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ABSTRACT

BACKGROUND

Postacute sequelae of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection (PASC) can affect many organ systems. However, temporal changes during
the coronavirus disease 2019 (Covid-19) pandemic, including the evolution of
SARS-CoV-2, may have affected the risk and burden of PASC. Whether the risk and
burden of PASC have changed over the course of the pandemic is unclear.

METHODS

We used health records of the Department of Veterans Affairs to build a study
population of 441,583 veterans with SARS-CoV-2 infection between March 1, 2020,
and January 31, 2022, and 4,748,504 noninfected contemporaneous controls. We
estimated the cumulative incidence of PASC at 1 year after SARS-CoV-2 infection
during the pre-delta, delta, and omicron eras of the Covid-19 pandemic.

RESULTS

Among unvaccinated persons infected with SARS-CoV-2, the cumulative incidence
of PASC during the first year after infection was 10.42 events per 100 persons
(95% confidence interval [CI], 10.22 to 10.64) in the pre-delta era, 9.51 events per
100 persons (95% CI, 9.26 to 9.75) in the delta era, and 7.76 events per 100 persons
(95% CI, 7.57 to 7.98) in the omicron era (difference between the omicron and
pre-delta eras, —2.66 events per 100 persons [95% CI, —2.93 to —2.36]; difference
between the omicron and delta eras, —1.75 events per 100 persons [95% CI, —2.08
to —1.42]). Among vaccinated persons, the cumulative incidence of PASC at 1 year
was 5.34 events per 100 persons (95% CI, 5.10 to 5.58) during the delta era and
3.50 events per 100 persons (95% CI, 3.31 to 3.71) during the omicron era (differ-
ence between the omicron and delta eras, —1.83 events per 100 persons; 95% CI,
—2.14 to —1.52). Vaccinated persons had a lower cumulative incidence of PASC at
1 year than unvaccinated persons (difference during the delta era, —4.18 events per
100 persons [95% CI, —4.47 to —3.88]; difference during the omicron era, —4.26
events per 100 persons [95% CI, —4.49 to —4.05]). Decomposition analyses showed
5.23 (95% CI, 4.97 to 5.47) fewer PASC events per 100 persons at 1 year during the
omicron era than during the pre-delta and delta eras combined; 28.11% of the
decrease (95% CI, 25.57 to 30.50) was attributable to era-related effects (changes
in the virus and other temporal effects), and 71.89% (95% CI, 69.50 to 74.43) was
attributable to vaccines.

CONCLUSIONS
The cumulative incidence of PASC during the first year after SARS-CoV-2 infection
decreased over the course of the pandemic, but the risk of PASC remained substan-
tial even among vaccinated persons who had SARS-CoV-2 infection in the omicron
era. (Supported by the Department of Veterans Affairs.)
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OSTACUTE SEQUELAE OF SEVERE ACUTE

respiratory syndrome coronavirus 2 (SARS-

CoV-2) infection (PASC), also called “long
Covid,” can affect many organ systems."? The
risk of PASC appears to increase with greater
severity of infection and with the presence of
preexisting medical conditions, and the risk ap-
pears to decrease after coronavirus disease 2019
(Covid-19) vaccination.>* However, SARS-CoV-2
has changed during the Covid-19 pandemic. Al-
though PASC has been documented with differ-
ent SARS-CoV-2 variants, it has been postulated
that variation in viral characteristics and other
factors, including the introduction of Covid-19
vaccines, may have contributed to a reduction in
the risk of PASC during the course of the pan-
demic. However, whether and to what extent the
risk of PASC has changed during the Covid-19
pandemic is unclear. Thus, a comparison of the
risk and burden of PASC during the main eras of
the pandemic, including the era before the delta
variant became the dominant lineage (pre-delta
era), the era when the delta variant was dominant
(delta era), and the era when the omicron variant
was dominant (omicron era), is needed.’ Such a
comparison may deepen our understanding of
the epidemiology of PASC, inform the public
health response, guide the prioritization of re-
search, and improve clinical care.’

In this study, we used the Department of
Veterans Affairs Health Care System databases
to build a study population of 441,583 veterans
with SARS-CoV-2 infection between March 1, 2020,
and January 31, 2022, and 4,748,504 noninfected
contemporaneous controls. Persons in the study
were followed for 1 year to estimate the risk and
burden of PASC during the pre-delta, delta, and
omicron eras.

