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ABSTRACT

Objectives: Long COVID is a debilitating condition that impacts millions of Americans, but
patients and clinicians have little information on how to prevent this disorder. Vaccination is a
vital tool in preventing acute COVID-19 and may confer additional protection against Long
COVID. There is limited evidence regarding the optimal timing of COVID-19 vaccination (i.e.,
vaccination schedule) to minimize the risk of Long COVID.

Methods: We applied Longitudinal Targeted Maximum Likelihood Estimation to electronic health
record (EHR) data from a retrospective cohort of patients vaccinated against COVID-19
between December 2021 and September 2022. We evaluated the association between binary
COVID-19 vaccination status (two or more doses vs. zero doses) and 12-month Long COVID
risk among patients diagnosed with acute COVID-19 between December 2021 and September
2022. In addition, we compared the 12-month cumulative risk of Long COVID (ICD-10 code
U09.9) among patients diagnosed with acute COVID-19 one to three months after vaccination,
three to five months after vaccination, or five to seven months after vaccination while adjusting
for relevant high-dimensional baseline and time-dependent covariates.

Results: We analyzed EHR data from a retrospective cohort of 1,558,018 patients. In our binary
cohort (n = 519,980), we found that vaccinated patients had a lower risk of Long COVID than
unvaccinated patients (adjusted marginal risk ratio 0.84 (0.81, 0.88)). In our longitudinal cohort
(n=1,085,291), we did not find a significant difference in Long COVID risk comparing patients
who were diagnosed with acute COVID-19 one to three months after vaccination versus
patients who were diagnosed with COVID-19 three to five months (adjusted marginal risk ratio
0.93 (95% C10.62, 1.41) or 5 to 7 months (adjusted marginal risk ratio 1.06 (95% CI 0.72, 1.56))
after vaccination.

Conclusions: We found that COVID-19 vaccination before SARS-CoV-2 infection was protective
against Long COVID, and we did not find that this protection significantly waned within 7 months
after vaccination. These findings suggest that COVID-19 vaccination protects against Long
COVID.
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INTRODUCTION

Researchers have made major steps toward understanding, preventing, and treating
acute COVID-19, but Long COVID remains a debilitating and poorly understood condition. Five
years have passed since the COVID-19 pandemic began, and many individuals have grown
fatigued with repeated vaccination booster doses, particularly given the common perception of
reduced severity of acute infection since the Omicron wave began in late 2021."3

Systematic reviews have noted a lack of randomized trials evaluating the relationship
between COVID-19 vaccination and Long COVID and have observed considerable
heterogeneity of observational findings of studies that address this research question.*®
Brannock et al. found that COVID vaccination was protective against the subsequent risk of
Long COVID using a large, nationally sampled US cohort (adjusted odds ratio 0.66, 95% CI
(0.55, 0.80)).° Although recent studies have found a protective effect of COVID vaccination on
the risk of Long COVID,%® less is known about the relationship between the timing of
vaccination and additional doses relative to acute COVID-19 and the development of Long
COVID. Vaccination timing is important in designing and promoting effective clinical guidance
for COVID-19 vaccination schedules and recommendations.

We sought to evaluate the hypothesis that greater time between the most recent
vaccination and COVID-19 infection would be associated with a greater risk of Long COVID
diagnosis. These findings may be relevant for policymakers, researchers, and clinicians. An
improved understanding of the relationship between vaccination timing and Long COVID can
inform policymakers’ guidelines regarding booster vaccination schedules, and these results can
also be used by public health officials to motivate individuals to follow these recommendations.

