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Abstract

Background

Preventing and treating post-acute sequelae of COVID-19 infection (PASC), com-
monly known as Long COVID, has become a public health priority. This study tests
whether Paxlovid treatment in the acute phase of COVID-19 could help prevent the
onset of PASC.

Methods and findings

We used electronic health records from the National Clinical Cohort Collaborative to
define a cohort of 445,738 patients who had COVID-19 since April 1, 2022, and were
eligible for Paxlovid treatment due to risk for progression to severe COVID-19. We
used the target trial emulation framework to estimate the effect of Paxlovid treatment
on PASC incidence. We emulated a series of six sequential trials: one for each day
of a 5-day treatment grace period. For each sequential trial, the treatment group was
defined as patients prescribed Paxlovid on the trial start day, and the control group
was defined as all patients meeting eligibility criteria who remained untreated on the
trial start day. We pooled individual record-level data from the sequential trials for
analysis. The follow-up period was 180 days. The primary outcome was overall PASC
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incidence measured using a computable phenotype. Secondary outcomes were inci-
dent cognitive, fatigue, and respiratory symptoms in the post-acute period. We con-
trolled for a wide range of demographic and medical history covariates. Compared

to the control group, Paxlovid treatment did not have a significant effect on overall
PASC incidence or incident respiratory symptoms. It had a small protective effect
against cognitive (relative risk [RR] 0.91; 95% CI [0.84, 0.98]; p=0.019) and fatigue
(RR 0.94; 95% CI [0.90, 0.98]; p=0.002) symptoms. Finally, we estimated Paxlovid’s
effect on overall PASC incidence across strata of age, COVID-19 vaccination status,
and Charlson Comorbidity Index (CCl) prior to COVID-19. We found small protec-
tive effects among patients aged 65 years or more (RR 0.92; 95% CI [0.88, 0.97];
p<0.001; absolute risk difference [ARD] —0.43%; number needed to treat [NNT] 233)
and with a CCl of 3 or 4 (RR 0.83; 95% CI [0.75, 0.92]; p<0.001; ARD —-1.30%; NNT
76). This study’s main limitation is that the causal interpretation relies on the assump-
tion that we controlled for all confounding variables.

Conclusions

Although some prior observational studies suggested that Paxlovid held promise as
a PASC preventive, this study—with a large, nationally sampled cohort; a contempo-
rary study period; and causal inference methodology—found that Paxlovid treatment
during acute COVID-19 had no effect on subsequent PASC incidence. Stratified
analyses suggest that Paxlovid may have a small protective effect among higher-risk
patients, but the NNT is high. In conclusion, we see Paxlovid as unlikely to become a
definitive solution for PASC prevention.

Author summary
Why was this study done?
» Paxlovid is indicated to prevent severe COVID-19.

* Long COVID is more likely after more severe COVID-19, so there is a plausible
mechanism for Paxlovid to reduce the risk of developing Long COVID by pre-
venting severe COVID-19.

* Only a few studies have examined the relationship between Paxlovid and Long
COVID, with mixed results.

« If Paxlovid helps prevent Long COVID, it could be a powerful addition to the
public health effort to reduce the burden of COVID-19.

What did the researchers do and find?

* We used a cohort of 445,738 patients from the National Clinical Cohort Collab-
orative’s electronic health record database to estimate the effect of Paxlovid
treatment during acute COVID-19 on the likelihood of developing Long COVID.
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» We used the target trial emulation technique to estimate the causal effect of Paxlovid treatment using observational data.
» We found that Paxlovid treatment does not reduce the risk of Long COVID incidence.

» We found that Paxlovid treatment had a slightly stronger effect on certain symptoms (cognitive and fatigue) of Long
COVID.

» We studied this effect separately across patients grouped by their age and medical history. We found that Paxlovid
reduced Long COVID risk among older and sicker patients, but only by a small amount.

What do these findings mean?
» Paxlovid is unlikely to become a definitive solution for preventing Long COVID.

 Although it might help a little among higher-risk people (older and sicker), the effect is not very big. For example, doc-
tors would have to prescribe Paxlovid to 233 more people aged 65 years or more to prevent one case of PASC.

» Paxlovid may have a slightly stronger effect on certain Long COVID symptoms (cognitive and fatigue).

» This study’s main limitation is that it estimates causal effects, but it is not randomized like a clinical trial. Instead, we
control for other variables that could bias the estimate, but if we missed some important variables, the estimates
could be incorrect.

Introduction

Post-acute sequelae of COVID-19 infection (PASC), commonly known as Long COVID, affects people from all walks of
life. Many people with PASC continue to feel the impacts of the disease years after infection. Mechanisms causing PASC
remain largely unknown, and we have yet to identify a treatment that is consistently effective across the array of PASC
manifestations. Therefore, developing effective PASC prevention strategies will be crucial to alleviating the long-term
public health impact of COVID-19.

Nirmatrelvir with ritonavir (Paxlovid) was given an emergency use authorization in the United States in December 2021
for the treatment of patients with mild-to-moderate COVID-19 who are at high-risk for progression to severe COVID-19.
Paxlovid has proven effective at preventing severe COVID-19, hospitalization, and death, with supporting evidence from
clinical trials and real-world evidence [1-7].

In 2022-2023, several teams published case reports where Paxlovid was used to treat extant PASC [8—11]. This
evidence motivated several clinical trials, including RECOVER-VITAL, to evaluate Paxlovid as a potential treatment for
PASC [12]. Results of smaller trials have begun to emerge. In Stanford University’'s STOP-PASC trial, which included 155
participants, Paxlovid did not show benefit in improving extant fatigue, brain fog, body aches, cardiovascular symptoms,
shortness of breath, or gastrointestinal symptoms [13].

In addition to treating PASC, researchers have begun to explore whether Paxlovid treatment in the acute phase of
COVID-19 could help prevent the onset of PASC. One plausible pathway could be reducing infection severity. Several
studies have found that more severe acute infection or hospitalization is associated with a higher-risk of PASC [14-17]. To
our knowledge, few studies have explored Paxlovid as a PASC preventive, and results are mixed. A large, observational
study from the US Department of Veterans Affairs (VA) found that Paxlovid treatment during the acute phase of COVID-19
was associated with a lower-risk of PASC, with a hazard ratio (HR) of 0.74 [18]. However, a target trial emulation (TTE),
also using VA data, found Paxlovid had no effect on 30 of 31 post-COVID-19 conditions [19]. Two other smaller studies
found that Paxlovid treatment was not associated with a reduced risk of PASC [20,21]. Because there is still no consensus
definition of PASC, these studies used different outcome measures. In sum, the relationship between Paxlovid treatment
and PASC onset remains uncertain.
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At the time of writing, the PANORAMIC trial in the United Kingdom and the CanTreatCOVID trial in Canada have com-
pleted recruitment for arms which will receive Paxlovid during acute COVID-19 [22,23]. The PANORAMIC trial will focus
on acute outcomes, but the CanTreatCOVID trial will include follow-up at 90 days and 36 weeks. CanTreatCOVID will
provide valuable insight to the relationship between Paxlovid treatment and PASC onset. This study will provide real-world
evidence to complement the findings from CanTreatCOVID and, hopefully, additional future trials.