METHODS

COHORT
We used databases of the Veterans Affairs Health
Care System to select 441,583 veterans with
SARS-CoV-2 infection between March 1, 2020,
and January 31, 2022, who were alive 30 days
after TO (defined below) for inclusion into one of
five cohorts: no vaccination and SARS-CoV-2 in-
fection during the pre-delta era (206,011 per-
sons), no vaccination and SARS-CoV-2 infection
during the delta era (54,002 persons), vaccination
and SARS-CoV-2 infection during the delta era

(56,260 persons), no vaccination and SARS-CoV-2
infection during the omicron era (40,367 persons),
and vaccination and SARS-CoV-2 infection during
the omicron era (84,943 persons). Three era-spe-
cific control cohorts of persons without SARS-
CoV-2 infection between March 1, 2020, and Janu-
ary 31, 2022, who were alive 30 days after TO
were also selected: a pre-delta era control cohort
(2,300,313 persons), a delta era control cohort
(1,174,003 persons), and an omicron era control
cohort (1,274,188 persons) (Fig. 1). TO for per-
sons in the Covid-19 cohorts was defined as the
date of SARS-CoV-2 infection. TO for persons in
the control cohorts was assigned according to the
distribution of TO in the Covid-19 cohorts. Addi-
tional details about the selection of the study
participants are provided in the Methods section
of the Supplementary Appendix, available with the
full text of this article at NEJM.org. The repre-
sentativeness of the study participants is shown
in Table S1 in the Supplementary Appendix.

The Covid-19 cohorts were followed until death
from any cause, 1 year after TO, or SARS-CoV-2
reinfection, whichever occurred first. The nonin-
fected era-specific control cohorts were followed
until death from any cause, 1 year after TO, or the
first SARS-CoV-2 infection, whichever occurred
first.

This study used data from the VA Covid-19
Shared Data Resource. The institutional review
board of the Department of Veteran Affairs of
St. Louis Health Care System approved the study
and granted a waiver of informed consent. The
contributions of the authors are described in
the Supplementary Appendix.

OUTCOMES
We prespecified a list of health outcomes that have
been previously described as postacute sequelae
of SARS-CoV-2 infection (Table S2).%%'> Qutcomes
were defined on the basis of multiple data do-
mains, including International Classification of Dis-
eases, 10th Revision, diagnosis codes, laboratory
values, and prescription medications. An incident
health outcome was defined as an outcome that
first occurred between 30 days and 1 year after
TO0 and had not been present before TO. The health
outcomes were classified according to 10 disease
categories — cardiovascular, coagulation and
hematologic, fatigue, gastrointestinal, kidney,
mental health, metabolic, musculoskeletal, neuro-
logic, and pulmonary. The risk of PASC is pre-

N ENGL J MED 391;6 NEJM.ORG AUGUST 8, 2024

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from negim.org on July 23, 2025. For personal use only.
No other uses without permission. Copyright © 2024 Massachusetts Medical Society. All rights reserved.



POSTACUTE SEQUELAE OF SARS-COV-2 INFECTION

Covid-19 Cohorts

Control Cohorts

499,538 Persons who used the VA health care
system had SARS-CoV-2 infection between
March 1, 2020, and January 31, 2022

5,807,161 Persons who used the VA health care
system did not have SARS-CoV-2 infection between
March 1, 2020, and January 31, 2022

A

477,294 Encountered VA health care system
at least twice 180 days apart within 3 yr

4,766,478 Encountered VA health care system
at least twice 180 days apart within 3 yr

\
234,230 Had TO

115,337 Had TO

A

127,727 Had TO 2,308,975 Had TO| |1,178,131 Had TO

1,279,372 Had TO

during during during assigned during | | assigned during || assigned during
pre-delta era delta era omicron era pre-delta era delta era omicron era
Y Y
216,844 Were 57,247 Were 58,090 Were 41,596 Were 86,131 Were
unvaccinated unvaccinated vaccinated unvaccinated vaccinated
Y Y
206,011 Were 54,002 Were 56,260 Were 40,367 Were 84,943 Were 2,300,313 Were || 1,174,003 Were || 1,274,183 Were
alive 30 days alive 30 days alive 30 days alive 30 days alive 30 days alive 30 days alive 30 days alive 30 days
after TO after TO after TO after TO after TO after TO after TO after TO

Figure 1. Study Cohorts.

horts. VA denotes Veterans Affairs.

