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Postacute sequelae of COVID-19 at2 years
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection can
lead to postacute sequelae in multiple organ systems, but evidence is mostly
limited to the first year postinfection. We built a cohort 0f 138,818 individuals
with SARS-CoV-2infection and 5,985,227 noninfected control group from the
US Department of Veterans Affairs and followed them for 2 years to estimate

therisks of death and 80 prespecified postacute sequelae of COVID-19
(PASC) according to care setting during the acute phase of infection. The
increased risk of death was not significant beyond 6 months after infection
among nonhospitalized but remained significantly elevated through the
2yearsin hospitalized individuals. Within the 80 prespecified sequelae;
69% and 35% of them became not significant at 2 years after infection among
nonhospitalized and hospitalized individuals, respectively. Cumulatively
at2years, PASC contributed 80.4 (95% confidence interval (Cl): 71.6-89.6)
and 642.8 (95% Cl: 596.9-689.3) disability-adjusted life years (DALYs) per
1,000 persons among nonhospitalized and hospitalized individuals; 25.3%
(18.9-31.0%) and 21.3% (18.2-24.5%) of the cumulative 2-year DALYs in
nonhospitalized and hospitalized were from the second year. In sum, while
risks of many sequelae declined 2 years after infection, the substantial
cumulative burden of health loss due to PASC calls for attention to the care
needs of people with long-term health effects due to SARS-CoV-2 infection.

More than 3 years after the onset of the COVID-19 global pandemic,
awave of evidence suggests that severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection can lead to postacute sequelae
in pulmonary and broad array of extrapulmonary organ systems' *—
including increased risks and burdens of cardiovascular disorders,
neurologic and mental health disorders, metabolic disorders (diabetes
and dyslipidemia), kidney disorders and gastrointestinal disorders.
Therisks and burdens of these sequelae have been assessed in the few
months to ayear after the onset of infection' . Few studies with longer
follow-ups (longer than 1year) examined a limited set of symptoms
in individuals with COVID-19 or focused exclusively on neurologic
sequelae™ ", Except for work discussed in ref. 13 that mapped risk
trajectories of neurologic and psychiatric sequelae and showed
substantial heterogeneity in their risk profiles, it remains unclear

whether and over what time horizon the risk of postacute sequelae
of SARS-CoV-2 attenuates and becomes not significant. A compre-
hensive assessment of the risks and burdens of postacute sequelae
of COVID-19 (PASC) across care settings of the acute infection in the
2 years after the infection is not yet available. Addressing this knowl-
edge gap would deepen our understanding of the postacute and
long-term health trajectories of people who had SARS-CoV-2 infection
and willinform post-COVID care strategies.

In this study, we use the US Department of Veterans Affairs (VA)
national healthcare databases to build acohort 0f 138,818 US veterans
who survived the first 30 days of SARS-CoV-2 infection and a con-
trol group of 5,985,227 users of the US Veterans Health Administra-
tion (VHA) with no evidence of SARS-CoV-2 infection. These cohorts
were followed longitudinally for 2 years to estimate the risks of death,
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hospitalization and prespecified array of 80 pulmonary and extrapul-
monary sequelae of SARS-CoV-2 throughout the 2-year follow-up and
cumulatively at 2 years in mutually exclusive groups according to care
setting during the acute phase of the disease (nonhospitalized and
hospitalized) and in the overall cohort.

Results

There were 138,818 and 5,985,227 participants in the COVID-19 and
noninfected control groups, respectively. The COVID-19 group had
amean age of 60.91years (s.d.: 15.96), and 11.41% of participants were
female. The control group had a mean age of 62.82 years (s.d.: 16.84),
and 9.93% of participants were female. Median follow-up time was
715 days (interquartile range (IQR): 687-720) in the COVID-19 group
and 719 days (IQR: 690-720) in the control group, with a total 0f 255,119
and 11,181,224 person-years of follow-up, respectively, which altogether
corresponded to 11,436,344 person-years of follow-up. Demographic
and health characteristics of the COVID-19 and noninfected control
groups before and after inverse probability weighting for baseline
covariates are presented in Supplementary Tables1and 2.

We examined risks of death, hospitalization and a set of 80 pre-
specified postacute COVID-19 sequelae, as well as sequelae aggre-
gated by organ system and aggregated as an overall outcome of
PASC by care setting (nonhospitalized (n =118,238) and hospital-
ized (n=20,580) during the acute phase of SARS-CoV-2 infection)
and overall (n =138,818) during the following five time periods of the
postacute phase of the disease: 30-90, 91-180,181-360, 361-540 and
541-720 days after aSARS-CoV-2 infection.

PASCDby acute phase care setting

Participant characteristics by care setting before and after weighting
are presented in Supplementary Tables 3 and 4, and assessments of
covariate balance are provided in Extended Data Figs.1and 2.

Risks among nonhospitalized group. Risks in the nonhospitalized
group are presented in Fig. 1, Extended Data Fig. 3 and Supplementary
Table 5. Compared to the control, people with COVID-19 who were
not hospitalized during the acute phase of the disease were still at
an increased risk of death during the 91-180 days after SARS-CoV-2
infection, but not the 181-720 days following SARS-CoV-2 infection,
suggesting the risk horizon occurred between 91 days and 360 days
(Fig. 1, Extended Data Fig. 3 and Supplementary Table 5). Compared
to those without SARS-CoV-2 infection, the risk of hospitalization
wasincreased in the 361-540 days following the infection, but not the
541-720 days after SARS-CoV-2 infection, suggesting the risk horizon
occurred between 361 days and 720 days.

Over the span of 2 years of follow-up in the nonhospitalized
group, risks declined and became not significant for 69% of the
examined sequelae (Fig. 1, Extended Data Fig. 3 and Supplementary
Table 5) and remained increased for 31% (24 of 77) of sequelae—includ-
ing 7% (10f14) of cardiovascular sequelae, 20% (1 of 5) of coagulation
and hematologic sequelae, 100% (1 of 1) endocrine sequelae, 36%
(4 of 11) of gastrointestinal sequelae, 100% (1 of 1) general sequelae,
0% (0 of 4) of kidney sequelae, 15% (2 of 13) of mental health seque-
lae, 75% (3 of 4) of musculoskeletal sequelae, 45% (9 of 20) of neuro-
logic sequelae and 50% (2 of 4) of pulmonary sequelae (Extended
Data Fig. 3).

Inanalyses of PASC and sequelae by organ system, risks of PASC for
coagulationand hematologic disorders, pulmonary disorders, fatigue,
gastrointestinal disorders, musculoskeletal disorders and diabetes
remained increased 2 years after a SARS-CoV-2 infection in those not
hospitalized for COVID-19 compared to those without SARS-CoV-2
infection (Fig. 2 and Supplementary Table 6). The risks of sequelae
in several organ systems and disease groups became not significant
during the 2 years of follow-up including risks in neurologic (not sig-
nificant at 541, possible range of risk horizon: 361-720 days), cardio-
vascular (not significant at 541, 361-720 days), mental health (at 181,
91-360 days) and kidney (not significant at 361,181-540 days).

