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Background.  The Adaptive Coronavirus Disease 2019 (COVID-19) Treatment Trial-1 (ACTT-1) found that remdesivir therapy 
hastened recovery in patients hospitalized with COVID-19, but the pathway for this improvement was not explored. We investigated 
how the dynamics of clinical progression changed along 4 pathways: recovery, improvement in respiratory therapy requirement, de-
terioration in respiratory therapy requirement, and death.

Methods.  We analyzed trajectories of daily ordinal severity scores reflecting oxygen requirements of 1051 patients hospitalized 
with COVID-19 who participated in ACTT-1. We developed competing risks models that estimate the effect of remdesivir therapy 
on cumulative incidence of clinical improvement and deterioration, and multistate models that utilize the entirety of each patient’s 
clinical course to characterize the effect of remdesivir on progression along the 4 pathways above.

Results.  Based on a competing risks analysis, remdesivir reduced clinical deterioration (hazard ratio [HR], 0.73; 95% confidence 
interval [CI]: .59–.91) and increased clinical improvement (HR, 1.22; 95% CI: 1.08, 1.39) relative to baseline. Our multistate models 
indicate that remdesivir inhibits worsening to ordinal scores of greater clinical severity among patients on room air or low-flow 
oxygen (HR, 0.74; 95% CI: .57–.94) and among patients receiving mechanical ventilation or high-flow oxygen/noninvasive positive-
pressure ventilation (HR, 0.73; 95% CI: .53–1.00) at baseline. We also find that remdesivir reduces expected intensive care respiratory 
therapy utilization among patients not mechanically ventilated at baseline.

Conclusions.  Remdesivir speeds time to recovery by preventing worsening to clinical states that would extend the course of hos-
pitalization and increase intensive respiratory support, thereby reducing the overall demand for hospital care.

Keywords.   clinical progression; critical care; multistate models; respiratory therapies.

In response to the urgent need for therapeutic agents to treat 
coronavirus disease 2019 (COVID-19), the Adaptive COVID-
19 Treatment Trial (ACTT-1) tested whether the antiviral agent 
remdesivir was effective in speeding recovery among hospi-
talized patients [1]. The primary analysis found that patients 
treated with remdesivir had faster time to recovery: a median 
of 10 days (95% confidence interval [CI]: 9–11) versus 15 days 
(95% CI, 13–18) for those given placebo (hazard ratio [HR] 
for recovery, 1.29; 95% CI: 1.12–1.49). Secondary analyses 

highlighted that new use of supportive respiratory therapies—
low-flow oxygen, high-flow oxygen and noninvasive positive-
pressure ventilation (NIPPV), and mechanical ventilation—was 
lower among patients treated with remdesivir. Understanding 
how remdesivir therapy changed the course of hospitalization 
and led patients to recover faster would provide important con-
text for remdesivir treatment guidelines, which often stratify re-
commendations using the ACTT ordinal scale.

The secondary analysis presented in this manuscript lever-
ages the temporally dense data from ACTT-1 to evaluate the 
effect of remdesivir on the clinical dynamics of hospitalized 
COVID-19 patients. We develop competing risks models to 
estimate the treatment effect on the cumulative incidence of 
patients who improved or worsened relative to baseline, and 
present descriptive analyses and multistate models (MSMs) 
that capture each patient’s clinical course, including intercur-
rent events, along 4 aspects of clinical progression: recovery, 
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improvement leading to de-escalation of respiratory therapy, 
deterioration leading to escalation of respiratory therapy, and 
death. We find that remdesivir resulted in a more direct path 
to recovery and prevented clinical deterioration that would ex-
tend hospitalization and possibly require critical care respira-
tory therapy. Hospital capacity strain [2], particularly intensive 
care unit (ICU) capacity strain during the severe acute respira-
tory syndrome coronavirus 2 pandemic [3], has been shown to 
be associated with increased mortality and worse clinical out-
comes. Therefore, our results have implications for healthcare 
leaders and policy makers tasked with resource allocation and 
hospital management.