METHODS

Few studies have evaluated the relationship between vaccination timing and long-term
sequelae of acute COVID, including Long COVID. Two significant barriers to this research
question are (1) methodological challenges to causal inference in observational settings with
longitudinal confounding, high dimensionality, and a large proportion of nonrandom missingness
and (2) the lack of available longitudinal or biomarker data with sufficient sample size. These
challenges can be overcome, respectively, through a targeted machine learning (i.e., causal
inference) approach to analyzing data from the National Clinical Cohort Collaborative (N3C).
N3C includes electronic health records data for more than 22 million total patients, which are
provided by 84 health institutions.®

We estimated our target causal parameter of interest while adjusting for relevant
covariates and accounting for heterogeneous monitoring. We applied Longitudinal Targeted
Maximum Likelihood Estimation to generate a marginal structural model (LTMLE, R package
“Itmle”)."%'* LTMLE enables the estimation of causal parameters (in this case, hazard ratios)
from nonparametric measures of association that are interpretable to non-statisticians (e.g.,
clinicians, policymakers), and the estimators used were doubly robust and maximally efficient.
We estimated the parameters of interest using the LTMLE package and used generalized linear
models as candidate algorithms to estimate the components of the longitudinal data-generating
distribution. In our binary cohort, we applied Targeted Maximum Likelihood Estimation'®'¢ and
defined binary exposure (yes/no) over the entire period of risk (see Binary cohort). See
Supplemental Material 1 for details on our causal parameters of interest and relevant
assumptions.

Shared methods across longitudinal and binary cohorts. Exclusion criteria: As both
documentation of COVID-19 vaccination and Long COVID diagnosis are highly heterogeneous
by study site, we only included study sites that report at least 5% of their patients have at least
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one COVID-19 vaccination or booster dose and report that at least 1% of their patients have
been diagnosed with Long COVID at some point during the N3C observation window (2018 to
present). We excluded patients with a Long COVID diagnosis within the 4 weeks after the index
COVID-19 infection date (as most definitions of Long COVID require that approximately one
month must pass after acute COVID-19 for a patient to be considered “at risk” for Long
COVID).""-2° Covariates: We included covariates that were associated with and plausibly
caused (i.e., temporally preceded) the exposure and outcome (i.e., assessed at baseline).
Patient characteristics included sex, age (years), race, ethnicity, body mass index,
immunocompromised status (based on documented diagnoses), systemic corticosteroid use,
depression, chronic lung disease, hypertension, obesity, diabetes, tobacco use, asthma, date of
inclusion (index vaccination date or acute COVID-19 date), and healthcare utilization rate
(healthcare interactions per month; healthcare utilization is highly associated with Long COVID
diagnosis).?" We adjusted for data partner and source common data model format to adjust for
geospatial trends and systematic variations in health documentation formats.?' Outcome: Our
primary outcome of interest was the cumulative incidence of Long COVID (ICD 10 code U09.9)
1 to 12 months after acute COVID-19.""18

Binary cohort: Vaccinated versus unvaccinated. We evaluated binary vaccination
status (unvaccinated vs. vaccinated) before acute COVID-19. We hypothesized that COVID-19
vaccination before acute COVID-19 would be protective against Long COVID. Inclusion criteria:
We included participants with documented COVID-19 between December 25, 2021 (CDC-
reported data of Omicron variant dominance in the US)?? and September 25, 2022.23 Exposure
of interest: We defined vaccination as a binary variable indicating whether the patient received
at least two doses of a COVID-19 vaccination (or booster) before their index acute COVID-19
date. We excluded patients who only received one vaccination dose before acute COVID-19.