Cumulative incident rates of sequelae by organ system in those
not hospitalized with COVID-19 are presented in Fig. 3a and Supple-
mentary Table 6, while disability-adjusted life year (DALY) rates are
presented in Figs. 2 and 3b, Extended Data Fig. 4 and Supplementary
Table 6. There were cumulatively 70.8 (95% confidence interval (CI):
57.8,84.0) incident PASC per1,000 persons at 2 years after SARS-CoV-2
infection (Fig. 3a and Supplementary Table 6)—corresponding to 80.4
(95% Cl: 71.6, 89.6) DALYs per 1,000 persons at 2 years (Figs. 2 and 3b,
Extended Data Fig. 4 and Supplementary Table 6). There were 23.8
(17.7,30.4) DALYs per 1,000 persons from neurologic disorders,
14.5 (11.6, 17.6) from cardiovascular disorders, 10.7 (9.4, 12.1) from
coagulation or hematologic disorders, 8.3 (5.1, 11.6) from mental
healthdisorders, 8.2 (7.6, 8.8) from pulmonary disorders, 4.6 (4.1,5.1)
from fatigue, 3.4 (2.9, 3.9) from gastrointestinal disorders, 3.2 (2.8, 3.6)
from musculoskeletal disorders, 1.6 (0.7, 2.7) from kidney disorders
and 1.0 (0.7, 1.3) from diabetes (Figs. 2 and 3b, Extended Data Fig. 4
and Supplementary Table 6).

Over the span of 2 years of follow-up, 25.3% (18.9, 31.0) of the
DALYs due to PASC were contributed from the second year (Fig. 4 and
Supplementary Table 6) and 74.7% (69.0, 81.1) contributed from the
first year. In total, 23.2% (9.0, 34.1) of the DALYs were due to cardio-
vascular sequelae, 22.2% (14.6, 28.8) due to coagulation and hemato-
logic sequelae, 41.2% (26.2, 55.3) due to endocrine sequelae, 40.6%
(32.7,48.1) due to gastrointestinal sequelae, 30.2% (23.5,36.2) due to
general sequelae, -9.1% (-112.9, 26.3) due to kidney sequelae, 24.1%
(2.4, 39.9) due to mental health sequelae, 44.4% (37.3, 51.3) due to
musculoskeletal sequelae, 26.4% (8.9, 40.3) due to neurologic sequelae
and 23.2% (19.2, 27.1) due to pulmonary sequelae were contributed
from the second year of follow-up (Fig. 4 and Supplementary Table 6).

Risks among hospitalized group. Risksin the hospitalized group are
presented in Fig. 1, Extended Data Fig. 3 and Supplementary Table 7.
Compared to the control, those hospitalized with COVID-19 during the
acute phase of the disease remained atincreased risk of deathand hos-
pitalization through 2 years after SARS-CoV-2infection (Fig.1, Extended
Data Fig. 3 and Supplementary Table 7); risks were higher in those
hospitalized than those not hospitalized (Supplementary Table 8).
Over the 2 years of follow-up, the decline in risk difference
between the COVID-19 group and the control group was much less
pronounced in people who were hospitalized (than in those non-
hospitalized) during the acute phase of SARS-CoV-2 infection (Sup-
plementary Table 8). At 2 years after infection, compared to those
without infection, risks declined and became not significant for 35%
of sequelae and remained increased for 65% (50 of 77) of sequelae —
including 57% (8 of 14) of cardiovascular sequelae, 80% (4 of 5) of

Fig.1|Risk of postacute sequelae of COVID-19 up to 2 years after infection

by care setting of the acute phase of the disease. Relative risks by days after
infection plotted for time periods of 30-90, 91-180, 181-360, 361-540 and
541-720 days after infection, labeled by the last day of the corresponding time
period. Heatmapsinclude (top row) nonhospitalized for COVID-19 during the
acute phase of the disease (n = 118,238) corresponding to each sequela and
(bottom row) COVID-19 hospitalization during the acute phase of the disease
(n=20,580). Relative risks were estimated in comparison to a noninfected control

(n=5,985,227). Sequelae are grouped by organ system. ACD, acute coronary
disease; AIM, abnormal involuntary movements; AKI, acute kidney injury; CKD,
chronickidney disease; DVT, deep vein thrombosis; ESKD, end-stage kidney disease;
GAD, general anxiety disorder; GERD, gastroesophageal reflux disease; IBS, irritable
bowel syndrome; ICM, ischemic cardiomyopathy; ILD, interstitial lung disease;

MI, myocardial infarction; NCD, neurocognitive decline; NICM, nonischemic
cardiomyopathy; PTSD, post-traumatic stress disorder; PUD, peptic ulcer disease;
TIA, transient ischemic attack; VTE, venous thromboembolism. NS, non-significant.
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coagulation and hematologic sequelae, 100% (10f1) endocrine seque-
lae, 82% (9 of 11) of gastrointestinal sequelae, 100% (1 of 1) general
sequelae, 75% (3 of 4) of kidney sequelae, 38% (5 of 13) of mental health
sequelae, 75% (3 of 4) of musculoskeletal sequelae, 60% (12 of 20)
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Fig.2|Risks and DALYs of postacute sequelae overall and by organ system by
care setting of the acute phase of the disease. The first columnincludes risk
due to COVID-19 of the outcome by time periods of 30-90, 91-180, 181-360,
361-540 and 541-720 days after infection The dot represents the relative risk,
while the error bars correspond to the 95% confidence intervals. The second
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The center of the vertical bar represents the DALYs rate, while the error bars
correspond to the 95% confidence intervals. Bar widths differ by the duration

of the time period. No adjustment for multiple comparisons was made for the
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Fig.3 | Cumulative incidence and DALYs of postacute sequelae overall and
by organsystemat2 years after infection. a, Cumulative incidence defined

as atleast one sequela within that organ system; b, cumulative DALYs from
sequelaein an organ system. Presented for COVID-19 overall (n =138,818) and by
care setting of the acute phase of the disease (nonhospitalized (n = 118,238) and

hospitalized (n =20,580)) at 2 years after infection. The center of the horizontal
bars represents the magnitude of incidence or DALY per 1,000 persons at 2 years
afterinfection and is numerically labeled. Each plotis ordered in a descending
fashion. Error bars represent 95% confidence intervals.

examined (Fig. 2 and Supplementary Table 9) and were higher in the
hospitalized group compared to the nonhospitalized group (Sup-
plementary Table10). Cumulative incident rates of sequelae by organ
system in those hospitalized with COVID-19 are presented in Fig. 3a
(Supplementary Table 9), while DALY rates are presented in Figs. 2
and 3b, Extended Data Fig. 4 and Supplementary Table 9. There were
cumulatively 316.4 (95% Cl: 302.8, 328.2) incident PASC per 1,000
persons at 2 years after SARS-CoV-2 infection (Fig. 3a and Supple-
mentary Table 9)—corresponding to 642.8 (95% CI: 596.9, 689.3)
DALYs per 1,000 persons at 2 years (Figs. 2 and 3b, Extended Data
Fig.4 and Supplementary Table 9). Theseincluded 144.0 (128.8,161.1)
DALYs per 1,000 persons from cardiovascular disorders, 130.2
(111.2, 149.5) from mental health disorders, 120.6 (96.4, 146.5) from
neurological disorders, 90.8 (83.5,98.7) from coagulation or hemato-
logic disorders, 65.0 (58.8,71.7) from kidney disorders, 44.9 (41.3,48.8)
from pulmonary disorders, 23.8 (21.2, 26.7) from fatigue, 19.5
(17.0, 22.1) from gastrointestinal disorders, 7.4 (5.8, 9.2) from diabe-
tes and 6.2 (4.7, 7.7) from musculoskeletal disorders (Figs. 2 and 3b,
Extended Data Fig. 4 and Supplementary Table 9).