Through the National Institute of Health’s National Clinical Cohort Collaborative (N3C), and as part of the Researching
COVID to Enhance Recovery (RECOVER) Initiative’s electronic health record (EHR) data team, we have the opportunity
to study Paxlovid as a PASC preventive using a large, nationally sampled cohort and an up-to-date study period con-
sisting mostly of Omicron BA and later subvariant infections [24,25]. All analyses described here were performed within
the secure N3C Data Enclave, which integrates EHR data for 21 million patients from over 230 data partners across
the United States. N3C’s methods for data acquisition, ingestion, and harmonization have been reported elsewhere
[24,26,27]. This study used the TTE framework to estimate the effect of Paxlovid treatment in the acute phase of COVID-
19 infection on the cumulative incidence of PASC among a cohort of patients eligible for Paxlovid treatment (i.e., with one
or more risk factors for developing severe COVID-19) [28]. We hypothesized that Paxlovid treatment reduces the likeli-
hood of PASC incidence.

Methods
Target trial emulation

We followed the two-step process for emulating target trials with observational data suggested by Hernan and Robins
[29]. First, we articulated the causal question of interest in the form of a hypothetical trial protocol. Second, we emu-
lated each component of this protocol using observational EHR data. We emulated a target randomized controlled trial
of Paxlovid versus no treatment among adults with a COVID-19 index (defined as either a COVID-19 diagnosis [ICD-10
code UQ7.1] or a positive SARS-CoV-2 test result) between April 1, 2022 and February 28, 2023, and at least one risk
factor for progression to severe acute COVID-19. Because Paxlovid is indicated for use within 5 days of symptom onset,
the target trial included a treatment grace period of 5 days. To account for this grace period without introducing immortal
time bias, we emulated six sequential trials, in which time zero (t,) ranged from the COVID-19 index date (t_ )tot . ...
Each sequential trial compared patients who were prescribed Paxlovid on t, (treatment) to patients who were not (con-
trol). Patients were followed for 180 days after ¢, . See the extended methods in S1 Text for details on sequential trial
methods.

Eligibility

Inclusion criteria were: (1) having a documented ¢, (due to
potential differences in clinical characteristics and prescription practices between pediatric and adult patients [30,31]), and
(3) having 21 risk factor for severe COVID-19 per Centers for Disease Control and Prevention (CDC) guidelines (age 250
years or diagnosis of a comorbidity associated with higher-risk of severe COVID-19 [32]). Baseline exclusion criteria were:
(1) being hospitalized on t, ., (2) having prior history of PASC, and (3) being prescribed a drug with a severe interaction
with Paxlovid in the 30 days prior to ¢, [33]. To ensure that data were captured from sites with high fidelity and adequate
coverage, we also excluded sites with fewer than 500 or 5% of eligible patients treated with Paxlovid during the study
period. Finally, we reassessed sequential exclusion criteria at ¢, for each sequential trial: (1) having died between ¢,

index

and t,, (2) having been hospitalized between ¢ and ¢, (3) having received a Paxlovid prescription between ¢t andt, ,
and (4) having appeared in the same treatment group in a previous sequential trial. The final criterion prevents the control
group from ballooning due to repeated inclusion of patients, which would increase computational expense while contribut-

ing little additional information.

within the study period, (2) being2 18 years of age at ¢,

index
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Outcome

We measured overall PASC incidence using a machine learning-based computable phenotype model, which gathers data
for each patient in overlapping 100-day periods that progress through time, and issues a probability of PASC for each 100-
day period [34]. The model was trained to classify whether patients have a U09.9 (“Post COVID-19 Condition”) ICD-10
diagnosis code in each period, based on the patients’ diagnoses during each period. The use of a computable phenotype
is rare in the PASC literature. More often, researchers measure PASC using specific PASC diagnoses (U09.9) or they
define a set of symptoms that constitute PASC and measure their incidence in the post-acute period. However, both of
these measurements have problems that the computable phenotype avoids. PASC diagnoses are rare, and diagnosis

is likely driven by access to care, which also affects the likelihood of Paxlovid treatment, leading to potential bias. The
computable phenotype can help identify undiagnosed patients who have symptoms similar to those with U09.9 diagno-
ses. Measuring PASC using a specific set of symptoms can lead to false positives (symptoms with etiologies other than
COVID-19) and false negatives (related symptoms not included in the definition). The computable phenotype can learn

to avoid these errors. However, PASC is also a heterogeneous condition, so the use of symptom-specific outcomes is an
important complement to the computable phenotype.

To measure PASC at a more granular level, we also measured incident PASC symptoms in the cognitive, fatigue, and
respiratory clusters proposed by the Global Burden of Disease (GBD) Study (“GBD symptom clusters” henceforth) [35].
These clusters were the most frequently reported symptoms in a meta-analysis of Long COVID studies [35]. We estimated
the effect of treatment on both individual symptom clusters, and a composite measure of any incident symptom across all
clusters. See the extended methods in S1 Text for details on outcome definitions and rationale.

Statistical analysis

To emulate the target trial from a series of sequential trials, we pooled patient-level records from each sequential trial. This
approach is akin to one-stage individual patient data meta-analysis (IPD-MA), where the estimand of the sequential trial
meta-analysis is equivalent to the estimand of the target trial [36]. However, unlike one-stage IPD-MA, it is not necessary
to account for clustering of participants within each trial, since all participants come from the same underlying cohort. Also,
unlike IPD-MA, weighting is necessary to establish exchangeability between treatment groups, because treatment is not
randomly assigned within each trial.

We used stabilized inverse probability of treatment (IPT) weighting to emulate random assignment through exchange-
ability between treatment groups. For the pooled cohort, we used a single logistic regression model to estimate treatment
propensity based on a set of baseline covariates. We selected covariates based on a theoretical causal model, shown
in Fig Ain S1 Text. Baseline covariates included: sex, age (binned), race and ethnicity, prior history of individual comor-
bid conditions captured in the Charlson Comorbidity Index (CCl), value of the composite CCI (binned), prior history of
conditions associated with risk of severe COVID-19 (as defined by the CDC Paxlovid eligibility criteria [32]), Community
Well-Being Index (binned), number of visits in the year prior to index (binned), number of hospitalizations in the year prior
to index (binned), month of COVID-19 onset, and site of care provision. See the extended methods in S1 Text for detailed
rationale for each covariate.

Because loss to follow-up was more common in the control group, we also used stabilized inverse probability of censor-
ing (IPC) weighting to produce a pseudo-cohort in which censoring was random with respect to treatment. For the pooled
cohort, we used a single logistic regression model to estimate censoring propensity based on the same set of baseline
covariates and the treatment group. This approach treats the relative likelihood of censoring across groups as time-
invariant, an assumption that we verified by examining the cumulative incidence of censoring by treatment group over
time. Finally, we generated combined inverse probability weights as the product of IPT and IPC weights.

