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Background. We applied a target trial emulation framework to estimate the association between early and delayed initiation of
remdesivir (RDV) with mortality in hospitalized adults between May 1, 2020, and July 31, 2024, with varying coronavirus disease
2019 (COVID-19) clinical severity.

Methods. Using electronic health records in the National COVID Cohort Collaborative (N3C) database, we emulated a
sequence of randomized target trials initiated on each of the first 7 days of hospitalization. We identified 373226 eligible
person-trial hospitalizations, of which 53 959 were initiators and 319 267 were noninitiators of RDV treatment. Patients were
divided into clinical severity subgroups based on baseline oxygenation, which included no supplemental oxygen (NSO),
noninvasive supplemental oxygen (NISO), or invasive ventilation (IV). In each trial, initiators were matched with replacement
to noninitiators receiving the same oxygenation type. Trials beginning on days 1-3 and days 4-7 of hospitalization were pooled
separately to evaluate the effects of early and delayed initiation of RDV, respectively. Cox proportional hazards regression was

used to estimate the marginal hazard ratio for mortality between initiators and noninitiators within each treatment delay.

Results.  Across trials, 53 449 initiators were matched to 26 600 unique noninitiators. Early, but not delayed, RDV treatment was
associated with a reduction in 60-day mortality in the NSO (hazard ratio [HR], 0.89; 95% CI, 0.84-0.95) and NISO subgroups (HR,
0.91; 95% CI, 0.84-0.99), but not in those receiving IV. Results were consistent across sensitivity analyses.

Conclusions. Early treatment with RDV is associated with reduced mortality risk in hospitalized COVID-19 patients either not
on supplemental oxygen or receiving noninvasive supplemental oxygen.

Keywords. cohort studies; COVID-19; death; remdesivir; SARS-CoV-2.

Randomized trials suggest that the antiviral remdesivir (RDV)
does not lower mortality risk in adults hospitalized with coro-
navirus disease 2019 (COVID-19) overall [1-6] but is poten-
tially effective in patients with certain levels of COVID-19
disease severity. The Solidarity trial reported that RDV reduced
mortality risk in unventilated patients receiving supplemental
oxygen, but not in patients who were ventilated or breathing
room air [1]. The Adaptive COVID-19 Treatment Trial
(ACTT-1) subdivided patients on supplemental oxygen into
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those receiving low-flow and high-flow oxygen and found re-
duced mortality in the low-flow oxygen group only [3].

Observational studies, in contrast, have reported that RDV
was related to decreased risk of death in patients receiving me-
chanical ventilation [7-10], high-flow oxygen [9, 10], or no
supplemental oxygen [9, 10], in addition to low-flow oxygen
[9-12] at baseline. Interestingly, these studies did not explicitly
apply target trial emulation principles, increasing the possibil-
ity of bias influencing results and producing findings inconsis-
tent with randomized trials [13, 14].

Although it is recommended that RDV be administered with-
in 7 days of symptoms [15], it is not yet known whether early
treatment (ie, within the first 3 days) is equally or more effective
than delayed treatment (between days 4 and 7) in this period.
Wong et al. [16] showed that RDV within 2 days of admission
lowered the risk of in-hospital death, although the impact of de-
layed treatment was not explored. Garcia et al. [17] reported
larger reductions in mortality risk when RDV was given sooner
(<3 days) vs later (ie, 4 or more days) following symptom onset,
although their analysis was descriptive. In another descriptive
study, Paranjape et al. [18] reported lower odds of death in pa-
tients initiating RDV within 3 vs 4+ days following a positive se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
test, although the effectiveness of RDV was not tested within

Remdesivir and Mortality « OFID « 1

G20z YoJel\ z| uo Jssn [arealjdnp/aaioeul] |0oyog [BDIPSIA VIA 40 “AlUN AQ G687708/01/8840/2/Z | /o101ME/plo/w oo dnoolwspede//:sdiy woly papeojumoq


https://orcid.org/0000-0003-2403-2472
https://orcid.org/0000-0001-7399-7911
https://orcid.org/0000-0001-8423-6464
https://orcid.org/0000-0003-2633-8459
https://orcid.org/0000-0003-3532-4809
mailto:steve.makkar@nextonicsolutions.com
mailto:hythem.sidky@nih.gov
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1093/ofid/ofae740

each interval. Importantly, no studies examined whether the im-
pact of treatment delay on RDV effectiveness varied depending
on patients’ clinical severity.

In the present study, we implemented a sequential target trial
emulation (TTE) using data from the National COVID Cohort
Collaborative (N3C) to examine whether early (within 3 days)
or delayed treatment (between days 4 and 7) with RDV follow-
ing admission was related to reduced mortality in patients hos-
pitalized with COVID-19 with varying degrees of severity of
COVID-19 illness, as determined by their supplemental oxygen
needs at the time of treatment.

METHODS

Target Trial Specification

We emulated a randomized target trial that evaluated whether
treatment with RDV initiated on the first day of hospitalization
with COVID-19 was effective in reducing death at 60 days com-
pared with no treatment in adults with varying levels of
COVID-19 clinical severity and no prior treatment with
RDV. We emulated this target trial using data from the N3C
enclave. Supplementary Table 1 describes the key components
of the target trial protocol.

For this target trial, baseline was the day of hospitalization.
Patients were divided into clinical severity subgroups based on
the type of supplemental oxygen being received at baseline, which
included (i) no supplemental oxygen (NSO), (ii) noninvasive sup-
plemental oxygenation (NISO), and (iii) invasive ventilation (IV).

The treatment strategy was defined as initiation or noninitia-
tion of RDV treatment at baseline. The target outcome was
mortality in the 60-day follow-up period beginning at baseline.
The causal contrast of interest was the intention-to-treat (ITT)
effect, or the comparative effect of initiating vs not initiating
RDV treatment at baseline on mortality risk, irrespective of
whether patients adhered to their assigned treatment strategy,
and it was measured using hazard ratios. The ITT effect was es-
timated separately within each subgroup.