Longitudinal cohort: Vaccination timing relative to acute COVID-19. We
hypothesized that a greater time between the most recent vaccination and COVID-19 is
associated with a greater risk of Long COVID diagnosis. Inclusion criteria, sample size, and
power: We included participants with a documented COVID-19 vaccine or booster dose
between December 25, 2021 (CDC-reported data of Omicron variant dominance in the US)??
and September 25, 2022 (to allow for sufficient follow-up time) (see Supplemental Material 2 for
details on study timeline). Exposures: The primary exposure of interest was the time (months)
between the initial vaccination or booster date and the date of acute COVID-19. We
operationalized this exposure by defining “baseline” (start of follow-up) for each individual as the
first COVID-19 vaccination or booster received between December 25, 2021, and September
25, 2022.22 We evaluated these patients’ acute COVID-19 status between 1 and 7 months
following the vaccination date. We limited observation to this 6-month interval to account for the
frequent missingness of vaccination data in N3C. By only including patients with a documented
vaccination, at the time of vaccination, and observing subsequent vaccination and acute
COVID-19 status for 7 months, we have created a cohort where we are confident in patient
vaccination status during this observation period (as few patients received multiple vaccination
doses during this observation period). During this interval, we also evaluated additional
vaccination doses and healthcare utilization rate, as healthcare utilization is strongly associated
with Long COVID diagnosis.?*?! If the patient was diagnosed with acute COVID-19 during this
period, we monitored their Long COVID status in the 12 months following acute COVID-19. We
partitioned time in two-month intervals, where each patient has a binary status for COVID-19
vaccination/booster, healthcare utilization (i.e., at least one healthcare interaction), and Long
COVID diagnosis in each two-month interval (one to three months [1< { < 3], three to five
months [3 < t < 5], or five to seven [5 < t < 7] months). Analysis methods: We applied
Longitudinal Targeted Maximum Likelihood Estimation (LTMLE) to assess the causal impact of
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vaccination timing relative to COVID-19 on the risk of Long COVID'%-'3, These risk ratios reflect
the relationship between time since vaccination and the risk of Long COVID.

Secondary analyses: Susceptibility to symptomatic COVID-19 soon after COVID-19
vaccination may indicate an underlying predisposition or risk for COVID-19, due to an
immunocompromising condition. As a sensitivity analysis, we conducted a subgroup analysis of
“low-risk” individuals to evaluate whether we observed similar temporal relationships between
COVID-19 vaccination timing relative to acute COVID-19 and subsequent Long COVID risk.
This “low-risk” subgroup was defined by: age at acute COVID-19 between 18 and 65 years, no
chronic lung disease, and no immunocompromised status.