METHODS

Definitions

Patients in ACTT-1 were assessed daily while hospitalized 
using an 8-category ordinal score (OS) scale indicating their 
worst clinical status during the prior 24 hours (Supplementary 
Figures 1 and 2). The categories are as follows: (1) not hospital-
ized and no limitations of activities; (2) not hospitalized, with 
limitation of activities, home oxygen requirement, or both; (3) 
hospitalized, not requiring supplemental oxygen and no longer 
requiring ongoing medical care (used if hospitalization was ex-
tended for infection-control or other nonmedical reasons); (4) 
hospitalized, not requiring supplemental oxygen but requiring 
ongoing medical care (related to COVID-19 or to other med-
ical conditions); (5) hospitalized, requiring any supplemental 
oxygen; (6) hospitalized, requiring NIPPV or high-flow oxygen 
devices; (7,) hospitalized, receiving invasive mechanical venti-
lation or extracorporeal membrane oxygenation; and (8) death. 
Patients in OS 1, 2, and 3 were considered “recovered.” Patients 
in OS 4 and 5 were generally treated outside ICU settings and, 
hence, categorized as receiving “non-ICU respiratory therapies” 
(although OS 4 patients did not receive respiratory therapy). 
Patients in OS 6 and 7 were generally treated within an ICU 
and were categorized as receiving “ICU respiratory therapies” 
(although treatment with high-flow oxygen was sometimes ad-
ministered outside of an ICU).

Data Description

Supplementary Table 3 summarizes demographic characteris-
tics of the 1062 patients in the ACTT-1 primary analysis [1]. We 
excluded 11 patients without a baseline ordinal score, leaving 
1051 patients for this analysis. We limited data to each patient’s 
initial course of hospitalization, excluding post-discharge ob-
servations from normal study follow-up or hospital readmis-
sion, resulting in 155 patients with at least 1 timepoint removed.

Table 1 summarizes outcomes among ACTT-1 participants 
and characterizes clinical improvement and deterioration in 
the course of hospitalization, which are defined, respectively, as 
reaching a lower or higher severity ordinal score than baseline, 

irrespective of interim or subsequent clinical progression.  
Table 2 summarize the initial clinical progression among study 
participants, grouping their observed sequences of ordinal 
scores by their first observed transition—improvement or de-
terioration—and first 2 transitions. In summarizing the first  
2 transitions, sustained improvement or recovery is improve-
ment followed by no change or additional improvement (which 
for some patients is recovery); transient improvement is im-
provement followed by deterioration; transient deterioration is 
deterioration followed by improvement; and sustained deterio-
ration or death is defined as deterioration followed by either no 
change or additional deterioration (which for some patients is 
death). Supplementary Figures 6 and 7 display initial progres-
sion and final outcomes as flows between ordinal scores.

Competing Risks Models for Incidence of Key Events

We assess the effect of remdesivir treatment on cumulative 
incidence of recovery, clinical improvement relative to base-
line, clinical deterioration relative to baseline, and death. The 
subdistribution hazard ratio for each of these events relates the 
relative hazard among participants who have not yet experi-
enced an event to the change in cumulative incidence of that 
event and is estimated from 1 of 4 Fine-Gray competing risks 
models, treating death and recovery as competing events [4–6]. 
Models reporting overall estimates were stratified by baseline 
OS, although models for OS-specific effects were fit separately 
to data from each baseline OS group. Clinical improvement and 
deterioration relative to baseline characterize a patient’s clin-
ical path and are not exclusive of each other or of death and 
recovery. The competing risks analyses consider only whether 
a patient experienced a particular event and each patient only 
contributes one observation per model.