The Infectious Disease Society of America recommends
treatment with RDV within 7 days of symptoms [15]. This im-
plies that patients are eligible for treatment for 6 additional days
following symptom onset. We therefore emulated the above tri-
al for each of the next 6 days of COVID-19 hospitalization, cre-
ating a sequence of 7 “pseudo-trials” [19]. The baseline for each
trial was reset to begin on the corresponding day of hospitali-
zation (Supplementary Figure 1). We applied the above target
trial design to each pseudo-trial.

Data Source

Our cohort was compiled from N3C (version 132)—a large, cen-
tralized, harmonized, and highly granular repository of electron-
ic health records (EHRs) capturing detailed information on
clinical encounters for >7.5M COVID-19-positive patients

(and nearly 12M matched COVID-19-negative patients) from
75+ institutions across the United States [20]. Records in N3C
are aggregated across participating clinical institutions in the
United States, harmonized using the Observational Medical
Outcomes Partnership (OMOP) data model, and subjected to
quality review and checks.

Patient Consent

Use of N3C data for this study did not involve human subjects
(45 CFR 46.102) as determined by the National Institutes of
Health (NIH) Office of Institutional Review Board (IRB)
Operations. Thus, this study did not include factors necessitat-
ing patient consent.

Eligibility Criteria
During our defined study period of May 1, 2020 (the
Emergency Use Authorization [EUA] date for RDV), to July
30, 2024, we identified patients who were hospitalized with
COVID-19, defined as having a positive SARS-CoV-2 reverse
transcription polymerase chain reaction (RT-PCR) or rapid an-
tigen detection test result within 24 hours of hospitalization
and a confirmed diagnosis of COVID-19 based on the
International Classification of Diseases, 10th Revision,
Clinical Modification COVID-19 diagnosis code U07.1 after
the positive test [21]. The day of the positive SARS-CoV-2
test was used as a proxy for symptom onset. We limited the in-
terval between testing and hospitalization to 24 hours to min-
imize the number of days patients experienced symptoms
before hospitalization. In so doing, we wanted to ensure that
“early” or “delayed” treatment was primarily relative to when
patients were hospitalized and was not confounded by patients
delaying their own treatment after receiving a positive test.
Patients were excluded if they died or were discharged within
24 hours of baseline or had a recorded prescription for RDV in
the EHR before baseline. We further excluded patients if they
were from a health care center that shifted patients’ visit dates
by >31 days, had a high proportion of missing lab data
(Supplementary Data), or did not have a single patient treated
with RDV during hospitalization (leaving 36 health care centers
for analysis). Finally, we excluded patients who had been in
their health system for <365 days prehospitalization, lacked
date of birth or sex data, or did not have at least 60 days of
follow-up data from baseline. These eligibility criteria were ap-
plied at baseline for each of the 7 pseudo-trials. Figure 1 dis-
plays the flow of eligible person-trials in this study.

Treatment, Follow-up, and Outcome

For each pseudo-trial, eligible patients were classified as either
initiators, who had a record of RDV prescription, or noninitia-
tors, who had no record of RDV prescription at baseline.
Treatment initiation was categorized as “early” or “delayed”
relative to the day of hospitalization. Initiators who began
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N =1,927,687 person-trials aged 18+ hospitalized with COVID-19 on or
after May 1, 2020
(373,205 unique individuals)

Exclusions relating to data availability and healthcare site data limitations
N = 103,803 excluded from healthcare centers with dates shifted by more than 31 days (19,370 unique individuals)
.| N =46,497 missing data for age and/or sex (9,269 unique individuals)
N = 398,854 from healthcare center with high volume of missing lab data (77,601 individuals)
N = 407,950 been in health system for less than 365 days (77,238 individuals)
N = 62,056 from healthcare center with no patients receiving Remdesivir during COVID-19 hospitalization (11,912 unigue individuals)

N = 908,527 person-trials
(N =177,815 unique individuals)

Exclusions relating to eligibility to enter sequential trials

N = 288,415 treated with RDV prior to baseline (836 individuals)

N = 6,055 died within 24 hr of baseline (908 individuals)

N = 148,265 discharged from hospital within 24 hr of baseline (15,751 individuals)

N = 2,882 with less than 60 days of follow-up data available (1,177 individuals)

N = 89,684 hospitalized after 24 hours of testing positive for SARS-CoV-2 (30,337 individuals)

+
N = 373,226 person-trials eligible for at least one sequential trial
between days 1-7 of hospitalization with COVID-19
(N = 128,806 unique individuals)

N = 319,267 Non-initiators
before matching
(N = 99,868 unique individuals)

N = 53,959 Remdesivir Initiators
before matching

r 1

N = 53,449 Non-initiators
after matching
(26,600 unigue individuals)

N = 53,449 Remdesivir Initiators
after matching

Figure 1. Flow diagram illustrating the eligibility of patients included in the analysis. Abbreviations: COVID-19, coronavirus disease 2019; RDV, remdesivir; SARS-CoV-2,

severe acute respiratory syndrome coronavirus 2.

treatment on days 1-3 of hospitalization (ie, trials 1-3) and ini-
tiators who began treatment on days 4-7 of hospitalization
(ie, trials 4-7) were “early” and “delayed” initiators, respective-
ly. In each trial, patients were followed from baseline for 60
days or until the occurrence of the primary outcome, whichever
came first. The primary outcome was death, which was identi-
fied using a combination of the EHR and linked records includ-
ing obituaries and government records (eg, death certificates).

Severity Subgroups

Within a given trial, patients were subdivided into clinical se-
verity subgroups based on the type of supplemental oxygen re-
corded at baseline. The subgroups, in increasing severity, were
(i) no supplemental oxygen, determined as the absence of any
record of receiving supplemental oxygen [22]; (ii) noninvasive
supplemental oxygen, based on recorded receipt of low-flow or
high-flow oxygen, or noninvasive ventilation; and (iii) invasive
ventilation, based on recorded receipt of mechanical ventila-
tion and/or extracorporeal membrane oxygenation (ECMO).
If a patient received multiple types of oxygenation at baseline,
he or she was assigned to the more intensive type.