RESULTS
Table 1. Characteristics of sample patients.
Panel B. Patient characteristicsin
binary cohort (n =519,980).
Vaccinated: 2 or more COVID-19
Panel A. Characteristics of sample patientsinthe vaccinations; unvaccinated: no
longitudinal cohort (n =1,085,291). COVID-19vaccinations.
No COVID-19
1-7 Months
After
1-3Months 3-5Months 5-7Months Vaccination Vaccinated Unvaccinated
Count Count Count Count Count Count
Characteristic Value (Proportion) (Proportion) (Proportion) (Proportion) (Proportion) (Proportion)
Total 23619 (0.02) 32047 (0.03) 33820(0.03) 996078 (0.92) 288359 (0.55) 231621 (0.45)
Sex Male 9782(0.41) 13101(0.41) 13761 (0.41) 406495 (0.41) 120324 (0.42) 96666 (0.42)
Age (0.0, 17.0] 1316 (0.06) 1609(0.05) 1832(0.05) 114808 (0.12) 105492 (0.37) 118968 (0.51)
(17.0, 49.0] 4857(0.21) 9293(0.29) 10778(0.32) 330134 (0.33) 112849(0.39) 79497 (0.34)
(49.0, 70.0] 8168(0.35) 10320 (0.32) 11526(0.34) 314491 (0.32) 64209 (0.22) 30177(0.13)
(70.0, 107.0] 9276 (0.39) 10823(0.34) 9683(0.29) 236617 (0.24) 5809 (0.02) 2979(0.01)
Race and Ethnicity ~ White Non-Hispanic 13432 (0.57) 18048 (0.56) 19081 (0.56) 562329 (0.56) 192331(0.67) 154398 (0.67)
Black or African American Non-
Hispanic 3394(0.14) 4695(0.15) 4966(0.15) 147819(0.15) 37650 (0.13) 30099 (0.13)
Hispanic or Latino Any Race 3892(0.16) 5431(0.17) 5644(0.17) 165652 (0.17) 29865 (0.1) 24140 (0.1)
Other Non-Hispanic 415(0.02) 560(0.02) 579(0.02) 17516(0.02) 11772 (0.04) 9489 (0.04)
Unknown 1206 (0.05) 1642(0.05) 1750(0.05) 50738 (0.05) 9982 (0.03) 7948 (0.03)
Asian American or Pacific
Islander Non-Hispanic 1126(0.05) 1468(0.05) 1577(0.05) 45509 (0.05) 5080 (0.02) 4170 (0.02)
BMI [0.0, 25.0) 3309(0.14) 4316(0.13) 4317(0.13) 172623(0.17) 28172(0.1) 19087 (0.08)
[25.0, 30.0) 5080(0.22) 6356(0.2) 6253(0.18) 197058(0.2) 47979 (0.17) 26607 (0.11)
[30.0, 35.0) 10848 (0.46) 14904 (0.47) 15776(0.47) 406755 (0.41) 158960 (0.55) 151967 (0.66)
[35.0, 40.0) 2179(0.09) 3221(0.1) 3605(0.11) 105123(0.11) 25787 (0.09) 15667 (0.07)
[40.0, 100.0) 2194(0.09) 3245(0.1) 3851(0.11) 113889(0.11) 27242 (0.09) 18141 (0.08)
Medical Conditions  Systemic Corticosteroids 9992 (0.42) 13013(0.41) 13261(0.39) 401889 (0.4) 83879 (0.29) 45878 (0.2)
Lung Disease 5093(0.22) 6736(0.21) 7216(0.21) 200658 (0.2) 37130(0.13) 23493 (0.1)
Diabetes 4598 (0.19) 6038(0.19) 6588(0.19) 174538(0.18) 36884 (0.13) 19649 (0.08)
Other Immunocompromised 2686 (0.11) 3268(0.1)  3198(0.09) 83043 (0.08) 15642 (0.05) 7055 (0.03)
Smoking 1657 (0.07) 2562(0.08) 2961(0.09) 104910(0.11) 18355 (0.06) 20121 (0.09)
Hypertension 10529 (0.45) 13471(0.42) 13757(0.41) 357544 (0.36) 80737(0.28) 43074 (0.19)
Depression 5035(0.21) 7093(0.22) 7627(0.23) 213160(0.21) 41467 (0.14) 24652 (0.11)
Medical Utilization  Visits per Month: mean (SD) 1.55(1.63) 1.496(1.57) 1.449(1.57) 1.25(1.46) 0.72(0.86) 0.47(0.62)
Number of Previous
Vaccinations: mean (SD) 3.33(0.97) 3.17(0.97) 3.00(0.98) 2.86(1.04) 2.57(0.68) 0.00 (0.00)

Our binary cohort of vaccinated (2 or more doses) versus unvaccinated (0 doses)
patients included a cohort of 670,452 patients (1,702,308 unique patients across longitudinal
and binary cohorts), where 51% were vaccinated before acute COVID-19. Generally, vaccinated
patients had higher healthcare utilization (0.7 versus 0.4 visits per month), a greater comorbidity
burden (28% vs 17% systemic corticosteroid use, 13% vs. 9% lung disease, 12% vs. 6%
diabetic, 5% vs. 2% immunocompromised, and 26% vs. 13% hypertensive) and were older
(14% vs 6% over 70 years old) than unvaccinated patients.
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Our longitudinal cohort included data from 1,085,291 patients who were vaccinated
against COVID-19 between December 2021 and September 2022. Of these patients, 2% were
diagnosed with acute COVID-19 one to three months after vaccination, 3% were diagnosed with
acute COVID-19 three to five months after vaccination, 3% were diagnosed with acute COVID-
19 5 to 7 months after vaccination, and 92% were not diagnosed with acute COVID-19 between
1 and 7 months after vaccination. Patients who were vaccinated 1 to 7 months before acute
COVID-19 had similar healthcare utilization rates to one another (1.4 to 1.5 interactions per
month), while patients without a documented case of acute COVID-19 during this range had a
lower healthcare utilization rate (1.2 interactions per month). Patients who were vaccinated one
to three months before acute COVID-19 had the most previous number of COVID-19
vaccinations (3.3), followed by 3-5 months (3.2), 5-7 months (3.0), and no acute COVID-19
within 1-7 months after vaccination (2.9). Patient age, body mass index, and comorbidity burden
were similar across groups.