TO for persons in the coronavirus disease 2019 (Covid-19) cohorts was defined as the date of severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) infection. TO for persons in the control cohorts was assigned according to the distribution of TO in the Covid-19 co-

sented for each disease category individually and
overall. An event within an outcome category was
defined as the occurrence of any incident indi-
vidual health outcome under that category.

We also used the Global Burden of Disease
study methods to estimate the number of dis-
ability-adjusted life-years due to PASC.®*?> Dis-
ability-adjusted life-years account for the number
of outcome events and their influence on overall
health.®1315

COVARIATES

Covariates were selected with the use of a directed
acyclic graph that was built on the basis of previ-
ously published data; covariate data were collect-
ed during the 3-year period before baseline (Fig.
§1).37111617 Sociodemographic variables included
age, race (White, Black, or other), sex as reported
by the participant, area deprivation index (a mea-
sure of socioeconomic disadvantage), smoking
status (current, former, or never), and use of long-
term care services. Laboratory measurements and
vital signs included the estimated glomerular fil-
tration rate, systolic and diastolic blood pressures,

N ENGL ) MED 391;6 NEJM.ORG

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.

and body-mass index. Coexisting conditions in-
cluded cancer, cardiovascular disease, chronic lung
disease, coronary artery disease, dementia, dia-
betes, hyperlipidemia, human immunodeficiency
virus infection, immune dysfunction, liver dis-
eases, and peripheral artery diseases. To account
for potential differences in health behavior and
health resource use, we also adjusted for the num-
ber of outpatient visits and hospital admissions,
blood panel tests, medications received, Medicare
outpatient visits and hospital admissions, and im-
munizations and for the receipt of seasonal influ-
enza vaccine. Covariates related to health behav-
ior and health resource use were measured during
the third year before TO, which was before the
beginning of the pandemic, and separately dur-
ing the year before T0. We also estimated and
adjusted for the predicted probability of under-
going testing for Covid-19 during each era con-
ditional on covariate data before the beginning
of the pandemic. Missing data, including missing
estimated glomerular filtration rates (for 6.82%
of participants), missing body-mass indexes (for
6.62% of participants), and missing blood pres-
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sures (for 1.56% of participants), were imputed
with the use of a predictive mean matching meth-
od based on multivariate imputation by chained
equations.”® Continuous variables were trans-
formed into restricted cubic spline functions with
knots at the 5th, 35th, 65th, and 95th percentiles
to account for potential nonlinear relationships
between covariates and cohorts."

STATISTICAL ANALYSIS
The baseline characteristics of the five Covid-19
cohorts and the three control cohorts are report-
ed as means and standard deviations for continu-
ous variables and as numbers and percentages
for categorical variables. Pairwise absolute stan-
dardized differences across the cohorts were used
to assess between-group differences in baseline
characteristics, with a value of less than 0.1 con-
sidered to be evidence of good covariate balance.
To achieve balance on baseline characteristics
across the eight cohorts, overlap weighting for
multiple groups was used.?® For each participant,
probabilities of being assigned to each of the eight
cohorts were estimated with the use of logistic-
regression analysis conditional on baseline char-
acteristics. The overlap weight was then construct-
ed as the inverse probability of being assigned to

the cohort in which the participant was enrolled
divided by the summation of the inverse proba-
bilities of being assigned to each of the eight
cohorts.

Weighted generalized estimating equations
with Poisson regression were used to estimate the
cumulative incidence of PASC in each of the
eight cohorts. The risk and burden of PASC in
each Covid-19 cohort were then estimated on the
basis of the difference in these measures between
the Covid-19 cohorts and their corresponding era-
specific control cohorts. Comparisons between
the Covid-19 cohorts with respect to the risk and
burden of PASC during the first year after infec-
tion were then conducted, and findings are re-
ported as the incidence rate ratio, cumulative in-
cidence, and disability-adjusted life-years per 100
persons. We also estimated the risk and burden
of PASC in combinations of cohorts, including
the pre-delta era cohort and the unvaccinated delta
era cohort, both delta era cohorts, both omicron
era cohorts, and the pre-delta era cohort and both
delta era cohorts, on the basis of the proportion
composition of the five independent Covid-19 co-
horts in these combined cohorts.