During the follow-up, 21.3% (18.2, 24.5) of the DALYs due to PASC
were contributed from the second year (Fig. 4 and Supplementary
Table 9) and 78.7% (75.5, 81.8) contributed from the first year. In total,
20.0% (15.8, 24.5) of the DALYs were due to cardiovascular sequelae,
20.4% (16.7,24.4) due to coagulation and hematologic sequelae, 17.7%
(7.0,29.1) due to endocrine sequelae, 35.4% (29.3, 41.3) due to gastro-
intestinal sequelae, 23.4% (18.1, 28.9) due to general sequelae, 22.0%
(17.4, 26.9) due to kidney sequelae, 18.8% (12.4, 25.5) due to mental
health sequelae, 28.2% (14.1, 40.6) due to musculoskeletal sequelae,
25.7% (15.0, 35.9) due to neurologic sequelae and 18.7% (15.7, 22.3)
duetopulmonary sequelae were contributed from the second year of
follow-up (Fig. 4 and Supplementary Table 9).

PASCinoverall cohort

We then examinedrisksinthe overall COVID-19 cohort. Assessment of
standardized mean differences (SMDs) after the application of inverse
probability weighting suggested that covariates were well balanced
between the overall COVID-19 and the control cohort (Extended Data
Figs.5and 6).
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Fig. 4 | Cumulative DALYs of postacute sequelae overall and by organ system
within the first and second years after infection. a, Percentage of cumulative
DALYs at 2 years contributed from first and second year after infection;
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infection. Plots presented for nonhospitalized COVID-19 (n =118,238),
hospitalized COVID-19 (n = 20,580) and overall COVID-19 (n = 138,818) compared
to control group (n=5,985,227).

Risks of death, hospitalization and incident sequela during each
period are provided in Fig. 5, Extended DataFig. 3 and Supplementary
Table 11. Compared to the control group, those with COVID-19 had
an increased risk of death in the first 30-360 days after SARS-CoV-2
infection, but not the 361-720 days after SARS-CoV-2 infection, sug-
gesting the risk horizon occurred between 181 days and 540 days
(Fig. 5 and Supplementary Table 11). The risk of hospitalization was
increased throughout the 2 years after SARS-CoV-2infection (Fig. 5and
Supplementary Table 11).

We then examined the risks of prespecified incident sequelae,
providedinFig.5and Supplementary Table 11. Those who had COVID-
19 had a higher risk of all prespecified sequelae in the 30-90 days
following SARS-CoV-2 infection. However, as time progressed, the
risks of severalincident sequelae were attenuated and not statistically
significant. Compared to those without COVID-19, those with COVID-19
remained at increased risk of 86% (69 of 80) of sequelae 1year after
SARS-CoV-2infection. Two years after SARS-CoV-2 infection, those with
COVID-19 remained atincreased risk of 60% (48 of 80) of the sequelae
(Fig. 5, Extended DataFig. 3 and Supplementary Table 11).

Risks of PASC and sequelae by organ system, providedin Fig. 6 and
Supplementary Table 12, were highest in the initial postacute phase
(30-90 days) and attenuated as follow-up progressed but remained
increased in all organ systems 2 years after SARS-CoV-2 infection.

There were cumulatively 96.0 (95% Cl: 82.5,110.9) incident PASC
per 1,000 persons at 2 years after SARS-CoV-2 infection (Fig. 3a and
Supplementary Table 12). Cumulative incident rates of sequelae by
organ system are presented in Fig. 3a and Supplementary Table 12.
DALY rates of sequelae by organ system are presented in Figs.3band 5,
Extended Data Fig. 7 and Supplementary Table 12. Cumulatively at 2
years after SARS-CoV-2infection, PASC contributed 151.0 (95% CI: 141.6,
161.0) DALYs per 1,000 persons, including 37.5 (31.8, 44.0) DALYs per
1,000 persons from neurologic disorders, 30.7 (27.5,34.2) from cardio-
vascular disorders, 24.0 (20.5,27.6) from mental health disorders, 20.7
(19.2,22.3) from coagulation or hematologic disorders,12.8 (12.1,13.5)
from pulmonary disorders, 8.9 (7.8,10.0) from kidney disorders, 6.7
(6.2,7.2) fromfatigue, 5.4 (4.9,5.9) from gastrointestinal disorders, 3.5
(3.1,3.9) from musculoskeletal disorders and 1.6 (1.4, 2.0) from diabetes
(Figs.3bandFig. 5, Extended DataFig. 7 and Supplementary Table 12).
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Fig. 5| Risk of postacute sequelae of COVID-19 overall up to 2 years after
infection. Relative risks by days after infection are plotted for time periods of
30-90, 91-180,181-360, 361-540 and 541-720 days after infection, labeled

by the last day during the corresponding time period. The relative risk is

included in the text for each time period and outcome. Relative risks were
estimated for overall COVID-19 (n =138,818) in comparison to a noninfected
control (n =5,985,227). Sequelae are grouped by organ system. CICM, ischemic
cardiomyopathy; KD, chronic kidney disease. NS, non-significant.
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Fig. 6 | Risk and DALYs of postacute sequelae overall and by organ systemin
COVID-19 overall. The first column includes risk of the outcome due to COVID-19
by time periods 0of 30-90, 91-180, 181-360, 361-540 and 541-720 days after
infection. The dot represents the relative risk, while the error bars correspond

to the 95% confidence intervals. The second columnincludes the DALYs rate
per1,000 persons per 30 days by time period. The center of the vertical bar
represents the DALYs rate, while the error bars correspond to the 95% confidence
intervals. Bar widths differ by the duration of the time period. The third column

presents the cumulative DALYs per 1,000 persons during the postacute phase at
2years after infection. The center of the horizontal bar represents the cumulative
DALYs rate, while the error bars correspond to 95% confidence intervals. No
adjustment for multiple comparisons was made for the prespecified analyses.
Outcomes are ordered from top to bottom by the largest cumulative DALYs
at2yearsafter infection. The horizontal bar represents the cumulative DALYs
rate, while the error bars correspond to the 95% confidence intervals. Overall
COVID-19 (n=138,818) and control group (n = 5,985,227).

Over the span of 2 years of follow-up, 24.8% (21.6, 27.8) of the
DALYs due to PASC were contributed from the second year (Fig. 4 and
Supplementary Table 12) and 75.2% (72.2, 78.4) contributed from the
first year. In total, 24.1% (18.6, 29.4) of the DALYs were due to cardio-
vascular sequelae, 21.4% (17.5, 25.2) due to coagulation and hemato-
logic sequelae, 31.4% (21.8, 40.8) due to endocrine sequelae, 40.2%
(35.0,45.3) due togastrointestinal sequelae, 27.1% (22.7,31.4) due to gen-
eralsequelae, 16.7% (9.6,23.4) dueto kidney sequelae, 20.3% (12.9, 27.2)

due to mental health sequelae, 43.8% (37.8, 49.7) due to musculoskel-
etal sequelae, 29.4% (19.5, 38.5) due to neurologic sequelae and 21.2%
(18.5,23.8) due to pulmonary sequelae were contributed from the
second year of follow-up (Fig. 4 and Supplementary Table 12).

