000

persons (95% Cl)

three or more SARS-CoV-2 infections (n=1,023) versus noninfected controls
(n=5,334,729), in those with afirst infection before the Omicron wave, are
compared. Adjusted HRs (dots) and 95% Cls (error bars) are presented, as are the
estimated excess burden (bars) and 95% Cls (error bars). Burdens are presented
per1,000 persons at1year of follow-up.

of eachvariantat the time and region of their firstinfection. We evalu-
ated bothacute and postacute outcomes of reinfection and examined
risks according to vaccination status before reinfection. We evaluated
the rigor of our approach by testing positive and negative outcome
controls to determine whether our approach would produce results
consistent with pretest expectations.

The study has several limitations. The cohorts of people with
one, two, three or more infections included those that had a positive
test for SARS-CoV-2 and did not include those who may have had an
infection with SARS-CoV-2 but were not tested; this may have resulted
in misclassification of exposure since these people would have been
enrolledin the control groups. If present in large numbers and if their
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true risk of adverse health outcomes is substantially higher than the
noninfected controls, thenthis may have resulted inunderestimation of
therisks of reinfection. Although we leveraged several Veterans Affairs
and non-Veterans Affairs data sources, our datasets may not have
comprehensively captured care received outside the Veterans Affairs
(including exposure (positive SARS-CoV-2), covariates (for example,
vaccination) and outcomes), which may contribute to potential mis-
classification. Although the Veterans Affairs population which consists
of those who are mostly older and male may not be representative of
the general population, our cohorts included 10.3% women, which
amounted to 589,573 participants, and 12% were under 38.8 years of
age (the median age of the US populationin 2021), whichamounted to
680,358 participants. Subgroup analyses were not conducted by age,
sex and race. Although we balanced characteristics of the exposure
groups through weighting using a set of predefined and algorithmi-
cally selected covariates, which included demographic, behavioral,
contextual and clinical characteristics, we cannot completely rule
out residual confounding from unmeasured or otherwise unknown
confounders. The COVID-19 pandemicis a highly dynamic global event
thatisstillunfoldingin real time; as various epidemiological drivers of
this pandemic change over time (including emergence of new variants,
increase in vaccine uptake and waning vaccine immunity), it is likely
that the epidemiology of reinfection and its health consequences
may also change over time. The aim of our analyses was to examine
the health risks associated with those individuals who had reinfection
(compared tono reinfection). Our analyses should not be interpreted
as an assessment of severity of asecond infection versus that of afirst
infection, nor should they be interpreted as an examination of the
risks of adverse health outcomes after a second infection compared
to risks incurred after a first infection. Our analyses do not provide
a comparative assessment of the risks of reinfection with different
variants or subvariants.

Insum, inthis study of 5,819,264 individuals, we provide evidence
that reinfection contributes to additional health risks beyond those
incurred in the first infection including all-cause mortality, hospitali-
zation and sequelae in a broad array of organ systems. The risks were
evidentinthe acute and postacute phases of reinfection. The evidence
suggests that for people who already had afirst infection, prevention
ofasecondinfection may protect from additional health risks. Preven-
tion of infection and reinfection with SARS-CoV-2 should continue to
be the goal of public health policy.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
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Methods

Ethics statement

This study was approved by the institutional review board of the Vet-
erans Affairs St. Louis Health Care System, which granted a waiver of
informed consent (protocolno.1606333). All participants who were eli-
gible for this study were enrolled; no a priorisample size analyses were
conducted to guide enrollment. All analyses were observational, and
investigators were aware of participant exposure and outcome status.

Setting

Participants were selected from the US Veterans Health Administra-
tion (VHA) electronic health database. The VHA delivers healthcare to
discharged Veterans of the US armed forces in a network of nationally
integrated healthcare systems including more than 1,415 healthcare
facilities. Veterans enrolled for carein the VHA have access to extensive
medical benefits, such asinpatient and outpatient services, preventa-
tive, primary and specialty care, mental health services, geriatric care,
long-term and home healthcare, medications and medical equation
and prosthetics. The VHA electronic health database is updated daily.