The estimand was the cumulative incidence of PASC from 29 to 180 days after COVID-19 index. To estimate the
cumulative incidence of PASC, we used Aalen—Johansen estimators, where stabilized, trimmed, and combined IP weights
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were used as time-fixed weights, and death was treated as a competing risk. We used bootstrapping with 500 iterations to
estimate the 95% confidence interval at a two-sided alpha of 0.05. To estimate the average treatment effect, we took the
relative and absolute difference in cumulative incidence in the treatment and control groups.

We followed patients for 180 days following their COVID-19 index date. Follow-up started at day 1, and we started
observing the outcome at day 29 to avoid attributing acute symptoms to PASC. Computable phenotype PASC predictions
and GBD symptoms between days 1 and 28 were ignored. Censorship was possible from days 1 to 180. We censored
patients at the date of their last documented visit in the EHR. Death as a competing risk was also possible between days
1 and 180.

Stratified analyses

We conducted stratified analyses for age, CCI, and COVID-19 vaccination status. We defined continuous strata with the

same bins used for these covariates in the treatment and censoring models (age in years: 18—-24, 25-34, 35-49, 5064,

65+; CCI: 0, 1-2, 3—4, 5-10, 11+). For the vaccination-stratified analysis, we used the cohort subset from the vaccination
subanalysis (see the following section) and defined unvaccinated and fully vaccinated strata (see S1 Text for details). For
each stratum, we ran the full analysis pipeline independently, such that treatment and control groups in the stratum were

exchangeable.

Subanalyses and sensitivity analyses

We also conducted two subanalyses. The first used a “VA-like cohort” designed to mirror the study period used in Xie and
colleagues (2023) and the demographics of VA patients [18]. It used an earlier study start date (including the first Omicron
wave in early 2022) and only included male patients over 65 years old. The intent of this subanalysis was to minimize the
differences between our studies and allow for more direct comparison with previously reported findings on this topic. The
second subanalysis included COVID-19 vaccination status as an additional covariate, and was conducted in a subset of
sites with high-quality vaccination data. We did not include vaccination as a covariate in the primary analysis, because it is
subject to substantial measurement error in most EHRs. The intent of this subanalysis was to assess whether vaccination
led to unmeasured confounding in the primary analysis. Finally, we conducted several sensitivity analyses to test sensitiv-
ity to estimation methods, inclusion and exclusion criteria, computable phenotype prediction threshold, COVID-19 index
definition, and time period of outcome observation. See the extended methods in S1 Text for sensitivity analysis details.

Ethics approval and consent to participate

The N3C data transfer to NCATS is performed under a Johns Hopkins University Reliance Protocol # IRB00249128 or
individual site agreements with NIH. The N3C Data Enclave is managed under the authority of the NIH; information can be
found at https://ncats.nih.gov/n3c/resources. The work was performed under DUR RP-5677B5. All results are reported in
adherence with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines (see S1
STROBE Checklist) [37].

Results
Patient characteristics

The study cohort included 445,738 patients, of whom 151,180 (33.92%) had a Paxlovid prescription within the treatment
grace period, and 18,663 (4.20%) had PASC (U09.9 diagnosis or computable phenotype prediction over 0.9 from 29 to
180 days after index). Among treated patients, 134,401 (88.90%) were prescribed Paxlovid on the same day as COVID-
19 index, and 146,931 (97.19%) were prescribed Paxlovid within 1 day of COVID-19 index. The pooled sequential trial
cohort included 460,803 patient records, of which 151,180 (32.81%) were in the treatment group (Due to the sequential
trial design, patients who were treated on days 1-5 could appear in both the treatment and control groups).

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004711 September 15, 2025 6/23



https://ncats.nih.gov/n3c/resources

PLON- Medicine

During the study period, 208 (0.14%) patients treated with Paxlovid and 975 (0.33%) untreated patients died. A total of
4,341 (0.97%) patients had a post-acute symptom in the cognitive symptom cluster, 12,569 (2.82%) patients had a post-
acute symptom in the fatigue symptom cluster, and 22,596 (5.07%) had a post-acute symptom in the respiratory symptom
cluster. Among patients with a PASC diagnosis or computable phenotype prediction, 7.44% had a post-acute symptom in the
cognitive symptom cluster, 19.82% had a post-acute symptom in the fatigue symptom cluster, and 35.71% had a post-acute
symptom in the respiratory symptom cluster. A co-occurrence matrix, showing the percentage of patients with each outcome
who also had other outcomes, is shown in Fig B in S1 Text. After applying the eligibility criteria to the patient population and
study sites, a total of 28 of 36 study sites were retained. The CONSORT flow diagram is shown in Fig 1. The characteristics
of all patients during the study period are presented in Table 1, stratified by treatment group. IPT weighting achieved balance
across all covariates, as shown in Fig 2. The distribution of stabilized, trimmed, and combined IPT and IPC weights had a
median of 0.86 and a standard deviation of 0.62. The target trial protocol and emulation approach are presented in Table 2.

Effect of Paxlovid treatment on PASC incidence

We found that Paxlovid treatment during acute COVID-19 had no effect on overall PASC incidence or incident respira-
tory symptoms, and a small effect on incident cognitive and fatigue symptoms. Table 3 shows estimates of cumulative
PASC incidence and treatment effects (relative risk [RR], absolute risk difference [ARD]) across all analyses, with number
needed to treat [NNT] estimated for results that were statistically significant. Fig 3 shows RR for all analyses. Fig 4 shows
cumulative incidence functions for the main analyses.

For overall PASC onset, measured by our PASC computable phenotype, adjusted cumulative incidence estimates
were 4.53% (95% CI [4.40, 4.66]) for treated patients and 4.60% (95% CI [4.51, 4.68]) for untreated patients. The RR of
PASC was 0.99 (95% CI [0.95, 1.02]; p=0.43), with an ARD of =0.10% (95% CI [-0.20%, 0.10%]; p=0.41). The RR of any
GBD symptom was 0.99 (95% CI [0.96, 1.01]; p=0.27), with an ARD of -0.10% (95% CI [-0.30%, 0.10%]; p=0.27). For
the cognitive symptom cluster, RR was 0.91 (95% CI [0.84, 0.98]; p=0.019), with an ARD of —0.10% (95% CI [-0.20%,
0.00%]; p=0.019) and NNT of 988. For the fatigue symptom cluster, RR was 0.94 (95% CI [0.90, 0.98]; p=0.002), with an
ARD of -0.20% (95% CI [-0.30%, —0.10%]; p=0.002) and NNT of 508. For the respiratory symptom cluster, RR was 1.01
(95% C1[0.98, 1.05]; p=0.48), with an ARD of 0.10% (95% CI [-0.10%, 0.20%]; p=0.47).