Sequence of Pseudo-Trials
Our emulated target trial evaluated whether noninitiation vs
initiation of RDV on hospital admission day was effective in

reducing death at 60 days in adults with varying degrees of clin-
ical severity. We emulated the aforementioned trial for each of
the next 6 days of COVID-19 hospitalization, producing a se-
quence of 7 nonrandomized pseudo-trials. Each pseudo-trial
emulated the eligibility criteria and specifications of the target
trial. The start of follow-up (ie, baseline) for each pseudo-trial
was reinitialized to begin on the corresponding day of
COVID-19 hospitalization (Supplementary Figure 1). Patients
could enter each subsequent pseudo-trial if they met eligibility
criteria, were still at risk, and had not initiated treatment previ-
ously [19]. Eligibility criteria for at least 1 pseudo-trial were met
by 128 806 unique patients. Of these, there were 16 488 unique
deaths, and 112 318 unique patients were administratively cen-
sored. After pooling patients across all trials, there were 373
226 “person-trials,” consisting of 53 959 initiators and 319 267
noninitiators, with 56 310 person-trial deaths (Supplementary
Table 2).

Statistical Analysis

In a randomized trial, the ITT effect would compare mortality
risk between patients assigned to receive treatment compared
with no treatment using an effect measure such as the hazard
ratio (HR). To estimate the observational analog of the ITT ef-
fect of receiving RDV vs no treatment among patients with dif-
ferent levels of COVID-19 disease severity from our sequence
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of pseudo-trials, we used a matched cohort design to emulate
the balance achieved through randomization. As described, a
new pseudo-trial began on each of the first 7 days of
COVID-19 hospitalization. Noninitiators were selected as
matches for initiators within a given trial if at baseline they
met eligibility criteria, were still alive, had not yet received
RDV, and had the most similar distribution of background
characteristics as the initiator.

To achieve this, we implemented longitudinal matching
[19, 23, 24]. This involved first fitting a propensity score model
using discrete time survival analysis [25-27], which estimated
patients’ propensity of receiving RDV on each day of hospital-
ization through day 7. The model included a range of time-
invariant and time-varying covariates based on prior research
and clinical expertise, including demographics, comorbidities,
medications, COVID-19 variant (based on the date of patients’
positive SARS-CoV-2 test), and relevant lab measurements
(Supplementary Data). We performed extensive preprocessing
of the lab data due to missing values and implemented variable
selection to ensure that only relevant confounders were in-
cluded in the propensity score model (Supplementary Data)
[28, 29]. After fitting the model, we obtained predicted hazard
probabilities for each patient-day, which we converted to log odds.

We then applied longitudinal matching using sequential 1:1
greedy matching with replacement and a caliper of 0.1 SDs [30]
using the Matchit package in R (version 4.5.4). Within each tri-
al, eligible initiators were matched 1-to-1 with eligible nonini-
tiators having the most similar log odds of initiating RDV at
baseline for that trial (Supplementary Data). Matching with re-
placement allowed noninitiators to be matched to multiple ini-
tiators within a given trial. During the matching process, we
applied a constraint where initiators and noninitiators were
exact-matched on the supplemental oxygen type they received
at baseline, which enabled subgroup analyses. Balance on base-
line covariates before and after matching was evaluated using
absolute standardized mean differences (SMDs) [31].

After matching, we used univariate Cox regression to estimate
the ITT effect of early and delayed RDV treatment on the risk of
mortality in each subgroup. To estimate the ITT effect of early
treatment, we pooled pseudo-trials 1-3 where treatment was ini-
tiated on days 1-3 of hospitalization. To estimate the ITT effect
of delayed treatment, we pooled pseudo-trials 4-7, where treat-
ment was initiated between days 4 and 7 of hospitalization. We
additionally pooled pseudo-trials 1-7 to examine the overall ITT
effect of receiving RDV within the first 7 days of hospitalization.
Univariate Cox regressions were fit within each combination of
subgroup and treatment delay. Standard errors were adjusted to
account for replacement [29].

Sensitivity Analyses
We first repeated the main analysis treating time to 30-day
mortality as the outcome. We then performed 8 sensitivity

analyses to test the robustness of results to variations in study
parameters. First, we examined the impact of using nearest-
neighbor matching without a caliper to test sensitivity of results
to the matching approach. In the second, third, and fourth sen-
sitivity analyses, we excluded the following: patients who were
in the health system for <180 days (vs 365 days), patients from
health care centers with shifted dates, and patients from health
care centers with <10 patients treated, respectively. Fifth, we in-
cluded all patients in the analysis who were hospitalized up to
14 days following a positive SARS-CoV-2 test [21]. Sixth, we re-
coded clinical severity as a nonreversible step function, mean-
ing that once a patient received a form of supplemental
oxygen, he or she was assumed to remain on that oxygen
type if there was no change. Seventh, we modified the severity
subgroups to match the Solidarity trial [1], whereby patients re-
ceiving noninvasive ventilation were transferred from the
NISO to the IV subgroup. In the final analysis, we excluded pa-
tients on renal replacement therapy at baseline given the lack of
a label for RDV in this population until 2023 [32].

RESULTS

Patients

In the analysis cohort, we identified 53 959 eligible person-trial
initiators of RDV treatment and 319 267 eligible person-trial
noninitiators. Before matching, the average age (SD) of initia-
tors was 67.9 (16.2) years, compared with 65.0 (18.3) years
among noninitiators. Sex was similarly distributed between
treatment groups.

From the eligible pool of person-trials, 53 449 RDV initiators
(31167 NSO, 19992 NISO, 2290 NIV) were matched to the
same number of noninitiators (26600 unique patients)
(Figure 1). A total of 47 989 matched pairs (27 216 NSO, 18 598
NISO, and 2175 MV-ECMO) entered Trials 1-3 (ie, early treat-
ment), and the remaining 5460 matched pairs (3951 NSO, 1394
NISO, and 115 MV-ECMO) entered trials 4-7 (ie, delayed treat-
ment). Baseline characteristics before and after matching are dis-
played in Table 1 for the overall cohort and in Supplementary
Table 3A-C for each subgroup. For all subgroups, the absolute
standardized mean differences (SMDs) for all covariates were
<0.1 after matching (Supplementary Figure 2).