Multistate Models for Clinical Progression

We analyze each patient’s clinical course using a time-
inhomogeneous multistate Markov model that describes pro-
gression through the ACTT-1 ordinal scale. The MSM structure 
(Figure 1B) determines the states between which a patient may 
transition directly and reflects the dynamics of disease and clin-
ical practice during ACTT-1. For instance, the model assumes 
that a patient on room air (OS 4) or receiving low-flow oxygen 
(OS 5) may be discharged, but a patient receiving NIPPV (OS 
6) or invasive ventilation (OS 7) would receive nonintensive ther-
apies prior to discharge. Note that OS transitions occur continu-
ously throughout hospitalization, but the data are daily snapshots 
of clinical status. Hence, a patient may be observed transitioning 
from room air to ventilation if multiple transitions occur within 
a day. Discharge is treated as an absorbing state because we only 
analyze each patient’s initial hospitalization. The model is fit sep-
arately to patients who received non-ICU respiratory therapies 
(OS 4 and OS 5) or ICU respiratory therapies (OS 6 and OS 7) at 
baseline using the msm package in R version 4.0.3 [7, 8].

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab712#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab712#supplementary-data
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We estimate the treatment effect of remdesivir along 4 clin-
ical pathways defined by grouping related OS transitions (Figure 
1C): recovery or cessation of hospital-based therapy, improve-
ment leading to reduction in respiratory therapy requirements, 
deterioration leading to increase in respiratory therapy require-
ments, and death. In defining these pathways, we allow for the 
effect on transitions between levels of hospital-based respiratory 
therapy to differ from the effect on transitions leading to cessa-
tion of hospital-based therapy. The treatment effect is common 
to all transitions within each pathway and is interpreted as a 
common hazard ratio. We quantify uncertainty about common 
hazard ratios using bootstrap confidence intervals and ob-
tain P-values via a rerandomization procedure that permutes 
treatment labels by baseline ordinal score. The Supplementary 
Appendix presents technical details about the model formula-
tion and estimation procedures, along with sensitivity analyses 
establishing the robustness of our analysis to separately fitting 
the model in different baseline ordinal score groups, to alter-
native definitions of treatment effects, to model structures that 
aggregate various ordinal scores, and to changepoints in transi-
tion intensities.

RESULTS

Data Description and Competing Risks Analysis for the Incidence of 
Key Events

Our reanalysis of recovery and death (Table 1) confirms the 
benefit on recovery and inconclusive result on mortality re-
ported in the primary ACTT-1 manuscript, with slight dif-
ferences due to the use of OS, rather than baseline status, in 
stratification and minor changes in the data set. In addition, 
more patients treated with remdesivir reached a less severe OS 
than their baseline compared with placebo patients (83.3% vs 
78.0%; HR, 1.22; 95% CI: 1.08–1.39), although fewer reached 
a more severe OS (36.8% vs 46.9%; HR 0.73; 95% CI: .59–.91). 
The reduction in patients who reached an OS worse than base-
line was greatest among patients in OS 5 (25.0% vs 37.4%; HR 
0.61; 95% CI: .44–.85).

Patients treated with remdesivir took a more direct path 
toward improvement compared with patients given placebo 
(Table 2 and Supplementary Figures 6 and 7). The first state 
transition among remdesivir patients more often resulted in 
clinical improvement (70% vs 62%) and less often in clinical de-
terioration (25% vs 32%). The decrease in initial deterioration 
on the remdesivir arm was particularly evident among patients 
who were not mechanically ventilated at baseline (OS 4, 31% 
versus 40%; OS 5, 25% vs 37%; OS 6, 32% vs 41%). The first 
two transitions were more often consistent with sustained im-
provement or recovery (61% vs 51%) and less often with sus-
tained deterioration or death (10% vs 16%) among remdesivir 
patients. The contrast in transitions to more intensive respira-
tory therapies early in the clinical course is visually apparent in 
Supplementary Figures 6 and 7.Ta
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Remdesivir Treatment Compared to Placebo Reduces the Rate of Clinical 
Deterioration