Sensitivity analyses
We performed several sensitivity analyses of the risk of postacute seque-
laeinthose with COVID-19 compared to the no-infection control group

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-023-02521-2

(Supplementary Table 13). As an alternative to the primary analytic
approach thatusedinverse weighting at baseline to adjust for potential
confounding, we used a conditional modeling approach that adjusted
for baseline covariates in analyses of each time period to account for
potential changes in the composition of the cohort as follow-up pro-
gressed (n = 6,124,045).In addition to adjusting for baseline covariates
through inverse probability weighting, as evidence has suggested that
vaccination after infection may be associated with reduced risks of
postacute sequelae, we adjusted for vaccination status as atime-varying
covariate (n = 6,124,045). As an alternative approach to the assessment
of the occurrence of outcomes where reinfection contributes additional
risks (in addition to those incurred after the primary infection), we
additionally censored follow-up of those with COVID-19 at the time of
reinfection (n = 6,124,045). In addition to the baseline covariates, in
consideration of potential differences in healthcare resource utilization
between groups, we adjusted for the probability of healthcare resource
utilization during follow-up (n = 6,124,045). As an additional cohort
inclusion criterion, to enhance comparability in receipt of care dur-
ing follow-up between the COVID-19 group and the control group, we
conducted analysesinasubcohort of those that had atleast one health-
care encounter per period of analysis during follow-up (n = 4,961,017).
To examine the influence of iteration of bootstrapping, we conducted
500iterations of bootstrappinginstead of 1,000 iterations usedinthe
primaryapproach (n=6,124,045). All sensitivity analyses yielded results
that were consistent with those produced using the primary approach
(Supplementary Table 13).

To further examine the influence of those who were censored
during each period on risk estimates, we conducted analyses to esti-
mate the relative risk in those with COVID-19 overall compared to
the noninfected control during each time period by including those
who were censored in that time period (n = 6,124,045). We also used
survival models within each time period to estimate the hazard ratios
(n=6,124,045). These two additional sensitivity analyses presented in
Supplementary Table 14 yielded results consistent with the primary
approach presentedin Fig. 6.

Negative outcome control

We examined the association between COVID-19 and incident neo-
plasms during the 2 years of follow-up as negative outcome control.
The analyses suggested no association between COVID-19 infection
and the negative outcome control (relative risk of1.04 (0.95,1.14),1.01
(0.92,1.11),0.96 (0.90,1.03) and 1.01(0.94,1.10) in the period between
30-90, 91-180, 181-360, 361-540 and 541-720 days, respectively).

Discussion

Inthisstudy involving 138,818 individuals with COVID-19 and 5,985,227
individuals with no known SARS-CoV-2 infection, we estimate the risks
of postacute death, hospitalization and a comprehensive array of 80
prespecified sequelae over five prespecified time periods and cumu-
latively at 2 years. The findings show that among people who were
nonhospitalized during the acute phase of SARS-CoV-2 infection (this
group represents the majority of people with COVID-19), the risk of
death becomes nonstatistically significant at 6 months (possible range
of risk horizon:3-12 months) after infection and the risk of hospitaliza-
tion remains elevated until 19 months (12-24 months) after infection.
The risks of both death and hospitalization remained statistically sig-
nificantly elevated through the 2 years of follow-up in those who had
been hospitalized during the acute phase of SARS-CoV-2 infection.
At 2 years, risks remained elevated for 31% and 65% of the sequelae in
nonhospitalized and hospitalized individuals, respectively. Cumula-
tively at 2 years after SARS-CoV-2 infection, PASC contributed 80.4
DALYs per 1,000 persons among nonhospitalized and 642.8 DALYs
per 1,000 persons among hospitalized individuals. While most of the
DALYs emanated from the first year after infection, a sizable propor-
tion (25.3% in nonhospitalized and 21.3% in hospitalized) was from

the second year. Overall, the findings show that while risks of many
(but not all) postacute sequelae decline and become nonstatistically
significant over time, the decline is less pronounced among those who
were hospitalized in the acute phase of infection. The findings highlight
the substantial cumulative burden of health loss due to PASC and call
for attention to the care needs of people with long-term health effects
due to SARS-CoV-2.

Among the nonhospitalized group, risks of 24 sequelae (of 77)
remained elevated including several gastrointestinal, musculoskeletal
and neurologic sequelae—suggesting a longer-lasting risk horizon
for these organ systems. Among hospitalized individuals, the risks
of death, hospitalization and 50 sequelae (of 77) representing every
organ system remained statistically significantly elevated at 2 years—
suggesting the difficult and protracted road torecovery among those
whose disease was sufficiently severe to necessitate hospitalization
during the acute phase of infection. Taken together the findings sug-
gest that the risk horizon for postacute sequelae after SARS-CoV-2
infection is prolonged even among nonhospitalized individuals and
is further prolonged among hospitalized individuals—highlighting
theimportance of reducingrisk of hospitalization among people with
SARS-CoV-2 infection (and reinfection) as a means to reduce the risk
oflong-term health loss'®.

Measurestoreduce the risk of postacute and long-term sequelae
in people with SARS-CoV-2 infection should remain the foundation of
public health policy. Reducing the risk of infection and transmission
with updated vaccines may be a critical strategic avenue to reduce
the risk of long-term health loss in populations. Improved uptake of
vaccines and antivirals, as well as facilitating access to these across the
world, may also help reduce the burden of health loss and stem some of
the long-term consequences of SARS-CoV-2 infection.(For those who
have already beenimpacted, our results providing atemporal charac-
terization of risks and burdens of 80 sequelae across organ systems
may be helpful in informing care pathways (that is, what care people
may need and at what time in theirillness trajectory) and health system
capacity planning”. The findings should also be interpreted within the
larger body of evidence that has accumulated on the postacute and
long-term health effects of SARS-CoV-2. It is clear that the burden of
healthloss will not only impact patients and their quality of life but also
potentially contribute to adecline in life expectancy, and may impact
labor participation, economic productivity and societal wellbeing?® 2.

The findings that SARS-CoV-2 leads to postacute and long-term
health effects should be framed within the larger context of
infection-associated chronic illnesses—that infections (viral and non-
viral) maylead to postacute and chronic disease and that thereis likely a
bidirectional nexus between noncommunicable diseases and infectious
diseases, in that noncommunicable disease often increase the risk of
infectionand adverse outcomes afterinfection and thataviralinfection
may lead to the emergence of new-onset noncommunicable disease”.