Main Findings

Marginal hazard ratios (and 95% ClIs) for 60-day mortality be-
tween initiators and matched noninitiators in each group for
early and delayed treatment and corresponding mortality counts
are displayed in Table 2. For early treatment, the risk of 60-day
mortality was lower in initiators than noninitiators for the NSO
(HR, 0.89; 95% CI, 0.84-0.95) (Figures 2A and 3A) and NISO
(HR, 0.91; 95% CI, 0.84-0.99) (Figures 2A and 3B) subgroups,
but not the IV subgroup (HR, 0.96; 95% CI, 0.85-1.090
(Figures 2A and 3C). For delayed treatment, there was no
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Table 1. Characteristics of Patients and Standardized Mean Differences for Baseline Covariates Before and After Propensity Score Matching

Before Matching

After Matching

Variable Noninitiators Initiators SMD Noninitiators Initiators SMD
Treatment group 319267 (100) 53959 (100) 53449 (100) 53449 (100)
Died 48320 (15.13) 7990 (14.81) 8428 (15.77) 7871 (14.73)
Invasive ventilation 6503 (2.04) 2358 (4.37) 2290 (4.28) 2290 (4.28)
Noninvasive supplemental oxygen 41094 (12.87) 21586 (40) 21187 (39.64) 21310 (39.87)
Invasive ventilation 6503 (2.04) 2358 (4.37) 2290 (4.28) 2290 (4.28)
Female 161285 (50.52) 26 888 (49.83) 0.014 26 608 (49.78) 26 655 (49.87) 0.002
Age at admission, y 64.95 (18.3) 67.91 (16.21) 0.182 68.07 (16.22) 67.91 (16.22) 0.01
Race/ethnicity
Native Hawaiian and Pacific Islander 2494 (0.78) 476 (0.88) 0.011 375 (0.7) 474 (0.89) 0.02
White 195696 (61.3) 34680 (64.27) 0.062 34129 (63.85) 34349 (64.27) 0.009
Hispanic or Latino 30329 (9.5) 5180 (9.6) 0.003 5188 (9.71) 5145 (9.63) 0.003
American Indian and Alaska native 2090 (0.65) 428 (0.79) 0.016 476 (0.89) 426 (0.8) 0.011
Black 65541 (20.53) 9697 (17.97) 0.067 9911 (18.54) 9584 (17.93) 0.016
Asian 8855 (2.77) 1752 (3.25) 0.027 1637 (3.06) 1733 (3.24) 0.01
Total visits at health care center 77.98 (92.95) 95.44 (116.44) 0.15 96.63 (116.25) 95.12 (116.13) 0.013
Total hospitalizations 2.77 (3.78) 2.55 (3.95) 0.057 2.58 (3.94) 2.54 (3.93) 0.011
Days in health system 1142.47 (444.76)  1168.44 (473.29) 0.055 1175.26 (473.68) 1168.09 (473.93) 0.015
CCl score 3.71 (3.2) 3.89(3.18) 0.056 3.96 (3.17) 3.88(3.18) 0.026
Vaccinated 84 257 (26.39) 14199 (26.31) 0.002 14020 (26.23) 14020 (26.23) <0.001
Vaccine dose number 0.63(1.16) 0.63(1.18) 0.006 0.63(1.17) 0.63(1.18) 0.004
Prebaseline exposure to low-flow oxygen 42828 (13.41) 11036 (20.45) 0.174 10788 (20.18) 10870 (20.34) 0.004
Prebaseline exposure to high-flow oxygen 71176 (22.29) 18306 (33.93) 0.246 18189 (34.03) 18042 (33.76) 0.006
Prebaseline exposure to invasive ventilation 28786 (9.02) 4134 (7.66) 0.051 4049 (7.58) 4057 (7.59) <0.001
Prebaseline exposure to noninvasive supplemental oxygen 84546 (26.48) 21166 (39.23) 0.261 20816 (38.95) 20865 (39.04) 0.002
Prebaseline exposure to invasive ventilation 28786 (9.02) 4134 (7.66) 0.051 4049 (7.58) 4057 (7.59) <0.001
BMI category
Underweight 10583 (3.31) 1536 (2.85) 0.028 1562 (2.92) 1520 (2.84) 0.005
Normal weight 59532 (18.65) 9311 (17.26) 0.037 9274 (17.35) 9234 (17.28) 0.002
Overweight 65083 (20.39) 12116 (22.45) 0.05 12173 (22.77) 11984 (22.42) 0.008
Obese 73506 (23.02) 15517 (28.76) 0.127 15329 (28.68) 15352 (28.72) <0.001
Obese class 3 28356 (8.88) 6763 (12.563) 0.11 6857 (12.83) 6701 (12.54) 0.009
Missing BMI 82207 (25.75) 8716 (16.15) 0.261 82564 (15.44) 8658 (16.2) 0.021
Multisystem inflammatory syndrome in children 78 (0.02) <20°? 0.006 <20 <20 0.006
Pneumonia due to COVID-19 51324 (16.08) 11896 (22.05) 0.144 11201 (20.96) 11661 (21.82) 0.021
Obesity 158453 (49.63) 31312 (58.03) 0.17 31256 (58.48) 30992 (57.98) 0.01
Pregnancy 11864 (3.72) 847 (1.57) 0.173 846 (1.58) 838 (1.57) 0.001
Tobacco smoker 61901 (19.39) 11007 (20.4) 0.025 11132 (20.83) 10903 (20.4) 0.011
Renal replacement therapy 2849 (0.89) 352 (0.65) 0.03 363 (0.68) 350 (0.65) 0.003
Solid organ or blood stem cell transplant 4136 (1.3) 1199 (2.22) 0.063 1300 (2.43) 1186 (2.22) 0.014
Cardiomyopathies 38820 (12.16) 6881 (12.75) 0.018 7062 (13.21) 6800 (12.72) 0.015
Cerebrovascular disease 51309 (16.07) 9248 (17.14) 0.028 9130 (17.08) 9136 (17.09) <0.001
Chronic lung disease 118183 (37.02) 23848 (44.2) 0.145 23798 (44.52) 23590 (44.14) 0.008
Congestive heart failure 76489 (23.96) 14127 (26.18) 0.051 14207 (26.58) 13960 (26.12) 0.011
Coronary artery disease 88610 (27.75) 16565 (30.7) 0.064 16701 (31.25) 16373 (30.63) 0.013
Dementia 37361 (11.7) 5996 (11.11) 0.019 5930 (11.09) 5931 (11.1) <0.001
Depression 86762 (27.18) 14667 (27.18) <0.001 14607 (27.33) 14511 (27.15) 0.004
Diabetes mellitus—complicated 105102 (32.92) 18113 (33.57) 0.014 18198 (34.05) 17907 (33.5) 0.012
Diabetes mellitus—uncomplicated 127 848 (40.04) 22237 (41.21) 0.024 22427 (41.96) 22002 (41.16) 0.016
Down syndrome 82 (0.03) <20 0.004 <20 <20 <0.001
Asthma 40179 (12.568) 8011 (14.85) 0.064 8083 (15.12) 7921 (14.82) 0.009
Chronic kidney disease 105 190 (32.95) 17773 (32.94) <0.001 18556 (34.72) 17 559 (32.85) 0.04
Hematologic cancer 11515 (3.61) 2706 (5.01) 0.065 2683 (5.02) 2675 () <0.001
Heart failure 95752 (29.99) 17 507 (32.45) 0.052 17516 (32.77) 17302 (32.37) 0.009
Hemiplegia or paraplegia 20901 (6.55) 3242 (6.01) 0.023 3266 (6.11) 3204 (5.99) 0.005
HIV infection 3562 (1.12) 503 (0.93) 0.019 490 (0.92) 500 (0.94) 0.002
Hypertension 225584 (70.66) 40491 (75.04) 0.101 40575 (75.91) 40079 (74.99) 0.021
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Table 1. Continued