Cohorts
A flowchart of cohort construction is provided in Extended Data
Fig. 1. We first identified users of the VHA with at least one positive
SARS-CoV-2test between1March 2020 and 6 April 2022 (n = 519,767),
enrolling these participants at the date of first positive test (set as 7).
Use of the VHA was defined as having record of use of outpatient or
inpatient service, receipt of medication or use of laboratory service
with the VHA healthcare system in the 2 years before enrollment. We
selected those still alive 90 d after their first positive SARS-CoV-2 test
(n=489,779). We then further selected participants who experienced
reinfection, defined as a positive SARS-CoV-2test 90 d or more after the
firstinfection, where reinfection could occur between1june 2020 and
25June 2022, which spans the time framein the US in which pre-Delta,
Delta and Omicron variants predominated®™. The 90-d minimum
time frame to define reinfection was specified to minimize inclusion
of repeat positive tests that may be related to the first infection'®™".
There were 40,947 participants who had areinfection, where the time
ofreinfectionwassetas T,. Toensure asimilar distribution of follow-up
timeinthe noreinfectionand reinfection groups, participantsintheno
reinfection group were randomly assigned a T; based on the distribu-
tion of T; of those in the reinfection group who shared the same calen-
darmonth as the date of firstinfection, resultingin agroup of 443,588
participants with no reinfection that were alive at their assigned T.
We then constructed a noninfected control group. We firstidenti-
fied 5,760,792 VHA users between1March 2020 and 6 April 2022 with
norecord of a positive SARS-CoV-2 test. We then randomly assigned a
Totoeachparticipantinthe group onthe basis of the distribution of the
T, dates in those with at least one positive SARS-CoV-2 test, selecting
the 5,458,815who werealive at their assigned T,,. We selected those who
were alive 90 d after their T, (n = 5,408,880). After randomly assigning
aT,,therewere 5,334,729 inthe noninfected control cohort. All cohort
participants were followed until 25June 2022.

Datasources

Participant data were obtained from the VHA Corporate Data Ware-
house. The patient and vital status domains provided data on demo-
graphic characteristics. VHA mortality information contains both
inhospital and nonhospital deaths collected from the Veterans Affairs
and non-Veterans Affairs sourcesincluding the VHA's Beneficiary Iden-
tification Record Locator System and medical inpatient datasets, as
well as Medicare Vital Status File, Social Security Administration’s
Master File and information from death certificates and the National
Cemetery Administration®’. The outpatient and inpatient encounter
domains provided information on health characteristics including
details ondate and place of encounter with the healthcare systemand

diagnostic and procedural information. The Pharmacy and Bar Code
Medication Administration domains provided medication records,
while thelaboratory results domainprovided laboratory test results for
tests conducted inbothinpatient and outpatient settings”*. Informa-
tion about SARS-CoV-2 tests and vaccinations were obtained from the
COVID-19 Shared Data Resource. Positive SARS-CoV-2 tests consisted
of results from PCR or antigen tests conducted in the Veterans Affairs
or reported to the Veterans Affairs. The 2019 Area Deprivation Index
at the residential address of each cohort participant was used as a
contextual measure of socioeconomic disadvantage?. Information
from the US Center for Disease Control and Prevention provided the
proportion of SARS-CoV-2 variant by week in each Health and Human
Services (HHS) region.