Stratified analyses

Among the age strata, Paxlovid had a protective effect on overall PASC onset only among patients aged 65 years or
more. The RR in this group was 0.92 (95% CI [0.88, 0.97]; p<0.001), with an ARD of —0.43% (95% CI [-0.70%, —0.20%];
p<0.001) and NNT of 233. Paxlovid had an anti-protective effect among patients aged 18—24 years (RR=1.31, 95% CI
[1.06, 1.62]; p=0.03) and among patients aged 35—-49 years (RR=1.08, 95% CI [1.01, 1.16]; p=0.03). The proportion of
patients treated increased monotonically by ascending age group (18—24 years: 14.47%, 25-34 years: 19.80%, 35—49
years: 30.47%, 50—64 years: 37.99%, 65+years: 44.14%).

Among the CCI strata, Paxlovid had a significant effect on overall PASC onset only among patients with a CCI of 3—4.
The RR in this comorbidity group was 0.83 (95% CI [0.75, 0.92]; p<0.001), with an ARD of -=1.30% (95% CI [-2.00%,
-0.60%]; p<0.001) and NNT of 76. There was no significant effect among patients with a CCl of 5-10 (RR=0.91, 95% ClI
[0.78, 1.07]; p=0.24). Although the magnitude of the effect in this group was similar, statistical power was lower, and the
result was not significant. Similarly, there was no significant effect among patients with a CClI of 11 or greater (RR=1.40,
95% CI [0.78, 2.50]; p=0.26), though the statistical power was very limited in this stratum. The proportion of patients
treated varied less by CCI than by age group, and was non-monotonic. It ranged from 33.62% among patients with a CCl
of 0 to 39.88% among patients with a CCl of 1-2.

Among the COVID-19 vaccination status strata, Paxlovid’s effect on overall PASC onset did not vary. Its effect was not
significant among both unvaccinated and fully vaccinated patients.
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1,279,212 living patients with a U07.1 diagnosis
code, or a positive PCR or antigen test for SARS-
CoV-2 between 01 April 2022 and 28 February
2023

1,123,892 patients with a follow-up visit after
index date

155,320 patients with no visit records after index
date (censored at day 0)

985,584 patients aged > 18 years

138,308 patients aged < 18 years

938,621 patients that were outpatients as of
COVID index date

46,963 patients that were inpatients on the same
day as a positive SARS-CoV-2 test

4

805,394 patients indicated for Paxlovid (with at
least one condition associated with higher risk for
severe COVID-19)

133,227 patients not indicated for Paxlovid (with
no conditions associated with higher risk of severe
COVID-19)

785,917 patients without drug contraindications
for Paxlovid

19,477 patients prescribed a drug with a severe
interaction with Paxlovid in the 30 days prior to the
COVID-19 index date

605,864 patients without PASC preceding
treatment eligibility window

180,053 patients with PASC prior to or as of the
COVID-19 index date

v

440,027 patients in baseline cohort that received
care at a site with sufficient coverage of Paxlovid
prescription

165,837 patients that received care at sites with
low rates of Paxlovid prescription

Fig 1. CONSORT diagram: Study cohort and flow of emulated trial. U07.1, COVID-19 ICD-10 code; PCR, polymerase chain reaction; PASC, post-

acute sequelae of COVID-19.

https://doi.org/10.1371/journal.pmed. 10047 11.9g001
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Table 1. Descriptive population characteristics within the National Clinical Cohort Collaborative Cohort. Each cell shows the number and

percentage of patients in the treatment group with the characteristic.

Characteristic

Treatment group

No Paxlovid [N, (%)]

Paxlovid [N, (%)]

(N=294,558)

(N=151,180)

Qutcomes

Computable phenotype prediction or diagnosis' (29—180 days)

11,955 (4.1%)

6,708 (4.4%)

Cognitive symptom cluster (29-180 days)

3,057 (1.0%)

1,183 (1.0%)

Fatigue symptom cluster (29-180 days)

8,533 (2.9%)

3,366 (2.8%)

Respiratory symptom cluster (29-180 days)

14,879 (5.1%)

7,717 (5.1%)

Death (1-28 days)

366 (0.1%)

51 (0.0%)

Death (29-180 days) 609 (0.2%) 157 (0.1%)

Sex
Female 182,354 (61.9%) 90,390* (59.8%)
Male 112,180 (38.1%) 60,780* (40.2%)
Missing 24 (0.0%) <20 (0.0%)

Age (in years)

18-24 20,980 (7.1%) 3,521 (2.3%)
25-34 43,521 (14.8%) 10,622 (7.0%)
35-49 60,620 (20.6%) 25,908 (17.1%)
50-64 80,576 (27.4%) 47,051 (31.1%)
65+ 88,861 (30.2%) 64,078 (42.4%)

Race and Ethnicity

Asian Non-Hispanic

12,205 (4.1%)

5,327 (3.5%)

Black Non-Hispanic 39,604 (13.4%) 13,387 (8.9%)
Hispanic or Latino any race 21,782 (7.4%) 7,659 (5.1%)
White Non-Hispanic 202,346 (68.7%) 116,890 (77.3%)

Other Non-Hispanic

5,007 (1.7%)

1,466 (1.0%)

Unknown

13,614 (4.6%)

6,451 (4.3%)

Charlson Comorbidity Index

0 170,233 (57.8%) 83,256 (55.1%)
1-2 73,299 (24.9%) 45,655 (30.2%)
34 18,150 (6.2%) 10,542 (7.0%)
5-10 7,142 (2.4%) 3,781 (2.5%)
1+ 332 (0.1%) 195 (0.1%)
Missing 25,402 (8.6%) 7,751 (5.1%)

Number of visits in prior year

0 35,440 (12.0%) 11,760 (7.8%)

1-3 61,873 (21.0%) 22,729 (15.0%)

4-9 72,178 (24.5%) 38,032 (25.2%)

10-20 69,786 (23.7%) 44,641 (29.5%)

>20 55,281 (18.8%) 34,018 (22.5%)
Number of hospitalizations in prior year

0 281,817 (95.7%) 145,268 (96.1%)

1 10,997 (3.7%) 5,212 (3.4%)

>1 1,744 (0.6%) 700 (0.5%)

Community Wellbeing Index?