Before Matching

After Matching

Variable Noninitiators Initiators SMD Noninitiators Initiators SMD
Kidney disease 112052 (35.1) 18852 (34.94) 0.003 19664 (36.79) 18623 (34.84) 0.041
Malignant cancer 58891 (18.45) 11900 (22.05) 0.087 11795 (22.07) 11759 (22) 0.002
Metastatic solid tumor cancers 4971 (1.56) 996 (1.85) 0.021 954 (1.78) 983 (1.84) 0.004
Mild liver disease 39566 (12.39) 6323 (11.72) 0.021 6240 (11.67) 6260 (11.71) 0.001
Moderate to severe liver disease 17 087 (5.35) 2152 (3.99) 0.07 2197 (4.11) 2120 (3.97) 0.007
Myocardial infarction 52084 (16.31) 9278 (17.19) 0.023 9328 (17.45) 9164 (17.15) 0.008
Other immuno-compromised condition 64014 (20.05) 12617 (23.38) 0.079 12776 (23.9) 12442 (23.28) 0.015
Peptic ulcer 14917 (4.67) 2463 (4.56) 0.005 2578 (4.82) 2428 (4.54) 0.013
Peripheral vascular disease 47507 (14.88) 8421 (16.61) 0.02 8331 (15.59) 8313 (15.55) <0.001
Psychosis 17 062 (5.34) 1576 (2.92) 0.144 1583 (2.96) 1553 (2.91) 0.003
Pulmonary embolism 17470 (5.47) 3286 (6.09) 0.026 3405 (6.37) 3237 (6.06) 0.013
Rheumatologic disease 47085 (14.75) 9287 (17.21) 0.065 9863 (18.45) 9182 (17.18) 0.034
Sickle cell disease 2027 (0.63) 308 (0.57) 0.009 239 (0.45) 304 (0.57) 0.016
Stroke 39823 (12.47) 6134 (11.37) 0.035 6009 (11.24) 6070 (11.36) 0.004
Substance abuse 36740 (11.51) 4009 (7.43) 0.155 4088 (7.65) 3968 (7.42) 0.009
Thalassemia 544 (0.17) 102 (0.19) 0.004 104 (0.19) 101 (0.19) 0.001
Tuberculosis 768 (0.24) 137 (0.25) 0.003 150 (0.28) 136 (0.25) 0.005
Adalimumab 1310 (0.41) 240 (0.44) 0.005 234 (0.44) 238 (0.45) 0.001
Anakinra 200 (0.06) 40 (0.07) 0.004 54 (0.1) 38 (0.07) 0.011
Antibiotics 227214 (71.17) 40371 (74.82) 0.084 40326 (75.45) 39926 (74.7) 0.017
Anticoagulants 157 982 (49.48) 27474 (50.92) 0.029 27547 (51.54) 27131 (50.76) 0.016
Azithromycin 76 366 (23.92) 15838 (29.35) 0.119 15565 (29.12) 15624 (29.23) 0.002
Baricitinib 2316 (0.73) 89 (0.16) 0.138 85 (0.16) 85 (0.16) <0.001
Bebtelovimab 722 (0.23) 52 (0.1) 0.042 91 (0.17) 49 (0.09) 0.026
Benzodiazepines 91 536 (28.67) 15213 (28.19) 0.011 14994 (28.05) 15015 (28.09) <0.001
Bupropion 15539 (4.87) 2696 (5) 0.006 2561 (4.79) 2654 (4.97) 0.008
Casirivimab/imdevimab 990 (0.31) 125 (0.23) 0.016 133 (0.25) 119 (0.22) 0.006
Certolizumab 95 (0.03) 31 (0.06) 0.012 26 (0.05) 31 (0.06) 0.004
Chlorpromazine 1946 (0.61) 224 (0.42) 0.03 206 (0.39) 220 (0.41) 0.004
Citalopram 12276 (3.85) 2049 (3.8) 0.002 2174 (4.07) 2026 (3.79) 0.014
Corticosteroids 161781 (50.67) 32533 (60.29) 0.197 32589 (60.97) 32139 (60.13) 0.017
Dexamethasone 95658 (29.96) 19921 (36.92) 0.144 19435 (36.36) 19631 (36.73) 0.008
Dextromethorphan 24764 (7.76) 5065 (9.39) 0.056 5067 (9.48) 4982 (9.32) 0.005
Infliximab 645 (0.2) 141 (0.26) 0.012 112 (0.21) 138 (0.26) 0.01
Escitalopram 20412 (6.39) 3313 (6.14) 0.011 3170 (5.93) 3269 (6.12) 0.008
Etanrecept 429 (0.13) 101 (0.19) 0.012 131 (0.25) 99 (0.19) 0.014
Evusheld 550 (0.17) 239 (0.44) 0.041 227 (0.42) 238 (0.45) 0.003
Fluoxetine 13026 (4.08) 1892 (3.51) 0.031 1950 (3.65) 1879 (3.62) 0.007
Fluphenazine 695 (0.22) 42 (0.08) 0.05 52 (0.1) 42 (0.08) 0.007
Fluvoxamine 398 (0.12) 62 (0.11) 0.003 62 (0.12) 60 (0.11) 0.001
Glucocorticoids 182591 (567.19) 35835 (66.41) 0.195 35 768 (66.92) 35419 (66.27) 0.014
Golimumab 104 (0.03) 26 (0.05) 0.007 32 (0.06) 26 (0.05) 0.005
Haloperidol 35668 (11.17) 5798 (10.75) 0.014 5801 (10.85) 5724 (10.71) 0.005
Heparin 119676 (37.48) 21225 (39.34) 0.038 21429 (40.09) 20951 (39.2) 0.018
Hydrocortisone 18402 (5.76) 3623 (6.71) 0.038 3637 (6.8) 3577 (6.69) 0.004
Hydroxychloroquine 4983 (1.56) 1006 (1.86) 0.022 999 (1.87) 996 (1.86) <0.001
Hydroxyzine 37241 (11.66) 5246 (9.72) 0.066 5228 (9.78) 5182 (9.7) 0.003
Immunosuppressants 38723 (12.13) 8735 (16.19) 0.1 8906 (16.66) 8620 (16.13) 0.015
Ivermectin 1085 (0.34) 208 (0.39) 0.007 245 (0.46) 207 (0.39) 0.011
Methylprednisolone 58203 (18.23) 12472 (23.11) 0.116 12631 (23.63) 12334 (23.08) 0.013
Molnupiravir 486 (0.15) 95 (0.18) 0.006 100 (0.19) 94 (0.18) 0.003
Paroxetine 5396 (1.69) 891 (1.65) 0.003 819 (1.53) 880 (1.65) 0.009
Paxlovid 2411 (0.76) 330 (0.61) 0.018 425 (0.8) 324 (0.61) 0.024
Pentazocine <20 <20 0.006 <20 <20 0.004
Perphenazine 371 (0.12) 27 (0.05) 0.03 32 (0.06) 26 (0.05) 0.005
Pimozide 22 (0.01) <20 <0.001 <20 <20 0.009
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Table 1. Continued