Outcomes

Outcomes were prespecified on the basis of previous evidence' %%,
Outcomesincluded all-cause mortality, hospitalization, having at least
one sequela and organ system disorders including cardiovascular
disorders, coagulation and hematological disorders, diabetes, fatigue,
gastrointestinal disorders, kidney disorders, mental health disorders,
musculoskeletal disorders, neurological disorders and pulmonary dis-
orders. Organ system disorders were defined as acomposite outcome
of a set of prespecified individual sequelae in that system at the date
offirstincident sequelain that system during follow-up. Organ system
disorders were defined on the basis of inpatient or outpatient diagnos-
tic codes, medication prescriptions or laboratory values. A list of the
individual sequelae by organ system are provided in Supplementary
Table13. The outcome of ‘at least one sequela’ was defined at the time of
occurrence of firstincident sequelaamongallindividual sequelae. For a
participant, foragiven outcome, eachindividual sequelawasincluded
inthe assessed outcome only when there was no record of that health
conditioninthe2yearsbefore T,. Participants were excluded fromthe
analysis of an outcome ifthey had previous history of all the individual
sequelae that contributed to the outcome being examined. Hospitali-
zation was defined as first inpatient admittance during follow-up. In
analyses of kidney disorders, participants with a previous history of
end-stage kidney disease were excluded and follow-up was censored
atthe time of end-stage kidney disease (Supplementary Table 13).

Covariates
Covariates included a set of variables that were predefined based
on previous knowledge*7??*%72730-33 and a set of variables that were
selected algorithmically. Predefined covariatesincluded demographic
information (age, race and sex), contextual information (Area Dep-
rivation Index) and measures of healthcare use in the 2 years before
To, which included the number of outpatient visits, inpatient visits,
unique medication prescriptions, routine laboratory blood panels
and use of Medicare services, as well as a previous history of receiv-
ing an influenza vaccination. Smoking status was also included as a
covariate. Characteristics of the participants’ health history included
record of anxiety, cancer, cardiovascular disease, cerebrovascular dis-
ease, chronickidney disease, chronic obstructive pulmonary disease,
dementia, depression, type 2 diabetes mellitus, estimated glomerular
filtration rate,immunocompromised status, peripheral artery disease,
systolic and diastolicblood pressure and body mass index on the basis
ofinpatient or outpatient diagnostic codes, medication prescriptions,
laboratory values and vital signs. Immunocompromised status was
defined accordingto the US Center for Disease Control and Prevention
definitions by a history of organ transplantation, advanced kidney
disease (an estimated glomerular filtration rate <15 ml min '1.73 m>
or end-stage renal disease), cancer, HIV or conditions with prescrip-
tions of more than 30-d use of corticosteroids orimmunosuppressants
including systemic lupus erythematosus and rheumatoid arthritis.
We also included a set of covariates related to the acute phase of
thefirstinfection: severity of the acute phase of the disease, defined in
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mutually exclusive groups of nonhospitalized, hospitalized and admit-
ted to the intensive care unit during the acute phase and whether the
participant received SARS-CoV-2treatment of antivirals, antibodies and
immunomodulatorsincluding corticosteroids, interleukin-6 inhibitors
andkinase inhibitors. We also included—as measures of spatiotemporal
differences—the calendar week of enrollment and geographical region
of receipt of care defined by the Veterans Integrated Services Networks.
We also adjusted for vaccination status, which was defined as receiv-
ing no, one, two and three or more Janssen (Ad26.COV2.S; Johnson
& Johnson), Pfizer-BioNTech (BNT162b2) or Moderna (mRNA-1273)
vaccinationshots. In consideration of the dynamicity of the pandemic,
additional covariates included hospital system capacity (the total
number of inpatient hospital beds), inpatient bed occupancy rates (the
percentage of hospital beds that were occupied) and a measure of the
proportions of SARS-CoV-2 variants by HHS region®. These measures
were ascertained for each participantin the week of cohort enrollment
atthelocation of the healthcare system they received care at.