0-45

1,993 (0.7%)

748 (0.5%)

(Continued)
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Table 1. (Continued)

Characteristic

Treatment group

No Paxlovid [N, (%)]

Paxlovid [N, (%)]

(N=294,558)

(N=151,180)

46-55 112,150 (38.1%) 48,167 (31.9%)
56-65 130,428 (44.3%) 71,043 (47.0%)
65+ 13,148 (4.5%) 11,724 (7.8%)

Missing 36,839 (12.5%) 19,498 (12.9%)

Censoring events

Lost to follow-up (no further visits in EHR) (1-28 days)

11,246 (3.8%)

2,714 (1.8%)

Lost to follow-up (no further visits in EHR) (29-180 days) 25,508 (8.7%) 8,747 (5.8%)
Month of COVID-19 diagnosis

April 2022 17,343 (5.9%) 4,683 (3.1%)
May 2022 39,544 (13.4%) 16,227 (10.7%)
June 2022 40,533 (13.8%) 18,749 (12.4%)
July 2022 44,303 (15.0%) 22,465 (14.9%)
August 2022 36,798 (12.5%) 18,256 (12.1%)
September 2022 23,473 (8.0%) 12,512 (8.3%)
October 2022 18,304 (6.2%) 9,551 (6.3%)
November 2022 18,031 (6.1%) 10,764 (7.1%)
December 2022 24,463 (8.3%) 17,157 (11.3%)
January 2023 19,090 (6.5%) 11,566 (7.7%)
February 2023 12,676 (4.3%) 9,250 (6.1%)

"Any PASC (CP or U09.9) between 28 days following a positive SARS-CoV-2 test result to 180 days post-index.

2CWBI is a measure of five interrelated community-level domains: Healthcare access (ratios of healthcare providers to population), Resource access
(libraries and religious institutions, employment, and grocery stores), Food access (access to grocery stores and produce), Housing and transportation
(home values, ratio of home value to income, and public transit use), and Economic security (rates of employment, labor force participation, health insur-

ance coverage rate, and household income above the poverty level) [63].

Abbreviation: EHR, electronic health record.

https://doi.org/10.1371/journal.pmed.1004711.t001

The VA-like cohort included 73,212 male patients 65 years or older with a COVID-19 index between January 3, 2022 and
December 31, 2022 [18]. Of this cohort, 26,103 (35.65%) were treated with Paxlovid. The RR for overall PASC (comput-
able phenotype or U09.9 diagnosis) was 0.99 (95% CI [0.91, 1.08]; p=0.77). For the cognitive, fatigue, and respiratory
symptom clusters, RR estimates were 0.90 (95% CI[0.79, 1.04]; p=0.15), 0.93 (95% CI [0.84, 1.03]; p=0.15), and 0.92

(95% CI [0.86, 0.99]; p=0.03), respectively. Cumulative incidence functions are shown in Fig C in S1 Text.

The vaccination-aware cohort included 115,823 patients from eight sites that met vaccination data quality criteria. Of
this cohort, 91,676 (79.15%) were fully vaccinated prior to index, 52,893 (45.67%) were treated with Paxlovid, and 4,746
(4.10%) had PASC. Among fully vaccinated patients, 45,115 (49.21%) were treated, as compared to 7,778 (32.21%)
unvaccinated patients. The RR for overall PASC was 1.00 (95% CI [0.94, 1.06]; p=0.96). For the cognitive, fatigue, and
respiratory symptom clusters, RR estimates were 0.90 (95% CI [0.78, 1.03]; p=0.13), 0.99 (95% CI[0.92, 1.07]; p=0.83),
and 0.97 (95% CI1[0.92, 1.03]; p=0.34), respectively. Cumulative incidence functions are shown in Fig D in S1 Text.

Our findings were not sensitive to the following: treating Paxlovid prescriptions without an accompanying U07.1 diag-
nosis or lab test as COVID-19 index events; treating death as a censoring event instead of a competing risk; using a
doubly robust estimator and the HR of Paxlovid treatment as the estimand; varying the computable phenotype prediction
threshold; varying the period of PASC observation; assuming that patients did not get PASC during the period after their
last documented visit (i.e., not censoring on last visit date); and excluding patients who received Molnupiravir or Ritonavir

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004711
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Covariate Balance Before and After Stabilized and Trimmed Inverse Probability of Treatment and Censoring Weights (IPTW and IPCW) by Category

® Unweighted ® Weighted (Combined Stabilized and Trimmed IPT and IPC Weights) ‘
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Fig 2. Covariate balance before and after stabilized and trimmed inverse probability of censoring and treatment weighting. IPCW, inverse prob-
ability of censoring weighting; IPTW, inverse probability of treatment weighting; CWBI, community well-being index.

https://doi.org/10.1371/journal.pmed.1004711.g002

during the 5-day treatment grace period. When U07.1 diagnoses without an accompanying lab test were not treated as

COVID-19 index events, we found a small anti-protective effect. Thus, our findings were sensitive in this respect to the
definition of a COVID-19 index event, but the resulting conclusion was not.

Discussion

In this target trial emulation using the N3C database and a nationally sampled cohort of patients eligible for Paxlovid treat-
ment (i.e., with one or more risk factors for severe COVID-19), we found that Paxlovid treatment during the acute phase of
COVID-19 did not have an effect on overall PASC incidence (RR=0.99; ARD=-0.10%). Paxlovid also had no significant
effect on incident respiratory symptoms, though it had a small but statistically significant protective effect on incident cog-
nitive symptoms (RR=0.91; ARD=-0.10%; NNT=988) and fatigue symptoms (RR=0.94; ARD=-0.20%; NNT=508).
Differing effects by symptom cluster suggest that Paxlovid may have more impact on the underlying causes of cer-
tain symptoms. In the literature, multiple PASC etiologies have been proposed. The chief hypotheses are that, relative
to healthy convalescents, those with PASC may be experiencing (1) an aberrant autoimmune response triggered by the
virus, (2) organ, tissue, or vascular dysfunction related to inflammatory cascades following infection, and/or (3) persistent
viremia due to increased viral load or viral reservoirs. We do not yet know which symptoms are caused by which mecha-
nisms. Paxlovid treatment decreases viral load, and thus could plausibly have more impact on symptoms arising from the

third factor [38]. Our findings allow us to generate the hypothesis that viral load may be a more common cause of cogni-
tive and fatigue symptoms than of other PASC symptoms.
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Table 2. Protocol of a target trial emulation to estimate the effect of Paxlovid treatment during acute COVID-19 on cumulative PASC incidence.

Protocol
component

Description under target trial conditions

Method of target trial emulation

Eligibility criteria

Persons aged 18 and older, with no history of PASC,
who are not currently hospitalized,who have an acute
COVID-19 infection, who are eligible for Paxlovid
treatment due to the presence of one or more risk
factors for severe COVID-19 as per CDC guidelines
[32], and who are taking no medications with contrain-
dications to Paxlovid.

Same, with acute COVID-19 infection defined as a COVID-19 index (either
a documented COVID-19 diagnosis or positive SARS-CoV-2 lab test), and
with drug-drug contraindications assessed in the 30 days prior to COVID-
19 index.

Additionally, for each sequential trial (see below), reassess criteria that
persons must be alive, unhospitalized, have not received a Paxlovid pre-
scription between COVID-19 index and the day before the start date of the
sequential trial, and have not appeared in the same treatment group of a
previous sequential trial.