When examining the full trajectory of transitions between states 
using MSMs, we find that the rate of clinical deterioration within 
the hospital was lower among patients treated with remdesivir 
than those given placebo (Figure 2). Similar reductions in the 
rates of clinical deterioration within the hospital were estimated 
among patients receiving non-ICU respiratory therapies (HR, 
0.74; 95% CI: .57–.94; P, .016) and ICU respiratory therapies 
(HR, 0.73; 95% CI: .53–1.00; P, .05) at baseline. We do not find 
evidence of a treatment effect on clinical improvement within 
the hospital. Although not statistically significant, the transi-
tion intensities leading directly to recovery were higher in the 
remdesivir arm than the placebo arm for patients receiving non-
ICU respiratory therapies at baseline (HR, 1.19; 95% CI: .99–1.42; 
P = .064), and the intensities of transitions directly to death were 
lower (HR, 0.56; 95% CI: .23–1.15; P = .099). We do not find a 
similar pattern suggesting a multifaceted benefit among patients 
receiving ICU respiratory therapies at baseline.

Impact of Remdesivir Treatment in Patients Not Requiring ICU Respiratory 
Therapy at Baseline

The consequence of a lower rate of clinical deterioration within 
the hospital is a shorter course of hospitalization and a lower 
probability of requiring ICU respiratory therapies. Figure 3A 

shows the MSM point estimates of the expected ordinal scale 
distribution by treatment arm for patients receiving non-ICU 
respiratory therapies at baseline (OS 4 and 5). The expected 
percentages of patients in OS 6 to 8 (ICU states; orange and red 
bars) are higher in the placebo arm throughout the study period, 
whereas recoveries (dark blue bars) accrue faster among patients 
treated with remdesivir. At 1-week post-randomization, baseline 
OS 4 and 5 patients on remdesivir have better odds of being in 
improved states (Figure 3B; detailed results in Supplementary 
Table 5). This improvement in the overall odds of recovery and 
death persists throughout the study period, suggesting that 
remdesivir does not merely delay the inevitable.

The area of each state in the stacked probability plot corres-
ponds to the expected total resource utilization for the clin-
ical course of COVID-19 at the population level, conditional 
on the initial distribution of OS 4 and 5 patients. Based on this 
model, we expect that remdesivir treatment would result in 
fewer patients worsening to ICU-level care, reducing expected 
ICU resource utilization (Figure 3C). Our model estimates that 
treatment with remdesivir results in an expected savings of  
21 ICU therapy days (95% CI: 5–38 days) per 100 patients ad-
mitted on room air (OS 4) at baseline, and a savings of 49 ICU 
therapy days (95% CI: 6–95 days) per 100 patients initially on 
supplemental oxygen (OS 5).

Figure 1.  Multistate model for clinical progression for patients enrolled in the Adaptive COVID-19 Treatment Trial-1 (ACTT-1). A, Examples of possible paths through the 
ACTT-1 ordinal score (OS) scale. Both patients A and B are on supplemental oxygen (OS 5) at baseline. A standard time-to-event analysis assesses whether treatment with 
remdesivir shortens the expected time until the patients enter the recovered state (OS 1–3). Multistate analysis assesses whether treatment with remdesivir alters the dy-
namics of how patients travel throughout the ordinal scale over the course of the study. B, Multistate model diagram. Patients transition between states continuously in time. 
Arrows indicate which direct transitions are possible. For example, a patient starting on room air may transition to discharge or supplemental oxygen. However, the model 
assumes that a patient on room air would not be intubated without first receiving supplemental oxygen, whether “observed” or not from the perspective of data capturing. 
Note that the data are daily snapshots of each patient’s status and that multiple transitions are possible within the same day. C, Clinical pathways for the treatment effect 
of remdesivir. Hazard ratio for remdesivir versus placebo is assumed to be common to all transitions within each transition group. For instance, we estimate that remdesivir 
slows down the rate of clinical deterioration within the hospital by a relative 26% (95% CI: 6%–43%) and that this effect applies to worsening from room air to supplemental 
oxygen (OS 4–5), supplemental oxygen to noninvasive positive-pressure ventilation (OS 5–6), or supplemental oxygen to invasive ventilation (OS 5–7). Sensitivity to groupings 
of transitions is explored in the supplement and the results are shown to be robust to how transitions are grouped. Abbreviations: CI, confidence interval; COVID-19, corona-
virus disease 2019; NIPPV, noninvasive positive-pressure ventilation.
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Impact of Remdesivir Treatment in Patients Requiring ICU Respiratory 
Therapies at Baseline