In addition to the predefined covariates, we leveraged the high
dimensionality of Veterans Affairs electronic health records by
employing a high-dimensional variable selection algorithm to iden-
tify additional covariates that may potentially confound the examined
associations. We used the diagnostic classifications system from the
Clinical Classifications Software Refined v.2021.1, available from the
Healthcare Cost and Utilization Project sponsored by the Agency for
Healthcare Research and Quality, to classify more than 70,000 Inter-
national Classification of Diseases, 10th revision diagnosis codes in
the 2 years before T, for each participant into 540 diagnostic catego-
ries® ¥, Using the Veterans Affairs national drug classification system,
we also classified 3,425 different medications into 543 medication
classes®®*, Finally, on the basis of Logical Observation Identifiers
Names and Codes, we classified laboratory results from 38 differ-
ent laboratory measurements into 62 laboratory test abnormalities,
defined by being above or below the corresponding reference ranges.
Of the high-dimensional variables that occurred at least 100 times
in participants in each group, we selected the top 100 variables with
the highest relative risk for differences in group membership in first
infection or reinfection.

Statistical analysis

Mean (s.d.) and frequency (percentage) of characteristics are reported
for those withno SARS-CoV-2 reinfection, SARS-CoV-2 reinfection and
the noninfected control group, where appropriate. We provide infor-
mation onthedistribution of frequency of reinfections, time between
infections and variant of reinfection (defined by predominant variant
given the calendar week and HHS region of the residential location of
cohort participants when reinfection occurred).

All associations were estimated based on weighting approaches
combined with survival analyses. We conducted a primary analysis to
evaluate the risk and burden of reinfection compared to no reinfec-
tion (Supplementary Fig. 2). Logistic regressions were constructed
to estimate the propensity score of group membership; regressions
included predefined covariates, high-dimensional covariates and time
from T, to T, as ameans to adjust for residual differences in duration of
follow-up. A reference cohort of the overall infected cohort at T, was
used as the target population. Inverse probability weighting was then
used tobalance the covariates. A weighted Cox survival model was then
used to estimate the average risk and event rate difference between
those with areinfection and those with no reinfection. Standard errors
were estimated by applying the robust sandwich variance estimator
method. Covariate balance amongall predefined and high-dimensional
variables were assessed through the standardized mean difference,
where a difference <0.1 was taken as evidence of balance. We esti-
mated the incidence rate difference (referred to as excess burden)
between groups per 1,000 participants at 6 months after the start of
the follow-up based on the difference in survival probability between

the groups. These analyses were repeated by subgroup on the basis of
the number of vaccination shots received (0, 1or 2+) before reinfection
using an overlap weighting approach. To test whether the risk on the
multiplicative scale differed between participants with different dura-
tionbetween T,and T;,amodel with alinear interaction term between
reinfection status and duration was constructed and the corresponding
Pvalueisreported for the outcomes of all-cause mortality, hospitaliza-
tion and having at least one sequela.

To examine whether risks associated with areinfection were pre-
sent in the acute and postacute phases of reinfection, we conducted
analyses to examine risks in 30-d time intervals starting at the time of
reinfection up to 180 d after reinfection. HRs and 30-d burdens were
estimated independently for each 30-d timeinterval. During each 30-d
interval, outcomes were defined at the time of first occurrence within
this interval in those who did not have that outcome in the 2 years
before the firstinfection.

We then used a doubly robust approach to examine the risk and
cumulativeburdenper1,000 persons at one-year after first infection of
sequelae associated with one, two and three or more infections versus
anoninfected control (Supplementary Fig. 3). Athird or more infection
was defined as a positive test at least 90 d after the second infection.
The number of infections and outcomes were assessed in the 360 d after
To+30 d.Since those with three or more infections predominantly had
their firstinfection before the Omicron variant was present, to enhance
comparison across groups, we restricted this analysis to those with a
Toperiod before Omicron became the predominant variantin at least
one HHS region (11 December 2022). Because participants with three
or more infections must have not died during the follow-up period to
have that third (or more) infection, we did not examine the outcome
of all-cause mortality due to immortal time bias.

Positive and negative controls

We examined, as positive outcome controls, therisk of fatigue in those
with a SARS-CoV-2 infection compared to the noninfected control
group as a means of testing whether our approach would reproduce
established knowledge***?.