Treatment Treatment arm: Paxlovid prescribed within a five-day | For each day d of a five-day grace period after COVID-19 index, emulate a
strategies grace period after the date the patient presented with | sequential trial, with treatment and control groups defined as follows:
acute COVID-19. Adherence was not monitored in Treatment group: Paxlovid prescribed on day d (indicated by a Paxlovid or
accordance with the goal of estimating an intention- nirmatrelvir drug exposure record in the EHR).
to-treat effect. Standard of care followed in all other Control group: All patients meeting eligibility criteria and not meeting the
respects, including the potential prescription of addi- treatment group definition.
tional doses of Paxlovid.
Control arm: No treatment. Standard of care followed
in all other respects, including the potential prescrip-
tion of Paxlovid after the five-day grace period.
Assignment Participants will be randomly assigned to treatment Patients from all sequential trials will be pooled into a single cohort
procedures or control arm at the date they present with acute and assigned weights based on treatment propensity scores to ensure

COVID-19 and will be aware of their treatment
assignment.

exchangeability of treatment and control groups and emulate random
assignment conditional on measured variables.

Follow-up period

Each patient will be followed for 180 days after
treatment.

Patients will be censored at 180 days after COVID-19 index or at the time
of their last recorded visit in the EHR, whichever is earlier. To control for
informative censoring due to different rates of loss to follow-up across
treatment groups, patients will be assigned weights based on censoring
propensity scores.

Outcome

Clinical diagnosis of PASC within follow-up period

Primary outcome: Clinical diagnosis of PASC or computable phenotype
predicted probability of PASC >0.9 between 29 and 180 days after COVID-
19 index.

Secondary outcomes: Incident cognitive, fatigue, or respiratory symptoms
between 29 and 180 days after COVID-19 index (with incident defined as
symptoms that did not occur in the three years prior to COVID-19 index).

Causal contrasts

Intention-to-treat effect

Intention-to-treat effect

Analysis plan

Measure the relative risk of PASC diagnosis across
treatment arms.

Estimate cumulative incidence of PASC in each treatment arm using
Aalen-Johansen estimators weighted for treatment and censoring propen-
sity and with death as a competing risk; estimate relative risk based on
point estimates and variances of cumulative incidence estimates.

Abbreviations: CDC, United States Centers for Disease Control and Prevention; EHR, electronic health record; PASC, post-acute sequelae of

COVID-19.

https://doi.org/10.1371/journal.pmed. 10047 11.t002

In the age-stratified analysis, we found that Paxlovid had a significant protective effect on overall PASC incidence
only among patients aged 65 years or more (RR=0.92; ARD=-0.43%; NNT=233). We also found that Paxlovid had
an anti-protective effect among two younger age groups (18—24 years and 35-49 years) but no effect on the age group
between them (25-34 years), although the confidence intervals for all these age groups overlap. We know of no mech-
anism through which Paxlovid could increase the risk of PASC. A more likely explanation is unmeasured confounding
particular to these strata. Younger patients may be less motivated to seek treatment for COVID-19, and providers may
be less likely to prescribe Paxlovid to younger patients. An acute infection would need to be especially severe for such a
patient to obtain Paxlovid. This speculative interpretation is supported by lower treatment rates among younger patients
(e.g., 14.47% among patients aged 18-24 years, 44.14% among patients aged 65 years or more).
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Table 3. Cumulative incidence and Absolute Risk Difference estimates across all analyses.

Analysis Cumulative incidence (95% CI) Relative risk p-value | Absolute Risk p-value | NNT
Paxlovid ‘ No Paxlovid (95% Cl) Difference (95% Cl)

Main Results
Computable phenotype 0.045 (0.044, 0.047) | 0.046 (0.045, 0.047) |0.986 (0.953, 1.021) | 0.426 -0.001 (-0.002, 0.001) | 0.414 -
PASC prediction or U09.9
diagnosis
Cognitive Symptom Cluster | 0.010 (0.009, 0.011) | 0.011 (0.011, 0.012) | 0.909 (0.839, 0.984) | 0.019 -0.001 (-0.002, 0.000) |0.017 988
Fatigue Symptom Cluster 0.029 (0.028, 0.030) | 0.031 (0.030, 0.032) |0.937 (0.898, 0.977) | 0.002 -0.002 (-0.003, -0.001) | 0.002 508
Respiratory Symptom 0.055 (0.053, 0.056) | 0.054 (0.053, 0.055) |1.012 (0.980, 1.045) | 0.476 0.001 (-0.001, 0.002) 0.472 -
Cluster
Any Symptom Cluster 0.086 (0.084, 0.088) | 0.087 (0.086, 0.088) | 0.986 (0.962, 1.011) |0.271 -0.001 (-0.003, 0.001) | 0.269 -
Subanalyses
VA-like Cohort CP prediction | 0.049 (0.046, 0.053) | 0.050 (0.048, 0.052) |0.987 (0.907, 1.075) | 0.767 -0.001 (-0.005, 0.004) | 0.766 -
or U09.9 diagnosis
VA-like Cohort Cognitive 0.017 (0.015, 0.019) | 0.018 (0.017, 0.020) |0.903 (0.787, 1.036) | 0.145 -0.002 (-0.004, 0.001) | 0.135 -
Symptom Cluster
VA-like Cohort Fatigue 0.035 (0.032, 0.038) | 0.038 (0.036, 0.040) | 0.929 (0.840, 1.027) |0.151 -0.003 (-0.006, 0.001) | 0.144 -
Symptom Cluster
VA-like Cohort Respiratory 0.058 (0.054, 0.061) | 0.062 (0.060, 0.065) | 0.923 (0.859, 0.993) | 0.031 -0.005 (-0.009, -0.001) | 0.028 210
Symptom Cluster
VA-like Cohort Any Symptom | 0.097 (0.092, 0.102) | 0.104 (0.101, 0.107) | 0.929 (0.878, 0.982) | 0.009 -0.007 (-0.013, —0.002) | 0.008 135
Cluster
Vaccination-Aware CP pre- 0.044 (0.042, 0.046) | 0.044 (0.042, 0.046) |0.999 (0.943, 1.058) | 0.962 0.000 (-0.003, 0.002) 0.962 -
diction or U09.9 diagnosis
Vaccination-Aware Cognitive | 0.010 (0.009, 0.011) | 0.011 (0.010, 0.012) |0.900 (0.784, 1.033) | 0.133 -0.001 (-0.002, 0.000) |0.131 -
Symptom Cluster
Vaccination-Aware Fatigue 0.029 (0.027, 0.030) | 0.029 (0.028, 0.030) |0.992 (0.922, 1.067) |0.833 0.000 (-0.002, 0.002) 0.833 -
Symptom Cluster
Vaccination-Aware Respira- | 0.053 (0.051, 0.056) | 0.055 (0.053, 0.057) |0.974 (0.924, 1.027) | 0.336 -0.001 (-0.004, 0.001) 1 0.335 -
tory Symptom Cluster
Vaccination-Aware Any 0.084 (0.081, 0.087) | 0.086 (0.084, 0.088) |0.979 (0.937, 1.022) | 0.326 -0.002 (-0.005, 0.002) | 0.325 -
Symptom Cluster
Stratified Analyses
Age 18-24 0.031 (0.025, 0.038) | 0.024 (0.023, 0.025) |1.307 (1.056, 1.618) | 0.014 0.007 (0.001, 0.014) 0.030 136
Age 25-34 0.032 (0.028, 0.036) | 0.031 (0.030, 0.032) |1.025 (0.899, 1.168) |0.713 0.001 (-0.003, 0.005) 0.716 -
Age 35-49 0.046 (0.043, 0.049) | 0.042 (0.042, 0.043) |1.081 (1.009, 1.160) | 0.028 0.003 (0.000, 0.007) 0.033 -
Age 50-64 0.044 (0.042, 0.046) | 0.044 (0.043, 0.045) | 1.003 (0.950, 1.058) |0.921 0.000 (-0.002, 0.002) 0.921 -
Age 65+ 0.052 (0.050, 0.054) | 0.056 (0.055, 0.057) |0.924 (0.883, 0.966) |<0.001 |-0.004 (-0.007, -0.002) | <0.001 |233
CCl 0 0.036 (0.034, 0.037) | 0.035 (0.035, 0.036) | 1.012 (0.966, 1.060) | 0.628 0.000 (-0.001, 0.002) 0.63 -
CCl1-2 0.056 (0.053, 0.059) | 0.056 (0.055, 0.057) | 1.005 (0.956, 1.056) | 0.845 0.000 (-0.003, 0.003) 0.846 -
CCl 34 0.066 (0.059, 0.072) | 0.079 (0.077,0.081) |0.833 (0.753, 0.922) |<0.001 |-0.013 (-0.020, -0.006) | <0.001 |76
CCl 5-10 0.082 (0.069, 0.094) | 0.090 (0.086, 0.093) |0.910 (0.777, 1.066) | 0.244 -0.008 (-0.021, 0.005) | 0.225 -
CCl 11+ 0.154 (0.067, 0.240) | 0.110 (0.095, 0.125) |1.399 (0.782, 2.502) | 0.257 0.044 (-0.044, 0.132) 0.33 -
COVID-19 vaccination sta- 0.040 (0.034, 0.045) | 0.034 (0.033, 0.036) | 1.155(1.000, 1.310) | 0.05 0.005 (0.000, 0.011) 0.063 -
tus: unvaccinated
COVID-19 vaccination sta- 0.044 (0.042, 0.047) | 0.044 (0.043, 0.044) |1.022 (0.966, 1.082) | 0.449 0.001 (-0.002, 0.003) 0.453 -
tus: fully vaccinated
Sensitivity Analyses
U09.9 Code Diagnosis 0.004 (0.004, 0.005) | 0.004 (0.004, 0.004) |1.112(0.994, 1.243) | 0.064 0.000 (0.000, 0.001) 0.070 -
PASC Computable Pheno- 0.097 (0.095, 0.099) | 0.097 (0.096, 0.098) |1.000 (0.976, 1.024) | 0.979 0.000 (-0.002, 0.002) 0.979 -
type Threshold—0.75