This study has several strengths. This study comprehensively
characterizes the risks of PASC up to 2 years after infection across organ
systems and by care setting of the acute phase of theinfection. We lever-
aged thebreadth and depth of the vast national healthcare databases
of the VA to build a cohort of those with COVID-19 and followed them
for2years. We used advanced statistical methodologies and adjusted
through inverse weighting not only for a set of predefined covariates
selected based on prior knowledge but also algorithmically selected
high-dimensional covariates from datadomains including diagnoses,
prescriptionrecords and laboratory test results. We designed analyses
to examine risks ofincident outcomes at multiple different time points
throughout the course of 2 years of follow-up and cumulatively. Our
estimates of DALYs from sequelae expanded upon prior examinations
of the PASC to incorporate not only the number of sequelae but also
their influence on health. We performed several sensitivity analyses
that varied our modeling approach, cohortinclusion criteria, outcome
assessment and adjustment for confounding.
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This study has several limitations. The cohort with COVID-19
included those who tested positive for SARS-CoV-2, not including
those with a SARS-CoV-2 infection that were not tested, which may
have resulted in misclassification of exposure status. Inclusion of these
participants in the control group, if their true risk of adverse health
outcomes was higher than the noninfected, might result in underes-
timation of risks. The VA population comprises those that are mostly
older and male, which may limit the generalizability of study findings
to the nonveteran population. We did not examine the effect within
subgroups. While we prespecified 80 sequelae, our analyses did not
capture all possible known and yet-to-be-characterized sequelae. We
examined all-cause mortality and all-cause hospitalization and did not
examine specific causes of mortality or hospitalization. Although we
used outcome definitions that rely on multiple data domains includ-
ing International Classification of Diseases (ICD) codes, medication
records and laboratory test results, as well as balanced characteristics
of the exposure groups through weighting using a list of predefined
and algorithmically selected variables; we cannot completely rule out
misclassification bias and residual confounding. Temporal misclas-
sification (that is, misclassification of the timing of occurrence of a
sequela) may also be possible. We defined health burden coefficients
for DALYs based on the global burden of disease (GBD) study dataand
methodologies. When asequela did not directly match a conditionin
GBD, we applied approximation based on the more aggregated level
or detailed level in GBD classification system®**, To obtain sufficient
follow-up for the assessment of 2-year outcomes, we enrolled partici-
pants until the end of year 2020 (before vaccination became widely
available and before alpha, delta or omicron became predominant
variants), While we provided summary statistics that rely on statisti-
calsignificance that depends on statistical power and may vary across
study settings, all estimates should beinterpreted along with their Cls.
Finally, asthe characteristics of the pandemic have continued to evolve,
asthevirus mutates and new variants emerge, as treatment strategies
for the acute and postacute phases of the disease are developed and as
vaccinations are updated and further deployed, it is possible that the
epidemiology of SARS-CoV-2 and its long-term consequences may also
evolve dynamically over time.

In sum, our study provides a systematic and comprehensive
assessment of the risks of 80 prespecified postacute sequelae. Among
nonhospitalized individuals, although the risks of most sequelae
became nonstatistically significant at 2 years, substantial risk remains,
impacting several major organ systems. The risk horizon for those
hospitalized during the acute phase is even longer with persistently
increased risk of most sequelae at 2 years. The results may help
inform post-COVID care strategies and health system capacity plan-
ning to address the postacute and long-term care needs of people
with COVID-19.

Online content
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Methods

Ethics statement

This study was approved by the institutional review board of the VA
St. Louis Healthcare System, which granted a waiver of informed con-
sent (protocol 1606333).

Setting

The study was conducted using the electronic healthcare databases
of the VA. The VHA, part of the VA, delivers healthcare to discharged
Veterans of the US armed forces. The VHA operates the largest national
healthcare systemin the US, including 146 VA hospitals and 1,269 out-
patient sites. Veterans enrolled in the VHA are provided access to a
comprehensive package of medical benefits, including preventative
and health maintenance, outpatient care, inpatient hospital care,
prescriptions, mental healthcare, home healthcare, primary care,
specialty care, geriatric and extended care, medical equipment and
prosthetics. VHA electronic healthcare databases are updated daily.

Cohort

A flowchart of cohort construction is provided in Extended Data
Fig.8.Toconstructagroup of participants with SARS-CoV-2 infection,
we firstidentified 146,965 users of the VHA with arecorded SARS-CoV-2
infection (defined at the date of first testing positive), between March
1,2020, and December 31,2020. Use of the VHA system was defined as
having at least two healthcare encounters at the VHA separated by at
least half ayear in the 2 years before infection. To examine postacute
outcomes of COVID-19, we finally selected those alive 30 days after
infectionresultinginacohort of 138,818 participants with SARS-CoV-2
infection. The date of infection served as T,, and follow-up began
30 days after infection.

As a noninfected control, we identified 6,159,932 VHA users
between March1,2020, and December 31,2020, withno evidence of a
SARS-CoV-2infection. We then assigned random values for the nonin-
fected controls based on uniform distribution to create randomization.
The participants in the control group were assigned a T, in the order
ofthe randomvalues on the basis of the distribution of T, in those that
were SARS-CoV-2 positive. After this assignment, 6,011,839 participants
were alive at their assigned T, Final control of 5,985,227 consisted of
those alive 30 days after their assigned T,. Among both groups, partici-
pants were followed until death, 2 years after T,, or November 1,2022.

Data sources

Data were obtained from the electronic databases of the VHA. Demo-
graphic information on age, self-reported race, self-reported sex
and death was obtained from the Corporate Data Warehouse (CDW)
patient domain. Data on VHA mortality including both deaths inside
and outside the hospital are collected from VA and non-VA sources
including the VHA’s Beneficiary Identification Record Locator System
and medical inpatient datasets, Medicare Vital Status File, Social
Security Administration Master File and death certificate informa-
tion from the National Cemetery Administration®. Information on a
participant’s geographiclocation was obtained from the CDW SPatient
domain. Information on participant healthcare visits and diagnoses was
obtained fromthe CDW Inpatient and Outpatient domains. Laboratory
test results and details were provided by the CDW Laboratory Results
domain, while information on medications came from the CDW Out-
patient Pharmacy and Bar Code Medication Administration domains.
Information on SARS-CoV-2 tests and vaccinations conducted inboth
VA and non-VA facilities was obtained from the COVID-19 Shared Data
Resource. Positive SARS-CoV-2 tests consisted of results from poly-
merase chain reaction tests or antigen tests conducted in the VA or
reportedto the VA. Dataoninpatient and outpatient Medicare encoun-
terswere provided by VA Centers for Medicare and Medicaid Services
(VA/CMS). Theareadeprivationindex (ADI) provided asummary meas-
ure of contextual disadvantage at a participant’s residential location

as a composite of measures of income, education, employment and
housinginthat location®.

Outcomes

Asetof prespecified outcomes were selected and defined on the basis
of prior evidence of the PASC' 2. A complete list of postacute seque-
lae examined is provided in Supplementary Table 15. Occurrences of
sequelae wereidentified using definitions that, where applicable, used
datafrom domains including diagnoses codes, laboratory values and
medication prescriptions®*”** Risks of each individual sequelawere
examinedina cohort that had no history of that sequelae inthe 2 years
before infection (or corresponding T,). Follow-up occurred starting
30 days after infection and continued until death, 2 years after infec-
tion, or November 1,2022. In analyses by period of time, participants
were considered atrisk during that period if they had not had the out-
comeinaprior period. In analysis of kidney outcomes with exception of
end-stage kidney disease (ESKD) outcome, participants were censored
atthetime of ESKD. We also aggregated individual sequelae into com-
posite outcomes based on organ systems, including cardiovascular
disorders, coagulation and hematologic disorders, diabetes, fatigue,
gastrointestinal disorders, kidney disorders, mental health disorders,
musculoskeletal disorders, neurologic disorders and pulmonary dis-
orders, as well as an overall outcome that included all defined PASC.
The composite outcome/organ system each sequela was included
in is detailed in Supplementary Table 15. Incident occurrence of any
sequela within the composite outcome was considered the incident
occurrence of the composite outcome. In addition to these sequelae,
wealso examined death and hospitalization, where hospitalization was
allowed to reoccur during each time period of analysis.