Before Matching

After Matching

Variable Noninitiators Initiators SMD Noninitiators Initiators SMD
Prednisone 76 893 (24.08) 17053 (31.6) 0.162 17317 (32.4) 16873 (31.57) 0.018
Quinolones 72778 (22.8) 14231 (26.37) 0.081 14 373 (26.89) 14069 (26.32) 0.013
Sarilumab 96 (0.03) <20 0.015 <20 <20 0.016
Sertaline 28026 (8.78) 4463 (8.27) 0.018 4547 (8.51) 4413 (8.26) 0.009
Selective norepinephrine reuptake inhibitors 32491 (10.18) 5724 (10.61) 0.014 5755 (10.77) 5666 (10.6) 0.005
Sotrovimab 374 (0.12) 40 (0.07) 0.016 33 (0.06) 38(0.07) 0.004
Systemic corticosteroids 168575 (62.8) 33725 (62.5) 0.2 33668 (62.99) 33329 (62.36) 0.013
Tamoxifen 712 (0.22) 150 (0.28) 0.01 129 (0.24) 149 (0.28) 0.007
Tocilizumab 2082 (0.65) 180 (0.33) 0.055 203 (0.38) 175 (0.33) 0.009
Tofacitinib 429 (0.13) 93 (0.17) 0.009 78 (0.15) 92 (0.17) 0.006
Tricyclic antidepressants 14414 (4.51) 2651 (4.91) 0.018 2635 (4.93) 2636 (4.93) <0.001
Trifluoperazine 58 (0.02) <20 <0.001 <20 <20 0.008
Upadacitinib 127 (0.04) <20 0.004 20 (0.04) <20 0.002
Vasopressors 94817 (29.7) 18292 (33.9) 0.089 18236 (34.12) 18043 (33.76) 0.008
Lab values
White blood cells-high 55843 (17.49) 7283 (13.5) 0.117 7291 (13.64) 7196 (13.46) 0.005
White blood cells—low 45880 (14.37) 7310 (13.565) 0.024 7098 (13.28) 7191 (13.45) 0.005
White blood cells—-normal 194 476 (60.91) 34340 (63.64) 0.057 34265 (64.11) 34044 (63.69) 0.009
Lymphocytes-high 118532 (37.13) 19634 (36.39) 0.015 19 754 (36.96) 19336 (36.18) 0.016
Lymphocytes—low 2499 (0.78) 512 (0.95) 0.017 397 (0.74) 511 (0.96) 0.022
Lymphocytes—normal 161570 (60.61) 27001 (50.04) 0.011 26778 (50.1) 26809 (50.16) 0.001
Albumin-high 165 (0.05) 20 (0.04) 0.008 <20 20 (0.04) 0.006
Albumin—low 111488 (34.92) 12510 (23.18) 0.278 12372 (23.15) 12312 (23.04) 0.003
Albumin-normal 173297 (54.28) 34186 (63.36) 0.188 34282 (64.14) 33903 (63.43) 0.015
Alanine aminotransferase-high 31013 (9.71) 3621 (6.71) 0.12 3505 (6.56) 3565 (6.67) 0.004
Alanine aminotransferase-low 10182 (3.19) 1248 (2.31) 0.058 1264 (2.36) 1236 (2.31) 0.003
Alanine aminotransferase—normal 250516 (78.47) 41916 (77.68) 0.019 41941 (78.47) 41502 (77.65) 0.02
Estimated glomerular filtration rate-low 45827 (14.35) 5290 (9.8) 0.153 5733 (10.73) 5236 (9.8) 0.031
Estimated glomerular filtration rate-normal 232042 (72.68) 40147 (74.4) 0.039 39499 (73.9) 39719 (74.31) 0.009
Platelets—high 9247 (2.9) 1096 (2.03) 0.061 1118 (2.09) 1088 (2.04) 0.004
Platelets—low 65088 (20.39) 9921 (18.39) 0.052 10039 (18.78) 9771 (18.28) 0.013
Platelets—normal 227509 (71.26) 37798 (70.05) 0.026 37341 (69.86) 37454 (70.07) 0.005
Creatinine-high 8268 (2.59) 825 (1.53) 0.086 923 (1.73) 815 (1.52) 0.016
Creatinine—low 11294 (3.54) 1279 (2.37) 0.077 1227 (2.3) 1257 (2.35) 0.004
Creatinine-normal 274616 (86.01) 46859 (86.84) 0.024 46451 (86.91) 46390 (86.79) 0.003
Hemoglobin-high 3951 (1.24) 1074 (1.99) 0.054 905 (1.69) 1064 (1.99) 0.021
Hemoglobin-low 168567 (52.8) 22609 (41.9) 0.221 22763 (42.59) 22340 (41.8) 0.016
Hemoglobin—-normal 123724 (38.75) 25250 (46.79) 0.161 24 876 (46.54) 25028 (46.83) 0.006