(Continued)
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Table 3. (Continued)

Analysis Cumulative incidence (95% CI) Relative risk p-value | Absolute Risk p-value | NNT
Paxlovid No Paxlovid (95% Cl) Difference (95‘% Cl)

PASC Computable Pheno- 0.080 (0.078, 0.081) | 0.080 (0.079, 0.081) |0.997 (0.972, 1.023) | 0.834 0.000 (-0.002, 0.002) 0.834 -

type Threshold—0.80

PASC Computable Pheno- 0.063 (0.061, 0.064) | 0.063 (0.062, 0.064) |0.988 (0.959, 1.018) | 0.424 -0.001 (-0.003, 0.001) |0.423 -

type Threshold—0.85

PASC Computable Pheno- 0.028 (0.027, 0.029) | 0.027 (0.027, 0.028) | 1.018 (0.973, 1.065) | 0.439 0.000 (-0.001, 0.002) 0.441 -

type Threshold—0.95

Paxlovid Treatment as Index | 0.045 (0.044, 0.047) | 0.046 (0.045, 0.047) | 0.988 (0.958, 1.019) | 0.443 -0.001 (-0.002, 0.001) | 0.442 -

Event

Positive Lab-only Index 0.045 (0.042, 0.047) | 0.041 (0.040, 0.042) | 1.085 (1.021, 1.153) | 0.008 0.004 (0.001, 0.006) 0.010 285

Events

CP prediction or U09.9 diag- | 0.097 (0.095, 0.100) | 0.097 (0.096, 0.099) | 1.000 (0.974, 1.027) | 0.982 0.000 (-0.003, 0.003) 0.982 -

nosis (29-365 days)

CP prediction or U09.9 diag- | 0.035 (0.034, 0.036) | 0.035 (0.035, 0.036) | 0.993 (0.954, 1.034) | 0.733 0.000 (-0.002, 0.001) 0.732 -

nosis (90-180 days)

CP prediction or U09.9 diag- | 0.088 (0.086, 0.090) | 0.088 (0.086, 0.089) | 1.002 (0.975, 1.031) | 0.866 0.000 (-0.002, 0.003) 0.866 -

nosis (90-365 days)

No censoring at last visit 0.043 (0.042, 0.045) | 0.043 (0.042, 0.043) |1.020 (0.987, 1.053) | 0.241 0.001 (-0.001, 0.002) 0.250 -

date

Exclude patients with other 0.045 (0.043, 0.046) | 0.045 (0.044, 0.046) | 0.992 (0.957, 1.029) | 0.660 0.000 (-0.002, 0.001) 0.660 -

treatments

Death as censoring event 0.046 (0.044, 0.047) | 0.047 (0.046, 0.047) |0.982 (0.948, 1.018) | 0.324 -0.001 (-0.002, 0.001) | 0.322 -

Doubly Robust Adjustment Hazard Ratio: 0.983 (0.950, 1.018) p=0.305

Abbreviations: CClI, Charlson comorbidity index; Cl, confidence interval; CP, computable phenotype; PASC, post-acute sequelae of COVID-19; NNT,

number needed to treat; VA, United States Department of Veterans Affairs.

https://doi.org/10.1371/journal.pmed.1004711.t003

In the CCl-stratified analysis, Paxlovid had a significant protective effect only among patients with a CCl score of 3—4
(RR=0.83; ARD=-1.30%; NNT =76). Paxlovid’s effect among patients with a CCl score of 5-10 was similar in magnitude
but not statistically significant (RR=0.91; ARD=-0.80%). Among patients with a CCl of 11 or greater, the confidence inter-
vals were wide, and the effect estimate was not statistically significant, limiting meaningful interpretation.

In the vaccination-stratified analysis, we found that Paxlovid’s effect did not vary between unvaccinated and fully vacci-

nated patients.