The application of a negative outcome control may help detect
bothsuspected and unsuspected sources of spurious biases. Therefore,
we examined the difference inrisks of atopic dermatitis and neoplasms
between those who had reinfection and the firstinfection, where no pre-
vious knowledge suggested that anassociation should be expected. The
testing of positive and negative outcome controls may lessen, although
noteliminate, concerns about biases related to study design, covariate
selection, analyticalapproach, outcome ascertainment, unmeasured
confounding and other potential sources of latent biases***..

Allanalyses were two-sided. Inall analyses, a95% Cl that excluded
unity was considered evidence of statistical significance. All analyses
were conducted in SAS Enterprise Guide v.8.2, and all figures were
generatedinRv.4.0.4.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The datathat support the findings of this study are available from the
US Department of Veterans Affairs. Veterans Affairs data are made
freely available toresearchers behind the Veterans Affairs firewall with
an approved Veterans Affairs study protocol. For more information,
please visit https://www.virec.research.va.gov or contact the Veterans
Affairs Information Resource Center at VIReC@va.gov.

Code availability
The code used for the analysis is available at https://github.com/
BcBowe3.

Nature Medicine


http://www.nature.com/naturemedicine
https://www.virec.research.va.gov
https://github.com/BcBowe3
https://github.com/BcBowe3

Article

https://doi.org/10.1038/s41591-022-02051-3

References

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

Yahav, D. et al. Definitions for coronavirus disease 2019
reinfection, relapse and PCR re-positivity. Clin. Microbiol. Infect.
27, 315-318 (2021).

Centers for Disease Control and Prevention. Reinfection: clinical
considerations for care of children and adults with confirmed
COVID-19 https://www.cdc.gov/coronavirus/2019-ncov/hcp/
clinical-care/clinical-considerations-reinfection.html (2022).
Wang, J., Kaperak, C., Sato, T. & Sakuraba, A. COVID-19
reinfection: a rapid systematic review of case reports and case
series. J. Investig. Med. 69, 1253-1255 (2021).

Tillett, R. L. et al. Genomic evidence for reinfection with
SARS-CoV-2: a case study. Lancet Infect. Dis. 21, 52-58 (2021).
Arnold, N., Sohn, M., Maynard, C. & Hynes, D. M. VIReC Technical
Report 2: VA-NDI Mortality Data Merge Project (Edward Hines Jr. VA
Hospital VA Information Resource Center, 2006).

Bowe, B., Xie, Y., Xu, E. & Al-Aly, Z. Kidney outcomes in long
COVID. J. Am. Soc. Nephrol. 32, 2851-2862 (2021).

Kind, A. J. H. & Buckingham, W. R. Making
neighborhood-disadvantage metrics accessible—the
Neighborhood Atlas. N. Engl. J. Med. 378, 2456-2458 (2018).
Xie, Y., Xu, E., Bowe, B. & Al-Aly, Z. Long-term cardiovascular
outcomes of COVID-19. Nat. Med. 28, 583-590 (2022).

Xie, Y., Xu, E. & Al-Aly, Z. Risks of mental health outcomes in
people with Covid-19: cohort study. BMJ 376, e068993 (2022).
Taquet, M. et al. Incidence, co-occurrence, and evolution of
long-COVID features: a 6-month retrospective cohort study of
273,618 survivors of COVID-19. PLoS Med. 18, e1003773 (2021).
Davis, H. E. et al. Characterizing long COVID in an

international cohort: 7 months of symptoms and their impact.
EClinicalMedicine 38,101019 (2021).

Taquet, M., Geddes, J. R., Husain, M., Luciano, S. & Harrison, P.
J. 6-month neurological and psychiatric outcomes in 236 379
survivors of COVID-19: a retrospective cohort study using
electronic health records. Lancet Psychiatry 8, 416-427 (2021).
Xie, Y. & Al-Aly, Z. Risks and burdens of incident diabetes in long
COVID: a cohort study. Lancet Diabetes Endocrinol. 10, 311-321
(2022).