Abbreviations: BMI, body mass index; CCl, Charlson comorbidity index; COVID-19, coronavirus disease 2019; RDV, remdesivir; SMD, standardized mean difference.

@As per N3C policy, counts <20 have been concealed to preserve patient privacy.

significant difference in the risk of mortality between initiators
and noninitiators in any subgroup (Figures 2B and 3A-C).

Pooled across trials (ie, RDV treatment on days 1-7 of hos-
pitalization), the risk of mortality was lower for initiators than
noninitiators in the NSO (HR, 0.9; 95% CI, 0.86-0.94) and
NISO (HR, 0.93; 95% CI, 0.89-0.98) subgroups, but not the
IV subgroup (HR, 0.96; 95% CI, 0.89-1.05) (Figure 2C).
Results for 30-day mortality were consistent with the main
findings above (Supplementary Table 4).

Sensitivity Analyses
The direction and magnitude of the above results were
consistent across sensitivity analyses for all subgroups

(Supplementary Table 4, Supplementary Figure 3A-C). There
was 1 discrepant result, where early RDV treatment was associ-
ated with lower mortality for the IV subgroup when the analysis
included patients who had been in their health systems for a
minimum of 180 days.

DISCUSSION

Initiation of RDV within 3 days of hospitalization with
COVID-19 was related to a lower risk of death at 60 days in
adult patients either not on supplemental oxygen or on nonin-
vasive supplemental oxygen (ie, low- or high-flow oxygen), but
not in those receiving invasive ventilation at the time of
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Table 2. Adjusted Hazard Ratios and 95% Cls for 60-Day Mortality From the Main Analysis and Corresponding Death Counts and Proportions

Subgroup Treatment Delay Hazard Ratio; 95% Cl At Risk Died % At Risk Died %
Initiators Noninitiators

NSO Early (days 1-3) 0.89; 0.84-0.95° 27216 3010 1.1 27216 3345 12.3
Delayed (days 4-7) 0.96; 0.85-1.08 3951 640 16.2 3951 660 16.7
Overall (days 1-7) 0.9; 0.86-0.94° 31167 3650 1.7 31167 4005 12.9

NISO Early (days 1-3) 0.91; 0.84-0.99° 18598 2825 15.2 18598 3061 16.5
Delayed (days 4-7) 1.17,0.98-1.4 1394 309 22.2 1394 269 19.3
Overall (days 1-7) 0.93; 0.89-0.98° 19992 3134 15.7 19992 3330 16.7

\% Early (days 1-3) 0.96; 0.85-1.09 2175 1029 47.3 2175 1039 47.8
Delayed (days 4-7) 1.07;0.72-1.57 115 58 50.4 115 54 47.0
Overall (days 1-7) 0.96; 0.89-1.05 2290 1087 47.5 2290 1093 47.7

Abbreviations: IV, invasive ventilation; NIV, noninvasive supplemental oxygen; NSO, no supplemental oxygen.

Statistically significant.

treatment. Initiation of RDV between the fourth and seventh
days of hospitalization, however, was unrelated to mortality
in any clinical severity subgroup. The results were consistent
for the vast majority of sensitivity analyses, indicating robust-
ness of the obtained estimates.

Randomized studies have not explicitly reported greater re-
ductions in mortality risk with early vs delayed treatment, al-
though this may be due to pooling patients with varying
degrees of clinical severity [2, 33]. On the other hand, observa-
tional studies have reported significant reductions in mortality
risk attributable to RDV with early, but not delayed, treatment,
although these studies were either descriptive or did not apply
TTE principles [16-18, 34, 35]. Using the methodologically su-
perior TTE approach, we found that early, but not delayed,
RDV treatment was related to lower mortality in hospitalized
COVID-19 patients receiving or not receiving supplemental
oxygen at the time of treatment. Still unclear, however, is
whether “early” or “delayed” treatment is in relation to symp-
tom onset, admission, or both. Across randomized and obser-
vational studies, RDV has been shown to be associated with
decreased mortality risk when administered within 12 days fol-
lowing symptom onset [1, 3, 16, 17, 34], and within 3 days of
hospital admission [1, 3, 16]. Similarly, in the present study,
early treatment occurred within the first 3 days of hospitaliza-
tion, and all patients were admitted within 24 hours of a posi-
tive SARS-CoV-2 test, which typically occurs within 2 (range,
0-14) days following symptom onset [36]. Collectively, the
findings suggest that RDV should be administered soon follow-
ing symptom onset and even sooner following admission.