Figure 1. Relationship between vaccination status and 12-month cumulative incidence of
Long COVID. In the binary cohort, “treatment” refers to patients with 2 or more COVID-19
vaccination doses, while “control” refers to patients with no COVID-19 vaccination doses.
In the longitudinal cohort, “control” refers to patients who were vaccinated 1-3 months
before acute COVID-19, while “treatment” refers to patients who were vaccinated either
3-5 months or 5-7 months before acute COVID-19, respectively. RR: Risk ratio.

Method Treatment Control RR (95% CI)
Binary cohort
288,356 231,607 e 0.843 (0.811 t0 0.876)

Longitudinal cohort
3-5 months 19,328 11,770

5-7 months 21,898 11,770

0.933 (0.617 to 1.412)
1.058 (0.716 to 1.564)
I [

!
06 08 1 12 14 16

Binary cohort: In our adjusted model, we found that patients who were vaccinated
against SARS-CoV-2 before acute COVID-19 had a lower risk of subsequent Long COVID,
compared to patients with no documented SARS-CoV-2 vaccination before acute COVID-19
0.843 (0.811, 0.876), over the study period.

Longitudinal cohort (vaccination timing and Long COVID): We did not find a significant
relationship between COVID-19 vaccination timing, relative to acute COVID-19, and subsequent
risk of Long COVID in the first 7 months following vaccination. Compared to patients who
experienced acute COVID-19 1-3 months after vaccination/booster, patients who experienced
COVID-19 3-5 months after vaccination/booster had a Long COVID risk ratio of 0.933 (0.617,
1.412), and patients who experienced COVID-19 5-7 months after vaccination/booster had a
Long COVID risk ratio of 1.058 (0.716, 1.564). The marginal adjusted, 12-month risk of Long
COVID among patients who experienced acute COVID-19 one to three months after their most
recent COVID-19 vaccination or booster was 0.005, for patients who experienced COVID-19
three to five months after vaccination/booster was 0.005, and for patients that experienced
COVID-19 5 to 7 months after vaccination/booster was 0.006. We observed a similar
relationship among low-risk patients (18 to 65 years old, not immunocompromised, and no lung
disease) (Supplemental Material 3).

DISCUSSION
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We found that COVID-19 vaccination before acute COVID-19 was protective against
subsequent Long COVID. We did not find evidence of waning protection of SARS-CoV-2
immunization concerning Long COVID in patients who experienced COVID-19 between 1 and 7
months following vaccination. These findings build on our understanding of COVID-19
vaccination effectiveness, particularly regarding Long COVID.

This study contributes to the body of literature demonstrating that vaccination against
COVID-19 is protective against Long COVID.*® Our point estimate regarding the association
between COVID-19 vaccination and subsequent Long COVID risk is more modest than some
previous evaluations (e.g., risk ratio of 0.84 vs. odds ratio of 0.66)° and is reflective of the
heterogeneity in the documentation of both COVID-19 vaccination and Long COVID in
electronic health records. These cumulative findings are consistent in demonstrating that SARS-
CoV-2 vaccination before acute COVID-19 may prevent Long COVID.

Our findings regarding the relationship between vaccination timing and Long COVID are
consistent with a previous retrospective cohort study that found that SARS-CoV-2 vaccination
effectively protects against Long COVID for at least 6 months.?* Previous studies have shown
that vaccination effectiveness against acute COVID-19 wanes over time.?%2¢ On the other hand,
immunization against diseases like smallpox can lead to long-term protection even after
circulating antibodies wane.?” Further research is needed to evaluate whether the effectiveness
of SARS-CoV-2 vaccination, with respect to Long COVID, wanes over time.