We then conducted decomposition analyses
to understand the distributional contribution of

Difference, -2.66 (95% Cl, -2.93 to -2.36)

Events per 100 Persons
Unvaccinated
Vaccinated

10.42 (95% Cl, 10.22-10.64)

12+
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114 Unvaccinated leferfnce, 1.75 (95% Cl, -2.08 to ‘1.42)
10 R T T
£ o e
o ~ T e
[ Difference, |  TTTeell_|
£ 3 oF >
e -4.18 (95% Cl,
§ o -4.47 to -3.88) Difference,
. -4.26 (95% Cl,
g 54 Vaccinated -4.49 to -4.05)
2 44
<
S 3- \ ]
24 Difference, -1.83 (95% Cl, -2.14 to -1.52)
1_
0 .
Pre-Delta Era Delta Era Omicron Era

9.51 (95% Cl, 9.26-9.75)
5.34 (95% Cl, 5.10-5.58)

7.76 (95% Cl, 7.57-7.98)
3.50 (95% Cl, 3.31-3.71)

Omicron Eras According to Vaccination Status.

1 bars indicate 95% confidence intervals.

Figure 2. Cumulative Incidence of Postacute Sequelae of SARS-CoV-2 Infection (PASC) in the Pre-Delta, Delta, and

Shown is the cumulative incidence of PASC at 1 year after SARS-CoV-2 infection among unvaccinated persons dur-
ing the pre-delta, delta, and omicron eras and among vaccinated persons during the delta and omicron eras. Also
shown are selected comparisons (presented as differences on the absolute scale) within and between the cohorts.
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era and vaccines to changes in the cumulative inci-
dence of PASC. Details on decomposition analyses
are provided in the Methods section of the Sup-
plementary Appendix.

We conducted multiple sensitivity analyses to
test the robustness of the results. These analyses
included alternative approaches to the exposure
definition, follow-up definition, modeling assump-
tions, covariate adjustment, and outcome defini-
tion. We also conducted analyses of the sensitiv-
ity of the results to the influence of unmeasured
confounding and misclassification of exposure.
In addition, we assessed incident neoplasm as a
negative outcome control.* Details about the sen-
sitivity analyses and the negative outcome control
analysis are provided in the Methods section of
the Supplementary Appendix.

We obtained 95% confidence intervals of the
estimates from the 2.5th and 97.5th percentiles
of parametric bootstrapping with 1000 simula-
tions generated with the use of a generalized es-
timating equations—based covariance matrix. SAS
Enterprise Guide, version 8.3 (SAS Institute), was

used for data management and analyses; R, ver-
sion 4.3.0 (R Foundation for Statistical Comput-
ing), was used for data visualization.

RESULTS

COHORTS
The demographic and clinical characteristics of
the eight cohorts before and after weighting are
presented in Tables S3 and S4, respectively. Assess-
ment of the standardized mean differences for all
baseline characteristics in the weighted cohorts
showed that all differences were less than 0.1,
which suggests that good balance was achieved.

CUMULATIVE INCIDENCE OF PASC

Among unvaccinated persons, the cumulative in-
cidence of PASC at 1 year after SARS-CoV-2 infec-
tion was 10.42 events per 100 persons (95% con-
fidence interval [CI], 10.22 to 10.64) during the
pre-delta era, 9.51 events per 100 persons (95% CI,
9.26 to 9.75) during the delta era, and 7.76 events
per 100 persons (95% CI, 7.57 to 7.98) during the

Category, Vaccination Status, and Pandemic Era.*

Table 1. Incidence of Postacute Sequelae of Severe Acute Respiratory Syndrome Coronavirus 2 Infection (PASC) According to Disease

Disease Category

Difference in Cumulative
Incidence (95% Cl)

events per 100 persons

Metabolic 0.19 (0.06 to 0.32)

Musculoskeletal 0.13 (0.01 to 0.26)

at 1yr

Cardiovascular -0.46 (-0.61 to -0.30)
Coagulation and hematologic -0.01 (-0.13 t0 0.12)
Fatigue -0.29 (~0.37 t0 -0.19)
Gastrointestinal 0.39 (0.23 to 0.56)
Kidney -0.17 (-0.31 to -0.03)
Mental health -0.75 (-0.91 to -0.58)

(

(
Neurologic -0.37 (-0.53 to -0.20)
Pulmonary -1.15 (-1.27 to -1.03)
Any PASC -2.47 (-2.73 to -2.20)