Xu, E., Xie, Y. & Al-Aly, Z. Long-term neurologic outcomes of
COQVID-19. Nat Med https://doi.org/10.1038/s41591-022-02001-z
(2022).

Spudich, S. & Nath, A. Nervous system consequences of
COQOVID-19. Science 375, 267-269 (2022).

Cai, M., Bowe, B., Xie, Y. & Al-Aly, Z. Temporal trends of COVID-19
mortality and hospitalisation rates: an observational cohort
study from the US Department of Veterans Affairs. BMJ Open 11,
e047369 (2021).

Nalbandian, A. et al. Post-acute COVID-19 syndrome. Nat. Med.
27, 601-615 (2021).

Sharma, A., Oda, G. & Holodniy, M. COVID-19 vaccine breakthrough
infections in Veterans Health Administration. Preprint at medRxiv
https://doi.org/10.1101/2021.09.23.21263864 (2021).
Schneeweiss, S. et al. High-dimensional propensity score
adjustment in studies of treatment effects using health care
claims data. Epidemiology 20, 512-522 (2009).

Wei, Y. et al. Short term exposure to fine particulate matter and
hospital admission risks and costs in the Medicare population:
time stratified, case crossover study. BMJ 367, 16258 (2019).
Aubert, C. E. et al. Best definitions of multimorbidity to identify
patients with high health care resource utilization. Mayo Clin.
Proc. Innov. Qual. Outcomes 4, 40-49 (2020).

Agency for Healthcare Research and Quality. Healthcare cost and
utilization project (HCUP) (AHRQ, 2021).

38. Olvey, E. L., Clauschee, S. & Malone, D. C. Comparison
of critical drug-drug interaction listings: the Department
of Veterans Affairs medical system and standard
reference compendia. Clin. Pharmacol. Ther. 87, 48-51
(2010).

39. Greene, M., Steinman, M. A., McNicholl, I. R. & Valcour, V.
Polypharmacy, drug-drug interactions, and potentially
inappropriate medications in older adults with human
immunodeficiency virus infection. J. Am. Geriatr. Soc. 62, 447-453
(2014).

40. Lipsitch, M., Tchetgen, E. & Cohen, T. Negative controls: a tool
for detecting confounding and bias in observational studies.
Epidemiology 21, 383-388 (2010).

41. Shi, X., Miao, W. & Tchetgen, E. T. A selective review of negative
control methods in epidemiology. Curr. Epidemiol. Rep. 7,
190-202 (2020).

Acknowledgements

This study used data from the VA COVID-19 Shared Data Resource.
This research was funded by the US Department of Veterans Affairs
(Z.A.-A.) and two American Society of Nephrology and KidneyCure
fellowship awards (B.B. and Y.X.). The funders had no role in

study design, data collection and analysis, decision to publish

or preparation of the manuscript. The contents do not represent
the views of the US Department of Veterans Affairs or the US
Government.

Author contributions

Z.A.-A., B.B. and Y.X. contributed to the development of the study
concept and design and data analysis and interpretation. Z.A.-A. and
B.B. drafted the manuscript. Critical revision of the manuscript was
contributed to by Z.A.-A., B.B. and Y.X. Z.A.-A. provided administrative,
technical and material support, as well as supervision and mentorship.
Z.A.-A. is the guarantor of the work. Each author contributed important
intellectual content during manuscript drafting or revision and
accepts accountability for the overall work by ensuring that questions
pertaining to the accuracy or integrity of any portion of the work are
appropriately investigated and resolved. All authors approved the
final version of the manuscript. The corresponding author attests that
all the listed authors meet the authorship criteria and that no others
meeting the criteria have been omitted.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41591-022-02051-3.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41591-022-02051-3.

Correspondence and requests for materials should be addressed to
Ziyad Al-Aly.