Together, these stratified analyses suggest that Paxlovid may be more effective at preventing PASC among patients at
higher-risk of PASC. However, we do not emphasize this interpretation for two reasons. First, effects are not monotonic

across age or CCl strata, so that dynamic is plausible but not obvious. Second, even the largest effect sizes are small,

with NNTs in the hundreds. Practically, a risk-stratified approach to Paxlovid as a PASC preventive is unlikely to lead to
significant population-level changes in PASC incidence.
In the VA-like subanalysis, we also found no significant effects of Paxlovid on PASC overall. Two of our symptom clus-
ter outcomes share many ICD-10 codes with PASC components measured in Xie and colleagues [14]. First, our respira-
tory symptom cluster (RR 0.92, unadjusted 0.94) aligns with their “shortness of breath” component (HR 0.89, unadjusted
RR 0.82). Second, our fatigue symptom cluster (RR 0.93, unadjusted 0.91) aligns with their “fatigue and malaise” com-
ponent (HR 0.79, unadjusted RR 0.70). This comparison suggests that cohort differences explain much of the difference
between our findings and those of Xie and colleagues [14]. Our unadjusted RRs are very different for nearly identical
PASC components, which suggests that different statistical methods do not explain the difference in findings. Other
aspects of a true VA cohort may explain the remaining difference. Veterans are more likely than demographically similar
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Fig 3. Estimated Treatment effects (risk ratios) of Paxlovid on PASC, across all analyses. PASC, post-acute sequelae of COVID-19; VA, United
States Department of Veterans Affairs; CCl, Charlson comorbidity index; CP, computable phenotype.

https://doi.org/10.1371/journal.pmed.1004711.g003

non-veterans to have been exposed to traumatic brain injury, post-traumatic stress disorder, biohazards, and other risk
factors [39—43]. Through consistent access to the VA, the EHR for veterans may also be more complete [44]. Veterans
may also differ from demographically similar non-veterans in their access to care.

In the vaccination-aware subanalysis, we also found no significant effects of Paxlovid on PASC. We interpret this to
imply that vaccination did not cause unmeasured confounding in the primary analysis.

This study has several strengths that underscore the value of large-scale EHR repositories. We used a large, nation-
ally sampled cohort from 28 sites across the United States, increasing generalizability and decreasing the potential for
misclassification present in administrative or claims data [45]. The volume of data in the N3C database allowed for the
aggressive inclusion/exclusion criteria necessary for TTE while preserving statistical power [46,47]. Our use of the TTE
framework with inverse probability of censoring and treatment weighting allowed us to account for confounding and
informative censoring and to estimate the causal effect of Paxlovid treatment using observational data [48—-51]. Our use
of a PASC computable phenotype is also a strength, as described in the Methods section. Finally, the study period makes
our findings more relevant than prior studies of this topic, which have included cases from the initial Omicron wave, when
Paxlovid was less available and disease dynamics were markedly different.
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Fig 4. Cumulative incidence of PASC in Paxlovid-treated vs. non-Paxlovid-treated patients by outcome measure, between 29 and 180 days.

https://doi.org/10.1371/journal.pmed.1004711.g004
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Three groups of limitations affected this study: (1) limitations related to the cohort definition; (2) limitations related to
measurement; and (3) limitations related to observational studies.

This study’s eligibility criteria included eligibility for on-label Paxlovid treatment (i.e., at risk for developing severe
COVID-19 due to the presence of one or more risk factors). Therefore, results can only be generalized to a high-risk popu-
lation. Ideally, a clinical trial of Paxlovid as a PASC preventive would also assess treatment among lower-risk populations.
We chose not to emulate such a trial because it would complicate the study design and make exchangeability harder to
establish due to confounding by indication. We note that the CanTreatCOVID trial also includes high-risk patients only.
The effect of Paxlovid treatment on PASC onset among lower-risk patients is an area for future research. Additionally, this
study’s inclusion criterion of Paxlovid treatment within 5 days of COVID-19 index differed from the indication of treatment
within 5 days of symptom onset. However, we note that within our cohort, 97% of patients in the treatment group were
prescribed Paxlovid within 1 day of COVID-19 index.

Several variables in this study were subject to measurement error. Many COVID-19 cases during this period were not
documented due to the prevalence of home testing, and patients with documented COVID-19 may not be representative
of all patients with COVID-19. COVID-19 vaccination is often undocumented in the EHR, because vaccination at pharma-
cies and other care sites is common. Our vaccination subanalysis addressed this issue by focusing on sites with reliable
vaccination data. Paxlovid prescriptions from providers outside N3C data partner systems may not be documented. The
PASC computable phenotype may also misclassify patients [34]. For this reason, the confidence intervals around comput-
able phenotype-based incidence estimates are likely too narrow. In addition to measurement error, different measures of
PASC may account for some of the differences between studies on this topic. Although several institutions have proposed
definitions of PASC, they disagree on the symptoms and timing that constitute the condition [52-55]. Finally, this study is
subject to limitations common to EHR-based studies. EHRs are susceptible to missing data, and our estimates may be
biased if missingness was informative [56—-58].

This study is also subject to the assumptions of all causal inference studies, in particular, that there is no unmeasured
confounding. One potential unmeasured confounder is acute COVID-19 severity prior to index. Sicker patients may be
more likely to seek Paxlovid and develop PASC. The EHR contains no reliable measure of this construct, but we control
for pre-diagnosis comorbidities, which have been shown to correlate so strongly with COVID-19 severity that they can be
considered proxies, thus mitigating the potential unmeasured confounding from this source [59—61]. Propensity to seek
healthcare and access to care may be additional unmeasured confounders, but we control for utilization in the prior year
as a proxy for these constructs.

In conclusion, we see Paxlovid as unlikely to become a definitive solution for PASC prevention. Although it may have
a small protective effect among higher-risk patients and on certain symptoms, the effect sizes are negligible. For exam-
ple, an absolute risk reduction of 0.43% among patients aged 65 years or more means that 233 people would need to be
treated with Paxlovid to prevent one case of PASC. Paxlovid remains an important tool to reduce the pandemic’s public
health burden by preventing hospitalization and death due to acute COVID-19. However, broadly effective interventions to
prevent PASC remain elusive.

Supporting information

S1 Text. Supporting Information. Fig A: Outcome co-occurrence matrix. Each cell represents the percentage of
patients with the row outcome who also had the column outcome. Fig B: Cumulative incidence of PASC in Paxlovid-
treated vs. non-Paxlovid-treated patients by outcome measure; between 29 and 180 days; VA-like subanalysis. Fig C:
Cumulative incidence of PASC in Paxlovid-treated vs. non-Paxlovid-treated patients by predicted outcome from CP model
with threshold of 0.9 or U09.9, additionally adjusted for vaccination status and among data partners meeting vaccination
data quality criteria. Fig D: Causal diagram used to inform covariate selection. Treatment is shown in green; outcome is
shown in orange; observed covariates are shown in gray; unobserved covariates are shown in pink. Note that this diagram
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