Unvaccinated: Omicron Era vs. Pre-Delta
and Delta Eras Combined

Incidence Rate Ratio Difference in Cumulative

(95% Cl) Incidence (95% Cl)
events per 100 persons
at 1yr
0.80 (0.75 to 0.87) -0.48 (-0.65 to -0.30)
1.00 (0.94 to 1.06) -0.57 (-0.72 to -0.42) 0.63
0.85 (0.81 to 0.90) 0.02 (-0.08 t0 0.12) 1.03
1.14 (1.08 to 1.21) 0.08 (-0.11to 0.27)
0.78 (0.63 to 0.96) -0.17 (-0.33 to 0.00)
0.77 (0.73 t0 0.82) -0.50 (-0.69 to -0.30) 0.81
1.14 (1.05 to 1.25) -0.30 (-0.45 to -0.15)
1.08 (1.00to 1.17) -0.04 (-0.19t0 0.11)
0.88 (0.83 t0 0.93) -0.31 (-0.49 to -0.12)
0.74 (0.72t0 0.77) -0.88 (-1.01 to -0.74)
0.76 (0.74t0 0.78) -1.83 (-2.14 to -1.52)

Vaccinated: Omicron Era vs. Delta Era

(95% Cl)

0.67 (0.58 t0 0.78
(0.56 t0 0.71
(0.90t0 1.17
1.04 (0.94 t0 1.16
0.67 (0.44 to 1.00

(0.75 t0 0.88
0.66 (0.53 to 0.81
0.97 (0.88 to 1.08
0.79 (0.68 t0 0.91
0.67 (0.62t0 0.71
0.66 (0.61 to 0.71)

Incidence Rate Ratio

)
)
)
)
)
)
)
)
)
)

a

* Models were adjusted for age; race (White, Black, or other); sex as reported by the participant; area deprivation index; smoking status (cur-

rent, former, or never); use of long-term care services; estimated glomerular filtration rate; systolic and diastolic blood pressures; body-
mass index; the presence of cancer, cardiovascular disease, chronic lung disease, coronary artery disease, dementia, diabetes, hyperlipid-

emia, human immunodeficiency virus infection, immune dysfunction, liver diseases, and peripheral artery disease; the number of outpatient

visits, hospital admissions, blood panel tests, medications received, Medicare outpatient visits and hospital admissions, and immuniza-
tions; the receipt of seasonal influenza vaccine; and the predicted probability of undergoing testing for Covid-19 during each era.
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Events per 100 Persons

124
114

A Omicron Era vs. Pre-Delta Era

B Omicron Era vs. Delta Era

C Omicron Era vs. Pre-Delta and Delta Eras

10.42 Combined 1010
(95% Cl, 12+ 9.51 12— (95% Cl
_ 5 ,
10.22-10.64) 114 (95%Cl 114 9.94-10.2%)
9.26-9.75)
10
4.88
(95% Cl,
4.70-5.06)

Events per 100 Persons

Events per 100 Persons

0-
Omicron Pre-Delta Omicron Delta Omicron Pre-Delta
Era Era Era Era Era and Delta
Eras Combined
5.55
(95% Cl, 5.23
6 5.25-5.83) 6 4.63 . (95% CI,
. I = (95% Cl, x 4.97-5.47)
g g 4.32-4.94) g T
2 5 2 5 2 5]
g g = g
& & &
2 49 Relative c2 47 Relative cg 41 Relative
c 9 reduction, s 9 reduction, c 9 reduction,
g S 34 53.27% % S 34 48.74% % S 34 51.77%
2 (95% Cl, 2s (95% Cl 2 (95% Cl,
gS 2 51.12-55.14) gs 2 46.30-51.00) gS 2 49.71-53.61)
2 2 2
=] =] =]
S 1- S 14 S 1-
7] wn wn
=] =) =]
< < <
0 . 0 . .
Omicron Era vs. Omicron Era vs. Omicron Era vs. Pre-Delta and
Pre-Delta Era Delta Era Delta Eras Combined
100~ 100- 76.42 100- s
i 69.89 i (95% Cl, | :
%0 (95% Cl, %0 73.29-79.74) %0 (95% Cl,
,E 80 67.49-72.39) E 80 ,E 804 69.50-74.43)
s 70 s 70 s 70
2 2 2
2 on 2 2
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. 0- 0-! -
Era-Related Vaccines Era-Related Vaccines Era-Related Vaccines
Effects Effects Effects
omicron era. The cumulative incidence of PASC at an incidence rate ratio of 0.74 (95% CI, 0.72 to
1 year was lower during the omicron era than 0.77) and 0.82 (95% CI, 0.79 to 0.85), respec-
during the pre-delta era (difference, —2.66 events tively (Fig. 2 and Tables S5 and S6).
per 100 persons; 95% CI, —2.93 to —2.36) and the Among vaccinated persons, the cumulative
delta era (difference, —1.75 events per 100 per- incidence of PASC at 1 year after infection was
sons; 95% CI, —2.08 to —1.42), corresponding to 5.34 events per 100 persons (95% CI, 5.10 to
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Figure 3 (facing page). Decomposition Analyses of the
Influence of Pandemic Era and Vaccines on PASC.