Covariates

Toadjust for differencesinbaseline characteristics between the COVID-
19 and control group, we included both a set of predefined covariates
and algorithmically selected high-dimensional covariates assessed
in the 2 years before T, (refs. 2,3,5-9,35). Predefined covariates were
specified based on prior evidence of variables that may confound
associations between COVID-19 and postacute outcomes*>* 927373,
Predefined covariates include age, self-reported race (classified into
White, Black and Other), self-reported sex, ADI, body mass index (BMI),
smoking status (current, former and never) and a series of healthcare
utilization parameters. Healthcare utilization parameters included
long-term care, receipt of seasonal influenza vaccination, number of
inpatient and outpatient Medicare visits in the year before the pan-
demic, as well as measures of the number of inpatient and outpatient
VHA visits, unique medications received from the VHA and number of
routine blood chemistry panels recorded at the VHA. Each measure
of VHA healthcare utilization was defined as four separate variables,
measuring the number of healthcareinteractionsinthe 2 years before
infection separated by half-year increments. We alsoinclude covariates
of anxiety, cardiovascular disease, cerebrovascular disease, chronic
kidney disease, chronic lung disease, dementia, depression, diabetes,
immunocompromised status and peripheral artery disease. Immuno-
compromised status was defined (according to the CDC definition)
by a history of organ transplantation, advanced kidney disease (an
estimated glomerular filtration rate (€GFR) less than15 mI min™ 1.73 m™
or end-stage renal disease), cancer, humanimmunodeficiency virus or
conditions with prescriptions of more than 30 days use of corticoster-
oids orimmunosuppressantsincluding medications used to treat sys-
temic lupus erythematosus and rheumatoid arthritis. We adjusted for
eGFR, systolicand diastolic blood pressure prior and closest to T,,. eGFR
was calculated using the new Chronic Kidney Disease-Epidemiology
Collaboration creatinine equation based on serum creatinine, age
and sex*’. To account for spatiotemporal differences, we adjusted for
the week of infection or corresponding T, and a geographic region
of receipt of care defined by the VA Integrated Network of Service.
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Missing values occurred in laboratory or vital sign measurements
including 15.38% of the eGFR, 12.66% of the BMI and 11.70% of the
blood pressure measurements. These missing values wereimputed by
conditional mean imputation based on the value within the group*.
Continuous variables were transformed into restricted cubic spline
functions to account for potential nonlinear relationships.

In addition to predefined covariates, we further included a set
of algorithmically selected high-dimensional covariates as addi-
tional potential confounders to complement the list of prespecified
covariates from data domains, including diagnoses, medications
and laboratory results (Extended Data Fig. 9)*’. Based on the Clinical
Classifications Software Refined (CCSR), developed as part of the
Healthcare Cost and Utilization Project sponsored by the Agency for
Healthcare Research and Quality***, we classified more than 70,000
ICD-10 diagnosis codes into 540 diagnostic categories. We classified
3,425 medications into 543 medication classes on the basis of the VHA’s
drug classification system*®*. On the basis of Logical Observation
Identifiers Names and Codes, we classified 38 laboratory measures
into 62 laboratory test abnormalities. From this list, we selected cate-
gories that occurred in atleast 100 participants within each group, as
rare conditions occurringinless than100 participants (less than 0.5%
inthe smallest group with an n =20,580) may not be sufficient to sub-
stantially describe the characteristics of the group. We then selected
the top 100 variables that displayed the strongest univariate relative
riskwith group assignment and used them in addition to the predefined
covariates in the models*®.

Statistical analyses

Baseline characteristics of the COVID-19 and control groups are pre-
sented as mean (s.d.), median (IQR) or frequency (%), as appropriate.
Ananalytic flowchart is presented in Extended Data Fig. 9.

Risks of death, hospitalization and prespecified sequelae

We first estimated risks by care setting of the acute phase of the dis-
ease, where analyses separated the COVID-19 cohortinto two mutually
exclusive groups based onif participants were nonhospitalized or hos-
pitalized during the acute phase of the disease (first 30 days following
infection of SARS-CoV-2). To estimate therisks of prespecified sequelae,
we builtsubcohorts of those with no prior history of each sequela exam-
ined. We then estimated the probability of group membership using a
series of logistic regressions where predictorsincluded the predefined
and high-dimensional covariates. The propensity scores were then used
to calculate astabilized inverse probability weight for use in weighting
a subsequent analytic model. Covariate balance after the application
of weights was assessed at baseline by the SMD, where a difference of
less than 0.1 was taken as evidence of good balance®. We estimated
the risks of sequelae in the weighted cohort during five different time
periods of follow-up (30-90, 91-180, 181-360, 361-540 and 541-720
daysafterinfection). Toenhance consistency in the duration of follow-up
between groups, we required that for agiven period the participant had
to have been followed through the full duration of that period (not cen-
sored due to death or end of follow-up). Relative risks were estimated
from weighted generalized estimating equations using alog link and a
binomial distribution, where the modelincluded a time period and an
interaction between the time period and the COVID-19 group. Incidence
rates of asequela due to COVID-19 were estimated by the difference in
incidence ratesin those with COVID-19 and the control group.

To more comprehensively capture the burden of each sequela
and to facilitate acomparative assessment of the magnitude of health
loss across all sequelae, we also estimated DALYs for each prespecified
outcome on the basis of the product of its incident rate and its health
burden coefficient (Supplementary Table 16)***°°. For each outcome,
the estimate of the DALYs due to asequela of COVID-19 was computed
from the differencein the corresponding DALYs between the COVID-19
and control groups>*+"%3,

Cls were developed by 1,000 times parametric bootstrapping
based on covariates matrix generated from the generalized estimat-
ing equations. Incidence and DALYs are presented as rates per 1,000
persons. Risks are presented for comparisons of those with COVID-19
nonhospitalized and hospitalized during the acute phase of the disease
andthe control and in comparison of those with COVID-19 hospitalized
versus nonhospitalized.

Risks of sequelae overall and by organ system

We then examined the risks of several composite outcomes that
aggregated sequelae into an overall outcome of PASC and sequelae
by organsystems, including cardiovascular disorders, coagulation and
hematologic disorders, diabetes, fatigue, gastrointestinal disorders,
kidney disorders, mental health disorders, musculoskeletal disorders,
neurologicdisorders and pulmonary disorders. We estimated the inci-
dencerates of having atleast one sequela in that organ system. We also
estimated the DALYs from sequelae in an organ system as the summa-
tion of the DALYs of sequelae within that organ system. This approach
accounts for the number of sequelae experienced by an individual
participantand theinfluence of each sequela (comparative to other dis-
eases) on health®?**, Analyses ofincidence at least one sequela within
anorgan systemwas conducted using generalized estimating equation
withaloglinkandalogistic distribution. In analyses of risks and DALYs
fromsequelae within an organ system, we used generalized estimating
equationwithaloglink and a Poisson distribution. Plots of smoothed
cumulative DALYs were developed using penalized beta-splines.