Figure 4A shows point estimates of the expected ordinal scale 
distribution by treatment arm for patients receiving ICU res-
piratory therapies at baseline (OS 6 and 7). The area of the 
invasive ventilation state (dark orange bars) is smaller in the 
remdesivir arm than in the placebo arm, although differences 
in the point estimates are difficult to discern visually. The 
odds of a patient treated with high-flow oxygen or NIPPV at 
baseline (OS 6) receiving mechanical ventilation at days 7, 14, 
and 28 are lower on remdesivir (Figure 4B; detailed results in 
Supplementary Table 5). We estimate an expected savings of 
108 ventilation days (95% CI: 12–202 days) per 100 patients 
treated with remdesivir admitted on OS 6 at baseline (Figure 
4C). However, treatment with remdesivir does not have a 
statistically significant effect on the expected utilization of 
NIPPV or high-flow oxygen among patients in OS 6 at base-
line or on expected ICU resource utilization among patients 
on invasive ventilation at baseline.

DISCUSSION

The granularity of data collected in ACTT-1 enabled us to as-
sess how remdesivir therapy affects distinct pathways for clin-
ical progression. Multistate models have been leveraged in 
observational settings to gain critical insight into the clinical 
progression of hospitalized COVID-19 patients [9]. By using 
data from a randomized clinical trial, we were able to identify a 
distinct clinical pathway through which remdesivir led to faster 

recovery: patients treated with remdesivir were discharged 
sooner primarily because they tended not to worsen during 
hospitalization. This reduced treatment with supplemental ox-
ygen and critical care therapies.

We hypothesize that recovery from COVID-19 depends more 
on the host’s immune system than on antiviral therapy, and that 
sustained viral suppression due to remdesivir is insufficient to 
reverse the inflammatory cascade associated with progressed 
disease. Recovery from COVID-19 may depend on both the 
prompt use of antivirals and modulation of the host immune 
system. Our analysis suggests that the primary pathway through 
which remdesivir alters the dynamics of clinical progression is 
by preventing respiratory deterioration. This may explain why 
patients who are later in their disease course, for example, on 
mechanical ventilation, experience less benefit from remdesivir 
therapy. Thus, an effective model for therapy may combine an 
intervention to prevent clinical decline with another to aid in 
recovery. For instance, the combination of baricitinib, a Janus 
kinase inhibitor, and remdesivir was superior to remdesivir 
monotherapy [10]: remdesivir may retard clinical decline, 
whereas baricitinib refines the immune response. To this point, 
a recent multistate analysis of a French database of patients 
with COVID-19 concluded that IL-6 antagonists, but not ster-
oids, increased the probability of a patient being successfully 
extubated [11]. The model of one intervention preventing clin-
ical decline and another aiding in recovery may also be the basis 
for combination therapy with steroids and sulfamethoxazole/
trimethoprim to treat patients with AIDS and Pneumocystis 
jiroveci pneumonia [12].