Shown in Panel A is the cumulative incidence of PASC
at 1 year after SARS-CoV-2 infection in the omicron
and pre-delta cohorts (top), the absolute reduction in
the cumulative incidence in the omicron cohort as
compared with the pre-delta cohort (middle), and the
percentage of the reduction in the cumulative inci-
dence that was attributable to era-related effects (e.g.,
changes in the characteristics of SARS-CoV-2) and
vaccines (bottom). Shown in Panel B is the cumulative
incidence of PASC at 1 year in the omicron and delta
cohorts (top), the absolute reduction in the cumula-
tive incidence in the omicron cohort as compared
with the delta cohort (middle), and the percentage of
the reduction that was attributable to era-related ef-
fects and vaccines (bottom). Shown in Panel C is the
cumulative incidence of PASC at 1 year in the omicron
cohort and the pre-delta and delta cohorts combined
(top), the absolute reduction in the cumulative inci-
dence in the omicron cohort as compared with the
pre-delta and delta cohorts combined (middle), and
the percentage of the reduction that was attributable
to era-related effects and vaccines (bottom). Data in-
clude all the vaccinated and unvaccinated persons in
the study. I bars indicate 95% confidence intervals.

5.58) during the delta era and 3.50 events per
100 persons (95% CI, 3.31 to 3.71) during the
omicron era (difference, —1.83 events per 100
persons [95% CI, —2.14 to —1.52]; incidence rate
ratio, 0.66 [95% CI, 0.61 to 0.71]) (Fig. 2). The
cumulative incidence of PASC at 1 year was lower
among vaccinated persons than among unvacci-
nated persons during the delta era (difference,
—4.18 events per 100 persons [95% CI, —4.47 to
—3.88]); incidence rate ratio, 0.56 [95% CI, 0.54
to 0.59]) and the omicron era (difference, —4.26
events per 100 persons [95% CI, —4.49 to —4.05];
incidence rate ratio, 0.45 [95% CI, 0.43 to 0.47]).
Analyses of PASC according to disease cate-
gory showed a lower risk of sequelae in most
disease categories but a higher risk of gastroin-
testinal, metabolic, and musculoskeletal disor-
ders during the omicron era than during the
pre-delta and delta eras combined. Among vac-
cinated persons, nearly all disease categories
showed a lower cumulative incidence of PASC
and none showed a higher cumulative incidence
of PASC during the omicron era than during the
delta era (Table 1 and Table S7). Pairwise com-
parisons according to era and vaccination status
are presented in the Supplementary Appendix.

DECOMPOSITION ANALYSES OF THE INFLUENCE

OF ERA AND VACCINES

We conducted decomposition analyses (see the
Methods section in the Supplementary Appen-
dix) to understand the distributional contribu-
tion of era (i.e.,, temporal changes, including
changes in SARS-CoV-2) and vaccines to changes
in the cumulative incidence of PASC in the study
population over the course of the pandemic
(Fig. 3 and Table S8). Our analysis showed 5.23
(95% CI, 4.97 to 5.47) fewer PASC events per 100
persons at 1 year after infection during the omi-
cron era than during the pre-delta and delta eras
combined. This represented a decrease of 51.77%
(95% CI, 49.71 to 53.61), of which 28.11% (95%
CI, 25.57 to 30.50) was attributable to changes
related to era and 71.89% (95% CI, 69.50 to
74.43) was attributable to vaccines. During the
omicron era, 30.11% (95% CI, 27.61 to 32.51) of
the decrease in the cumulative incidence from
the pre-delta era and 23.58% (95% CI, 20.26 to
26.71) of the decrease from the delta era was
attributable to era-related changes, and 69.89%
(95% CI, 67.49 to 72.39) of the decrease from the
pre-delta era and 76.42% (95% CI, 73.29 to 79.74)
of the decrease from the delta era was attribut-
able to vaccines. Additional decomposition analy-
ses were based on counterfactual scenarios in
which the vaccination rate during the omicron era
varied from 10% to 90% (Table S8).