Peer review information Nature Medicine thanks Zachary Strasser and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. The primary handling editor was Ming Yang, in
collaboration with the Nature Medicine team.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Medicine


http://www.nature.com/naturemedicine
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-care/clinical-considerations-reinfection.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-care/clinical-considerations-reinfection.html
https://doi.org/10.1038/s41591-022-02001-z
https://doi.org/10.1101/2021.09.23.21263864
https://doi.org/10.1038/s41591-022-02051-3
https://doi.org/10.1038/s41591-022-02051-3
http://www.nature.com/reprints

Article https://doi.org/10.1038/s41591-022-02051-3

Veterans Health Administration (VHA)

l |

VHA users with a first positive VHA users from
SARS-CoV-2 test from March 1, 2020, to April 6, 2022,
March 1, 2020, to April 6, 2022 with no positive SARS-CoV-2 test
(N=519,767) (N=5,760,792)

|

Alive at randomly assigned T,
(N=5,458,815)

Alive 90 days after enrollment Alive 90 days after enrollment
(N=489,779) (N=5,408,880)

Non-infected alive at

Alive at assigned T, Reinfection assigned T
b= =1 1
(N=443,588) (N=40,947) (N=5,334,729)
Ke SARS-CoV-2 No SARS-CoV-2 SARS-CoV-2 Non-infected
y infection reinfection reinfection control

Extended Data Fig.1| Cohort flowchart.
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Foundation for Statistical Computing, Vienna, Austria). Analytic codes are available at https://github.com/BcBowe3

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that support the findings of this study are available from the US Department of Veterans Affairs. VA data are made freely available to researchers behind
the VA firewall with an approved VA study protocol. For more information, please visit https://www.virec.research.va.gov or contact the VA Information Resource
Center (VIReC) at VIReC@va.gov
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Sample size To achieve better precision of the study results, we enrolled all users of the US Veterans Health Administration. This included people with a
first SARS-CoV-2 infection (n=443,588), reinfection (2 or more infections, n=40,947), and a non-infected control group (n=533,4729). Among
those with a reinfection, 2,572 had three infections, and 378 had four or more infections. Participants were followed until 180 days after
reinfection, up to June 25, 2022, or death. Across all groups there were 589,573 were female.

Data exclusions  To examine the risk of sequelae associated with reinfection, we predefined our exclusion criteria and excluded participants who did not
survive the first 30 days of the first SARS-CoV-2 infection.

Replication The finding was not replicated because no external dataset with similar features is available to us.

Randomization  We conducted an observational study. Exposure allocation was not random. To balance the exposure groups, both predefined and
algorithmically selected covariates were adjusted for through the inverse probability weighting methods.

Blinding We conducted an observational study. Blinding was not possible.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies |Z |:| ChiIP-seq
|:| Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

[] Animals and other organisms
g Human research participants
|:| Clinical data

|:| Dual use research of concern
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Human research participants

Policy information about studies involving human research participants

Population characteristics Study participants are users of the US Veteran Health Administration.This included people with a first SARS-CoV-2 infection
(n=443,588), reinfection (2 or more infections, n=40,947), and a non-infected control group (n=5,334,729). Among those
with a reinfection, 2,263 had three infections, and 246 had four or more infections. Average age 63.17 years, 72.11% White,
18.12% Black, 89.70% males, 10.30% females. Average systolic blood pressure was 131.84 mmhg. Average area deprivation
index was 53.27. Sex is presented as a binary variable and is based off birth-certificates; it is not self report.

Recruitment Participants were recruited if they had at least 1 encounter with the US Veteran Health Administration in the two years prior
to cohort enrollment. Non users of the VA health care system were not included. The characteristics of the study population
may be different from the general population (US or global population). Other biases due to recruitment including self-
selection bias are unlikely to bias the results of this study.

Ethics oversight This study was approved the VA St. Louis Health Care System Institutional Review Board (protocol number 1606333) which
granted waiver of informed consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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