Figure 2.  Effects of remdesivir on clinical progression. Common hazard ratios for transitions in each of the 4 clinical pathways diagrammed in Figure 1C. Separate models 
were fit to data from patients who received nonintensive therapies outside the ICU setting (“non-ICU”) at baseline and those receiving noninvasive positive-pressure venti-
lation or invasive ventilation (“ICU”) at baseline. For each hazard ratio (HR), bootstrap CIs, and P-values were obtained via a rerandomization procedure. Abbreviations: CI, 
confidence interval; ICU, intensive care unit.
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Inpatient treatment for COVID-19 has presented unprece-
dented challenges to modern health care systems with many 
facilities episodically functioning at or above their nominal ca-
pacity. Historically, hospital capacity strain has been shown to 
be associated with worse clinical outcomes [2], and there is ev-
idence that clinical outcomes for patients with COVID-19 have 
also been worse [3]. The major determinants of ICU capacity 
for a given hospital are staff, beds, ventilators, and—in many 
hospitals—high-flow oxygen and NIPPV ventilation devices. 
Multiple strategies to maintain or expand ICU bed availability 
have been employed during the pandemic with limited success, 
including postponing elective surgeries, building field hospitals, 
and deploying new and retired nursing staff [13]. The results 
of ACTT-1 showed that hospitalized COVID-19 patients who 
received remdesivir were ready for discharge sooner than pa-
tients receiving placebo [1]. Our models suggest that remdesivir 

treatment may provide additional benefits at the population 
level by reducing the need for oftentimes scarce ICU resources.

Clinical practice and COVID-19 treatment have evolved since 
the time of ACTT-1. Although we maintain that remdesivir 
therapy may benefit ICU resource utilization in the current 
clinical environment, changes in clinical practice and the preva-
lence of other therapies, such as dexamethasone and baricitinib, 
make it difficult to extrapolate the expected savings in resource 
utilization today. For example, our analysis regarded high-flow 
oxygenation therapy as an ICU-based treatment. Although 
high-flow nasal cannula oxygenation therapy has traditionally 
been limited to the ICU or intermediate care units [14], its use 
has expanded to some general wards, especially when ICU ca-
pacity was limited. Nonetheless, high-flow oxygenation must 
be administered by dedicated devices and managed by trained 
clinicians, representing potential resource limitations. We also 

Figure 3.  Clinical impact of remdesivir in patients receiving non-ICU respiratory therapies at baseline ordinal scores 4 and 5. A, Stacked probability plots showing the 
expected distribution of ordinal severity scores by treatment arm at each day post-randomization among patients receiving nonintensive therapies outside the ICU setting 
at baseline, assuming the initial distribution of baseline ordinal score 4 and 5 patients is the same as was observed in the Adaptive Clinical Treatment Trial-1. B, Ratio of 
odds that a patient on room air (top row) or supplemental oxygen (bottom row) at baseline will be in each ordinal score on remdesivir versus placebo at days 7, 14, and  
28 post-randomization. Each odds ratio is shown with a 95% bootstrap CI. C, Expected number of ICU days per 100 patients by baseline ordinal score. Each plot shows the 
total expected number of days per 100 patients on each arm along with 95% bootstrap CIs. Below each panel is the estimated difference in ICU days per 100 patients (placebo 
minus remdesivir). Abbreviations: CI, confidence interval; ICU, intensive care unit; NIPPV, noninvasive positive-pressure ventilation.
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acknowledge that intubation practices have changed, as early 
intubation was more prominent in the first few months of the 
pandemic when ACTT-1 was conducted [15]. It is uncertain 
whether or how more recent intubation practices affect the 
transportability of our estimates.

The results of this study have implications for COVID-19 
clinical care and treatment guidelines that make recommenda-
tions about remdesivir therapy based on the ordinal scale used 
in ACTT. Currently, the World Health Organization does not 
recommend the use of remdesivir in any patients with COVID-
19, and the National Institutes of Health does not advocate for 
or against the routine use of remdesivir in patients who are hos-
pitalized but not requiring supplemental oxygen. Our analysis 
suggests that healthcare systems may benefit from reduced ICU 
strain if hospitalized patients not requiring supplemental ox-
ygen are treated with remdesivir.
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