DISABILITY-ADJUSTED LIFE-YEAR BURDEN

DUE TO PASC

Estimates of the disability-adjusted life-year burden
due to PASC during the first year after infection
are provided in Figure 4, Figure S2, and Tables S9
and S10.

SENSITIVITY ANALYSES AND NEGATIVE OUTCOME
CONTROL

We conducted several sensitivity analyses (see the
Supplementary Appendix) to challenge the robust-
ness of our findings. The results of all sensitiv-
ity analyses were consistent with those of the
main analyses (Table S11). E values, which are used
to assess the potential effects of unmeasured
confounding, were estimated to provided mea-
sures of the strength of association (independent
of the covariates already in the models) needed
between a putative confounder and both expo-
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A Cumulative DALYs from 30 Days to 1 yr after Infection
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Vaccinated, delta era
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E N
1
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34 omicron era
2_
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0 T T T T T
0 30 90 180 270 360
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No. at Risk
== Unvaccinated, pre-delta era 206,011 162,104 123,095 98,591 81,481
-- Unvaccinated, delta era 54,002 43,714 35,445 29,737 25,515
== Unvaccinated, omicron era 40,367 33,319 27,572 23,230 19,940
— Vaccinated, delta era 56,260 44,388 34,139 27,145 22,187
Vaccinated, omicron era 84,943 68,624 54,602 44,416 36,765

B Comparison of DALYs at 1 yr after Infection
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Vaccinated 5.06 (95% Cl, 4.75-5.39) 3.52 (95% Cl, 3.26-3.79)

Figure 4. Disability-Adjusted Life-Years Due to PASC in the Pre-Delta, Delta, and Omicron Eras According to Vacci-
nation Status.

Shown in Panel A are cumulative disability-adjusted life-years (DALYs) due to PASC per 100 persons from 30 days to
1 year after infection among unvaccinated persons during the pre-delta, delta, and omicron eras and among vacci-
nated persons during the delta and omicron eras. Shaded areas indicate 95% confidence intervals. Shown in Panel
B are DALYs due to PASC per 100 persons at 1 year among unvaccinated persons during the pre-delta, delta, and
omicron eras and among vaccinated persons during the delta and omicron eras and selected comparisons (present-
ed as differences on the absolute scale) within and between the cohorts. I bars indicate 95% confidence intervals.
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sure and outcome to fully explain the results. An
analysis of the influence of possible exposure
misclassification (i.e., misclassification of persons
with SARS-CoV-2 infection as controls) showed
results that appeared to be consistent with those
of the primary analyses. The analysis of a negative
outcome control led to results consistent with pre-
test expectations (Table S12).

DISCUSSION

In this study involving 441,583 veterans with
SARS-CoV-2 infection and 4,748,504 noninfected
contemporaneous controls, the cumulative inci-
dence of PASC at 1 year after infection decreased
over the course of the pandemic, from a high of
10.42 cases per 100 persons (95% CI, 10.22 to
10.64) among unvaccinated persons during the
pre-delta era to a low of 3.50 cases per 100 per-
sons (95% CI, 3.31 to 3.71) among vaccinated
persons during the omicron era. However, even
after this substantial decrease, the cumulative
incidence of PASC at 1 year among vaccinated
persons during the omicron era was not negli-
gible. The large number of infected persons dur-
ing the omicron era, the large numbers of ongo-
ing new infections and reinfections, and the poor
uptake of vaccination may translate into a high
number of persons with PASC.*>
Decomposition analyses of the change in the
cumulative incidence of PASC showed that 28.11%
(95% CI, 25.57 to 30.50) of the decrease was at-
tributable to era-related effects (i.e., changes in
the pathogenicity of the virus and other temporal
effects) and that 71.89% (95% CI, 69.50 to 74.43)
was attributable to Covid-19 vaccines. These find-
ings suggest that vaccine uptake will be key to
maintaining the lower cumulative incidence of
PASC relative to earlier phases of the pandemic.
The reduced risk of sequelae in most disease
categories but increased risk of gastrointestinal
and metabolic disorders among unvaccinated peo-
ple with SARS-CoV-2 infection during the omicron
era suggest a differential nonmonolithic shift in
the phenotypic features of PASC as a consequence
of changes in the characteristics of SARS-CoV-2,
the introduction of Covid-19 vaccines, and other
temporal effects.’ This observation aligns with
the hypothesis that although postacute infectious

illnesses may share a common etiologic driver
— an infectious agent as the initial trigger —
their phenotypic features may differ owing to the
influence of multiple factors, including not only
the characteristics of the virus but also epidemio-
logic and contextual factors that influence the
development of postacute sequelae.>?*?