Risksin those with COVID-19 overall
Analyses were repeated in the overall COVID-19 cohort. Analyses were
done for the individual sequelae, as well as for composite outcomes.

Sensitivity analyses
We conducted several alternate versions of the analyses of risk of PASC
inthose with COVID-19 compared to the noninfected control to exam-
ineifachangein the analytic specification would change the resultson
risk of PASC (the primary outcome in this study). (1) As an alternative to
the primary analytic approach of adjusting for confounding through
inverse probability weighting, we used a conditional modeling-based
approachthatadjusted for baseline characteristicsin each time period
of analysis to account for changesin the composition of the cohort as
follow-up progressed (n = 6,124,045) (ref. 54). (2) In addition to adjust-
ing for the predefined and algorithmically selected high-dimensional
baseline characteristics, in consideration of evidence that suggests
that vaccination after SARS-CoV-2 infection may reduce the risk of
adverse health outcomes®, we adjusted for vaccination status as a
time-varying covariate, defined as 0,1,2 or 3+ more vaccination shots
(n=6,124,045). (3) Asevidence has suggested that reinfection may add
to risks of sequelae in addition to risks associated with the primary
infection*?, as an alternative approach to outcome assessment, we
also censored participants at the time of reinfection (n = 6,124,045).
(4) Inaddition to adjustment for baseline covariates, in consideration
of potential differences in healthcare resource utilization between
groups, we adjusted for the probability of having a healthcare encoun-
ter during follow-up (n = 6,124,045). The probability was estimated
as the time-varying probability of having a healthcare encounter in
each time period. (5) To assess the sensitivity of study results to dif-
ferences in healthcare utilization over the course of study follow-up,
we conducted the analysisin asubcohort of those that had atleast one
healthcare encounter during each time period of analysis in the course
offollow-up (n =4,961,017). (6) To examine the influence of iteration of
bootstrapping, we conducted 500 iterations of bootstrappinginstead
of 1,000 iterations used in the primary approach (n = 6,124,045).
Tofurther assess the sensitivity of the results to the effect of poten-
tial difference in censorship between the two exposure groups onrisk
estimates, we conducted analyses in those in the overall COVID-19

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-023-02521-2

group compared to the noninfected control to estimate the relative
risks while including all those who were censored during each time
period (n = 6,124,045). We also used survival models to estimate the
hazard ratios (n = 6,124,045).

Negative outcome control

We examined the association between COVID-19 and incident neo-
plasms during the 2 years of follow-up as a negative outcome control.
Thereis no prior knowledge supporting a causal association between
COVID-19 and neoplasms. A successful application of negative control
yielding the expected a priori null association between COVID-19 and
risk of neoplasms may reduce (but does not eliminate) concerns about
possible biases of the study®.

Other analytic considerations

Inall analyses, a95% Cl of risk that excluded unity as well as incidence
and DALYs rates that excluded zero were considered evidence of statis-
tical significance. CCSR version 2021.1 was used to classify diagnosis
codes. Analyses were conducted using SAS Enterprise Guide version
8.2 (SASInstitute), and results were visualized using R version 4.0.4.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

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 moreinformation, please visit https://www.virec.research.va.gov or
contact the VA Information Resource Center (VIReC) at VIReC@va.gov.

Code availability
The analytic codeis available at https://github.com/BcBowe3.

References

25. Arnold, N., Sohn, M., Maynard, C., & Hynes, D. M. VIReC Technical
Report 2. VA-NDI Mortality Data Merge Project. (VA Information
Resource Center, 2006).

26. Kind, A. J. H. & Buckingham, W. R. Making neighborhood-
disadvantage metrics accessible - the Neighborhood Atlas.

N. Engl. J. Med. 378, 2456-2458 (2018).

27. Bowe, B., Xie, Y. & Al-Aly, Z. Acute and postacute sequelae associ-
ated with SARS-CoV-2 reinfection. Nat. Med. 28, 2398-2405 (2022).

28. Xie, Y., Bowe, B., Maddukuri, G. & Al-Aly, Z. Comparative
evaluation of clinical manifestations and risk of death in patients
admitted to hospital with COVID-19 and seasonal influenza:
cohort study. BMJ 371, m4677 (2020).

29. Cohen, K. et al. Risk of persistent and new clinical sequelae

among adults aged 65 years and older during the post-acute

phase of SARS-CoV-2 infection: retrospective cohort study. BMJ

376, e068414 (2022).

Daugherty, S. E. et al. Risk of clinical sequelae after the acute

phase of SARS-CoV-2 infection: retrospective cohort study. BMJ

373, n1098 (2021).

31. 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).

32. Bowe, B. Acute kidney injury in a national cohort of hospitalized US
veterans with COVID-19. Clin. J. Am. Soc. Nephrol. 16, 14-25 (2020).

33. 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,
047369 (2021).

30.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

Xie, Y., Choi, T. & Al-Aly, Z. Risk of death in patients hospitalized
for COVID-19 vs seasonal influenza in fall-winter 2022-2023. JAMA
329, 1697-1699 (2023).

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, 1003773

(2021).

Xie, Y., Choi, T. & Al-Aly, Z. Nirmatrelvir and the risk of post-acute
sequelae of COVID-19. JAMA Intern. Med. 183, 554-564 (2023).
Xie, Y., Bowe, B. & Al-Aly, Z. Molnupiravir and risk of hospital
admission or death in adults with Covid-19: emulation of a
randomized target trial using electronic health records. BMJ 380,
e072705 (2023).

Xie, Y., Bowe, B. & Al-Aly, Z. Nirmatrelvir and risk of hospital
admission or death in adults with Covid-19: emulation of a
randomized target trial using electronic health records. BMJ 381,
073312 (2023).

Xie, Y., Choi, T. & Al-Aly, Z. Molnupiravir and risk of post-acute
sequelae of covid-19: cohort study. BMJ 381, e074572 (2023).
Inker, L. A. et al. New creatinine- and cystatin C-based
equations to estimate GFR without race. N. Engl. J. Med. 385,
1737-1749 (2021).

Harrell, F. E. Regression Modeling Strategies: With Applications
to Linear Models, Logistic and Ordinal Regression, and Survival
Analysis (Springer Cham, 2015).

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). https://www.ahrg.gov/data/hcup/
index.html (2022).

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).

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).

Austin, P. C. An introduction to propensity score methods for
reducing the effects of confounding in observational studies.
Multivar. Behav. Res 46, 399-424 (2011).

Austin, P. C. Balance diagnostics for comparing the distribution
of baseline covariates between treatment groups in propensity-
score matched samples. Stat. Med. 28, 3083-3107 (2009).

Kyu, H. H. et al. Global, regional, and national disability-adjusted
life-years (DALYs) for 359 diseases and injuries and healthy life
expectancy (HALE) for 195 countries and territories, 1990-2017:
a systematic analysis for the Global Burden of Disease Study 2017.
Lancet 392, 1859-1922 (2018).

Hanson, S. W. et al. Estimated global proportions of individuals
with persistent fatigue, cognitive, and respiratory symptom
clusters following symptomatic COVID-19 in 2020 and 2021. JAMA
328, 1604-1615 (2022).