Systematic reviews have noted a lack of randomized trials evaluating this relationship
and have noted considerable heterogeneity in observational evaluations of this relationship,
which supports the need for additional research in this area.*® In these settings, a causal
inference (Targeted Machine Learning) approach can provide crucial evidence to approximate
causal parameters via observational data.'®-"216.28.2° The approach described here provides a
replicable method for evaluating the impact of post-acute COVID-19 vaccination timing on
subsequent Long COVID risk, as several studies have hypothesized that SARS-COV-2
vaccination after acute COVID-19 may be protective against Long COVID.3%3'. Furthermore,
these methods can be replicated across a range of time-dependent, pre-exposure (e.g., pre-
exposure prophylaxis), post-exposure (e.g., post-exposure prophylaxis), and sequential
interventions to determine optimal intervention timing to minimize subsequent outcomes.

Limitations

Due to the high variability of our findings (i.e., wide confidence intervals) in the
longitudinal cohort, we do not interpret our results as a “true null” (i.e., there may be a
relationship between vaccination timing and Long COVID). In other words, we do not conclude
that the effectiveness of COVID-19 vaccination, with respect to Long COVID, does not wane
over time. A study with greater power may detect a statistically significant relationship between
vaccination timing and Long COVID. Future studies should further evaluate the relationship
between vaccination timing and Long COVID through a data source with (1) higher quality
vaccination data, (2) greater sensitivity of Long COVID outcome assessment, (3) a longer
period of follow-up between vaccination and acute COVID-19, and (4) more complete patient
health information (i.e., lower risk of bias due to differential healthcare utilization). In our
longitudinal cohort, we addressed limitations in vaccination data quality (i.e., high missingness)
by defining baseline as the date of a patient’s vaccination and limiting the exposure observation
period to 7 months.

As is common with data from electronic health records (EHR), N3C has incomplete
reporting of patient outcomes. This includes covariates related to baseline health and
comorbidities, vaccination status, acute COVID-19 diagnosis, and Long COVID diagnosis.
Previous studies using N3C have addressed these concerns.®32:3 Notably, patient health
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information skews toward patients with high medical utilization rates, severe iliness, or
hospitalization.®? Therefore, our approach sought to characterize and account for this
missingness, while transparently addressing limitations to generalizability. We did not evaluate
effect modification by vaccination type (e.g., Pfizer vs. Johnson & Johnson) due to the high
proportion of missingness of this information. One key method, in addition to longitudinal
multivariate adjustment and weighting, is that we restricted study sites to only include data
providers that reported at least 5% of their patients had at least one COVID-19 vaccination or
booster dose and reported that at least 1% of their patients have been diagnosed with Long
COVID at some point during the N3C observation window.

Strengths

A major contribution of this study is the analytic method we applied. This study
incorporated Longitudinal Targeted Maximum Likelihood Estimation to determine the
relationship between high-dimensional covariates, multiple time-dependent exposures
(vaccination and acute COVID-19), and longitudinal outcomes while intervening on
heterogeneous monitoring. No single regression approach could characterize the exposure-
outcome relationship due to time-dependent confounding. These methods can be applied to a
range of research questions, particularly questions related to vaccination timing.

The data source, N3C, is another strength of this study. Given the potentially subtle
association between vaccination timing and Long COVID, a large data source is needed to
detect possible relationships. Furthermore, without randomization, high-dimensional covariate
data is needed to adjust for imbalance. N3C provides this large and high-dimensional data
source, which is necessary to address this research question.

Conclusions

COVID-19 vaccination appears protective against Long COVID, and we did not find
evidence that this protection wanes within 7 months of vaccination. This contributes to the body
of literature supporting COVID-19 vaccination as a crucial public health measure.
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