This study has several limitations. The study
population consisted predominantly of older White
men. The eligibility criteria, including demo-
graphic characteristics, coexisting conditions,
and vaccination rates, may not be representative
of the general population. Owing to its observa-
tional nature, the study is subject to biases, in-
cluding residual confounding and misclassifica-
tion bias. The cumulative incidence in each era
of the pandemic was estimated among persons
who were alive (i.e., at risk for infection) during
that era. Although we adjusted for a large num-
ber of covariates from multiple data domains to
balance the characteristics across cohorts from
different eras, quantified the threat of confound-
ing with the use of E values, conducted a large
array of sensitivity analyses to assess the robust-
ness of our findings, and successfully assessed
a negative outcome control, residual biases may
still exist and bias the estimation of the era-relat-
ed effects.

Although the Veterans Affairs data resources
comprehensively capture Covid-19 test results from
a broad array of data sources (from within and
outside the Veterans Affairs Health Care System),
we cannot rule out the possibility that undiag-
nosed Covid-19 cases or SARS-CoV-2—positive test
results were not captured by the databases; per-
sons with these characteristics would have been
misclassified as noninfected controls. However,
analyses of various misclassification scenarios
in the control population showed results that
were similar to those in the primary analyses.
The results reflect the risk of PASC among per-
sons who tested positive for SARS-CoV-2 as com-
pared with the control cohort, which included
persons with no known infection (no known
positive test for SARS-CoV-2). Persons with undi-
agnosed SARS-CoV-2 infection may have milder
or asymptomatic disease and different risks of
PASC than reported here. We did not balance the
cohorts at the time of vaccination, and we can-
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not exclude the possibility that vaccinated persons
were misclassified as unvaccinated persons, which
may have underestimated the benefit of vaccines.

The era-related effect reflects the net effect of
multiple potential drivers of PASC, including
changes in the pathogenicity of SARS-CoV-2 and
other temporal changes that may affect the rate
of PASC, including improved medical care and
the use of antivirals. We decomposed the effects
of era and vaccination on PASC, an assessment
that reflects the net contribution of sequelae in
10 disease categories; however, each disease cat-
egory or individual sequela may be affected dif-
ferently by era and vaccination. We assessed the
contribution of vaccines but did not assess the
effects of the type and number of doses of vac-
cine. We examined the influence of the initial
infection and did not examine the burden of PASC
among persons with repeat infection. Although
the results from the primary analyses were con-
sistent with those derived from sensitivity anal-
yses, a holistic interpretation of the findings
would necessarily incorporate all the results from
all the models along with their uncertainty —
specifically, the assumptions that underlie each
model.

Our study has several strengths. We leveraged
the breadth and depth of the vast health care
databases of the Department of Veterans Affairs
to include persons who had SARS-CoV-2 infec-
tion during the pre-delta, delta, and omicron

eras. To estimate the cumulative incidence of
PASC and assess the contextual factors associ-
ated with the development of PASC in each era,
we constructed three era-specific noninfected
contemporaneous control cohorts. We then eval-
uated differences in PASC estimates between
eras and according to vaccination status within
eras. We considered a broad array of potential
confounders, used advanced statistical methods
to estimate the burden of PASC in each era, and
performed decomposition analyses to disentan-
gle effects related to era and vaccines. We pro-
vided estimates of the cumulative incidence of
PASC and the number of disability-adjusted life-
years due to PASC in each Covid-19 cohort. We
also provided measures of the difference between
cohorts on both the relative scale (incidence rate
ratio) and the absolute scale (differences in cumu-
lative incidence and disability-adjusted life-years).
Our study showed that temporal effects and
vaccines contributed to a substantial decrease in
the burden of PASC over the course of the pan-
demic. However, a substantial residual risk of
PASC remains among vaccinated persons who had
SARS-CoV-2 infection during the omicron era.

The findings and conclusions in this article are those of the
authors and do not necessarily represent the views of the De-
partment of Veterans Affairs or the U.S. government.
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