Vos, T. et al. Global burden of 369 diseases and injuries in 204
countries and territories, 1990-2019: a systematic analysis

for the Global Burden of Disease Study 2019. Lancet 396,
1204-1222 (2020).

Nature Medicine


http://www.nature.com/naturemedicine
https://www.virec.research.va.gov
https://github.com/BcBowe3
https://www.ahrq.gov/data/hcup/index.html
https://www.ahrq.gov/data/hcup/index.html

Article

https://doi.org/10.1038/s41591-023-02521-2

53. IHME. GBD results. https://vizhub.healthdata.org/gbd-results/
(2021).

54. Fireman, B. et al. Consequences of depletion of susceptibles for
hazard ratio estimators based on propensity scores. Epidemiology
31, 806 (2020).

55. Ayoubkhani, D. et al. Trajectory of long COVID symptoms after
COVID-19 vaccination: community based cohort study. BMJ 377,
e069676 (2022).

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

Acknowledgements

This study used data from the VA COVID-19 Shared Data Resource.
Support for VA/CMS data was provided by the Department of Veterans
Affairs, Veterans Health Administration, Office of Research and
Development, Health Services Research and Development Service,
VA Information Resource Center (project SDR 02-237 and 98-004).
This research was funded by the US Department of Veterans Affairs
(to Z.A.A.). 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. Z.A.A., B.B. and Y.X. contributed to data analysis
and interpretation. Z.A.A. and B.B. drafted the manuscript. Critical
revision of the manuscript was done by Z.A.A., B.B. and Y.X. Z.A.A.
provided administrative, technical and material support; provided
supervision and mentorship and 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 report. The corresponding
author attests that all the listed authors meet the authorship criteria
and that no others meeting the criteria have been omitted.

Competinginterests

B.B. reports receiving consultation fees from AstraZeneca. Z.A.A.
reports receiving consultation fees from Gilead Sciences and funding
(unrelated to this work) from Tonix Pharmaceuticals. Z.A.A. and Y.X.
report consulting (uncompensated) for Pfizer.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41591-023-02521-2.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41591-023-02521-2.

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

Peer review information Nature Medicine thanks Zachary Strasser,
Bjern Blomberg and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work. Primary Handling Editor:
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://vizhub.healthdata.org/gbd-results/
https://doi.org/10.1038/s41591-023-02521-2
https://doi.org/10.1038/s41591-023-02521-2
http://www.nature.com/reprints

https://doi.org/10.1038/s41591-023-02521-2
After weighting

Before weighting

Article

m SESEeEs mmm mmnmmmmmnmnm

EE e Illlllllll
llllll\lm\mﬂw =

and

non-hospitalized compared to hospitalized COVID-19. SMD was estimated for
differences in participant characteristics including pre-defined covariates

algorithmically selected high dimensional covariates

’
g

and non-selected high

”

0.8

Percentile of SMD distribution

06
represents a percentile (from Oth to 100th) of the distribution of the SMD within

the respective sub-cohort (x-axis). Includes SMD for non-hospitalized COVID-19
dimensional covariates. After weighting, no covariates had an SMD greater than

compared to the control, hospitalized COVID-19 compared to the control
0.1inany sub-cohorts.

0.4

19

hospitalization

0.2

’

Plots standardized

mean differences before weighting (left) and after weighting (right). Each row

represents asub-cohort used in analysis of the risks of death

A1

0

and sequelae.

0.0
Extended Data Fig. 1| Standardized mean differences between COVID

non-hospitalized

and the control before and after weighting
on the basis of the lowest to highest percent

SMD mm==

y
y

Percentile of SMD distribution
hospitalized
, hospitalization,

y

from top to bottom

’

Nature Medicine

and sequelae that was free of history of the respective outcome at baseline. Rows

areordered
Each row consists of the distribution of SMD within the sub cohort. Each cell

of SMD that were unbalanced (SMD > 0.1) among unweighted sub-cohorts.

inanalyses of death,


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-023-02521-2

PASC

Cardiovascular

Coagulation

Diabetes

Fatigue

Gastrointestinal

Kidney

Mental health

Musculoskeletal

Neurologic

Pulmonary

75% 1
50% 1
25% A

Before weighting

After weighting

75% A
50% A
25% A

e ———

[

75% A
50% 1
25% A

e ——_—

©

(R —_

[

75% A
50% 1
25% A

- - -y o

©

-—— -y

I

75% 1
50% 1
25% 1

[ ——_—

©

75% A
50% A
25%

[ ——_—

of

75% 1
50% 1
25% A

e ——_

1.00 0

1.00

75% A
50% 1
25% A

- - o

75% 1
50% 1
25% A

[ ——_—

75% A
50% A
25% A

e ——

1.00

0
75% A
50% 1
25% A

- - - o

0

Standardized mean difference
Extended Data Fig. 2| See next page for caption.

Standardized mean difference

1.00

Nature Medicine


http://www.nature.com/naturemedicine

Article https://doi.org/10.1038/s41591-023-02521-2

Extended Data Fig. 2| Standardized mean differences between COVID-19 control, hospitalized compared to the control, and non-hospitalized compared
non-hospitalized, hospitalized, and control before and after weighting to hospitalized. Covariates examined included pre-defined covariates,
inanalyses of post-acute sequelae (PASC) and sequelae by organ system. algorithmically selected high dimensional covariates, and non-selected high
Plots includes the standardized mean difference (SMD) (x-axis) and the dimensional covariates. An SMD > 0.1 (dotted red line) was taken as evidence of
percent distribution (y-axis), for analyses of post-acute sequelae and sequelae imbalance. After weighting, no SMD were > 0.1.

by organ system. Includes differences for non-hospitalized compared to the
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Extended Data Fig. 3| Summary of risk of sequelae by time period of
follow-up. Plots present, by time period of analyses, risk summaries of death,
hospitalization, sequelae by organ system, and sequelae overall for non-
hospitalized COVID-19, hospitalized COVID-19, and overall COVID-19. The column
on the left denotes the total number of sequelae examined in the organ system.
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risk in those with COVID-19 compared to the control, while the bottom number
is the percentage at riskamong the number of sequelae examined in the organ
system.). In analyses by care setting the total number of sequelae examined
was 14 cardiovascular sequelae, 13 mental health sequelae, and 20 neurologic
sequelae, leading to a total of 77 sequelae examined as part of PASC. PASC, post-
acute sequelae of COVID-19.
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Extended Data Fig. 5| Standardized mean differences between COVID-19
overall and control before and after weighting in analyses of death,
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used in analysis of the risks of death, hospitalization, and sequelae that was
free of history of the respective outcome at baseline. Rows are ordered, from
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Extended Data Fig. 6 | Standardized mean differences between COVID-19
overall and control before and after weighting in analyses of post-

acute sequelae (PASC) and sequelae by organ system. Plots includes the
standardized mean difference (x-axis) and the percent distribution (y-axis),
for analyses of post-acute sequelae and sequelae by organ system. Covariates

examined included pre-defined covariates, algorithmically selected high
dimensional covariates, and non-selected high dimensional covariates. An
SMD > 0.1 (dotted red line) was taken as evidence of imbalance. After weighting,
no SMD were >0.1.
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