In terms of the effects of RDV within specific subgroups of
patients, our results are broadly consistent with randomized
trials. The Solidarity trial found that RDV was associated
with lower mortality for patients on supplemental (ie, low- or
high-flow) oxygen who were not ventilated, but not in patients
receiving noninvasive or invasive (including mechanical) ven-
tilation at study enrollment [1], a finding reinforced by a recent
systematic review [37]. The ACTT-1 trial similarly reported

lowered risk of mortality in treated vs untreated patients re-
quiring low-flow oxygen and no treatment effect in patients re-
ceiving mechanical ventilation or ECMO at baseline [3]. They
did not find, however, any benefit of RDV in a combined group
of patients on high-flow oxygen or noninvasive ventilation.
Together with our findings, this suggests that RDV received
within the first 3 days of hospitalization may be effective for pa-
tients who require supplemental oxygen and are not in critical
condition [33, 37].

Interestingly, we found that RDV was related to decreased
mortality in patients not requiring supplemental oxygen at
baseline, which diverges from randomized studies [37]. It could
be that our NSO group was considerably large, and thus suffi-
ciently powered to detect even small effect sizes in this group.
Alternatively, our NSO subgroup may have been sicker than
those in previous trials. Indeed, a certain percentage of our
NSO cohort had prebaseline exposure to supplemental oxygen
(Supplementary Table 3A), suggesting that their symptoms
were sufficiently severe to warrant (and thus benefit from)
RDV [37]. Further investigations are needed to determine if
RDV is effective in patients not currently on, but who may
have received, supplemental oxygen before treatment.

In line with randomized studies [33, 37], we found no benefit
of early or delayed RDV treatment in patients receiving inva-
sive oxygenation (ie, mechanical ventilation or ECMO).
Several observational studies, however, reported that RDV low-
ered mortality risk among such patients [7-10]. Critically, none
employed a TTE approach, meaning it is possible that results
were influenced by selection and/or immortal time biases
[38]. By applying a TTE method in the present study, we ob-
tained results consistent with randomized trials, increasing
confidence in our conclusion that RDV administration, wheth-
er early or delayed, is unlikely to prevent death among patients
receiving invasive ventilation.

This study had several strengths. We examined the relation-
ship between RDV and mortality in a large, diverse, and nation-
wide cohort of COVID-19 patients in N3C. Furthermore, we
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Figure 2. Hazard ratios and 95% Cls adjusted for matching with replacement
from subgroup-specific univariate Cox proportional hazard models comparing
60-day mortality between noninitiators and initiators of (A) early treatment be-
tween days 1 and 3 of hospitalization, (B) delayed treatment between days 4
and 7 of hospitalization, and (C) treatment between days 1 and 7 of hospitalization.
Abbreviations: IV, invasive ventilation; NISO, noninvasive supplemental oxygen;
NSO, no supplemental oxygen.

applied a TTE with longitudinal matching to minimize selec-
tion biases and applied a sequential trial approach to minimize
immortal time biases. The use of sequential trials mitigates im-
mortal time bias by ensuring that baseline, eligibility, and treat-
ment ascertainment are all aligned [39]. Finally, we included a
diverse range of clinically relevant covariates in the propensity
score model, implemented variable selection to ensure that the
model only included true confounders, and performed match-
ing with replacement to minimize the number of treated pa-
tients who were discarded due to nonmatches.

There were, however, some limitations. First, the proportion
of patients receiving delayed compared with early treatment
was small (Supplementary Table 5); therefore, the nonsignifi-
cant results pertaining to delayed treatment may have been
due to insufficient power, especially in the NISO and IV groups.
This is not likely, however, for 3 reasons. First, within each sub-
group, there were >200 patients included in the delayed treat-
ment analysis. Second, the NSO group included >2000 delayed
initiators, and no significant association between RDV and
mortality was found. Finally, we performed a sensitivity analy-
sis where we combined patients on noninvasive and invasive

ventilation, which increased the number of delayed initiators
in the IV group to 492, and still no significant association
emerged.

We found a discrepant result where early RDV was associat-
ed with lower mortality in the IV subgroup when the analysis
cohort included patients who had only been in their health sys-
tem for a minimum of 6 months (vs 1 year), which equates to a
shorter lookback period for capturing baseline health condi-
tions. This may have led to insufficient adjustment of potential
confounders, thus producing these discrepant results. This re-
inforces the importance of real-world studies having sufficient
pretreatment covariate data to obtain unbiased results.
Relatedly, we cannot completely rule out unobserved
confounding even though we used a TTE method. As de-
scribed, we found that RDV was associated with lower mortal-
ity in NSO patients, which, although consistent with several
observational studies, was not reported in randomized trials.
We attributed this to our NSO cohort perhaps having more se-
vere illness than similar patients in previous studies. It is also
possible, however, that we did not adjust for all important pre-
treatment confounders between initiators and noninitiators in
this subgroup, which contributed to these discrepant results.

There are also limitations pertaining to the use of EHR as our
data source. Date shifting and the carrying over of medications be-
yond treatment cessation may have introduced errors in how we
captured treatment onset and background characteristics, and
thus the matching process. Importantly, however, SMDs were
<0.1 for all covariates in each subgroup, indicating that the match-
ing process was able to balance treatment groups on all the key
confounders, at least those that were captured in the EHR.

Relatedly, it is difficult to ascertain symptom onset using
EHRs. We therefore used a positive SARS-CoV-2 test as a proxy
for symptom onset and only included patients admitted within
24 hours of testing. We did this to minimize variability in pre-
admission symptom duration and ensure (as much as possible)
that patients were admitted to the hospital soon after experi-
encing symptoms so that “early” or “delayed” treatment was
predominantly an inpatient medical decision, and not con-
founded by patients delaying their own treatment. The lag be-
tween symptom onset and testing, however, ranges between
1 and 14 days (2-day median) [36], implying that there likely
remained considerable variation in patients’ pre-admission
symptom durations. Despite this, we still observed lower mor-
tality associated with early receipt of RDV in the NSO and
NISO subgroups. This implies that early treatment with RDV
after admission may still be effective even with delays of up
to 14 days between symptom onset and admission and empha-
sizes the importance of patients receiving RDV as soon as pos-
sible following admission for it to be beneficial. Further
research is needed to determine the maximum pre-admission
symptom duration for which early treatment with RDV in
the hospital remains effective.
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