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Summary

AIMS OF TH E STUDY: Remdesivir has shown benefits 
against COVID-19. However, it remains unclear whether, 
to what extent, and among whom remdesivir can reduce 
COVID-19-related mortality. We explored whether the 
treatment response to remdesivir differed by patient char-
acteristics.

METH ODS: We analysed data collected from a hospital 
surveillance study conducted in 21 referral hospitals in 
Switzerland between 2020 and 2022. We applied model-
based recursive partitioning to group patients by the as-
sociation between treatment levels and mortality. We in-
cluded either treatment (levels: none, remdesivir within 7 
days of symptom onset, remdesivir after 7 days, or anoth-
er treatment), age and sex, or treatment only as regres-
sion variables. Candidate partitioning variables included a 
range of risk factors and comorbidities (and age and sex 
unless included in regression). We repeated the analyses 
using local centring to correct the results for the propensity 
to receive treatment.

RESULTS: Overall (n = 21,790 patients), remdesivir within 
7 days was associated with increased mortality (adjusted 
hazard ratios 1.28–1.54 versus no treatment). The 
CURB-65 score caused the most instability in the regres-
sion parameters of the model. When adjusted for age and 
sex, patients receiving remdesivir within 7 days of onset 
had higher mortality than those not treated in all iden-
tified eight patient groups. When age and sex were in-

cluded as partitioning variables instead, the number of
groups increased to 19–20; in five to six of those branch-
es, mortality was lower among patients who received early
remdesivir. Factors determining the groups where remde-
sivir was potentially beneficial included the presence of
oncological comorbidities, male sex, and high age.

CONCLUSIONS: Some subgroups of patients, such as in-
dividuals with oncological comorbidities or elderly males,
may benefit from remdesivir.

Introduction

Remdesivir is an antiviral medication originally intended
to treat hepatitis C and respiratory syncytial virus infec-
tions [1]. Although unsuccessful for its original purpose,
remdesivir proved effective against the Ebola virus disease
and Marburg virus. Positive results on remdesivir's in vitro
effectiveness against coronaviruses made it a promising
treatment candidate for coronavirus disease 2019
(COVID-19) [2, 3]. Between May and July 2020, several
regulatory agencies issued an emergency or conditional
authorisation to treat patients hospitalised for COVID-19
with remdesivir [4]. Remdesivir also became the first fully
licensed drug against COVID-19 by the United States
Food and Drug Administration based on preliminary re-
sults from a randomised controlled trial (RCT) [5, 6].
However, the initial results were controversial: another
RCT found no overall benefit [7], and there were concerns
about the manufacturer’s role in the decision-making
process [8].
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In the context of the early RCT results, the World Health
Organization (WHO) expert groups conducted a set of
mortality trials (“Solidarity”) on four repurposed drugs.
Remdesivir, hydroxychloroquine, lopinavir, and interferon
beta-1a were included to determine whether any of them
could reduce in-hospital mortality in patients hospitalised
with COVID-19 [9]. Remdesivir was the only drug not
discontinued after the interim report was published. The
results showed a small benefit only among patients who
were not ventilated during drug administration. The neg-
ative findings from the Solidarity trial were a major con-
tributor to the WHO recommendation in November 2020
against using remdesivir to treat COVID-19 [10]. Howev-
er, in April 2022, a weak conditional recommendation was
issued to administer remdesivir for patients with non-se-
vere COVID-19 but at the highest risk of hospitalisation
[11].

These RCTs had small sample sizes and thus could not as-
sess the potential modifying effect of characteristics such
as age, sex, and comorbidities on the treatment outcome.
Although the trials found no differences between remde-
sivir and the comparators overall, some results hinted that
the effect of remdesivir may be heterogeneous across the
population. Therefore, we analysed our large COVID-19
hospital database in Switzerland [12] to assess mortality
among patients who received remdesivir and identify sub-
populations that may benefit from remdesivir treatment.

Materials and methods

Data sources

The COVID-19 Hospital Surveillance System (CH-SUR)
database is coordinated by the Federal Office of Public
Health (FOPH) in collaboration with the University of
Geneva [12]. It contains data on hospitalised patients di-
agnosed with COVID-19. To date, 21 university and can-
tonal hospitals across Switzerland participate in the sys-
tem, covering most tertiary hospitals in Switzerland. Data
collection was approved by the Ethics Committee of the
Canton of Geneva, Switzerland (CCER, 2020–00827) and
all local ethics committees. Study planning, conduct, and
reporting were aligned with the Declaration of Helsinki
(2013 revision). An up-to-date cohort description, proto-
col, codebook, questionnaire set, and further detail is avail-
able on the website https://www.unige.ch/medecine/hospi-
tal-covid/.

Two stays of the same patient were considered two
episodes if the time between the discharge and new ad-
mission dates is more than 30 days or if the second hos-
pitalisation was in a different hospital without data being
shared. Various information was collected for each episode
in a standardised manner, including demographics, admis-
sion details, complementary clinical details (comorbidities,
complications, admission to an intermediate care or inten-
sive care unit, and treatments), and follow-up status (death,
discharge, or transfer).

We included adults (aged ≥18 years) with a laboratory-
confirmed COVID-19 diagnosis who were hospitalised for
more than 24 hours and recorded in CH-SUR between 1st

February 2020 and 7th February 2022. The follow-up peri-
od was from the day of hospitalisation until the final dis-
charge date of the first episode, death, or database closure.

For subjects with more than one episode, only the first
episode was included. We included patients who received
either no treatment, remdesivir as the only (antiviral) treat-
ment, or any treatment but not remdesivir. Patients who
received remdesivir were split into those starting treat-
ment within one week of the onset of symptoms (or hos-
pitalisation, if hospitalised prior to symptom onset or data
on symptoms were missing); and those starting later [13].
Patients who received remdesivir with other treatments
were excluded since it would be challenging to differen-
tiate between the effect of remdesivir and other drugs.
Records were excluded if missing a patient’s outcome, out-
come date, age, or sex or if records had inconsistencies
in key dates. Treatment other than antivirals, interferon,
and chloroquine (e.g. corticosteroids, antibodies, and im-
munomodulatory treatment) were not included in the
analysis.

Tree model

We split the patients into groups with similar treatment
responses using model-based recursive partitioning (from
this point forward, tree model) and the model4you R pack-
age (see "Technical description of the model-based re-
cursive partitioning" and supplementary figure S1 in the
appendix) [14–16]. In this method, a multivariable Cox
proportional hazards regression analysis is performed on
the entire dataset first. It adjusts for selected covariables,
including the main variables of interest (treatment). Next,
the patients are iteratively partitioned into groups by as-
sessing the instabilities in the model parameters according
to a pre-defined list of patient characteristics. A parameter
is considered unstable if the partial derivative of its contri-
bution to the partial likelihood correlates with at least one
patient characteristic. The stability is assessed by splitting
the dataset into two parts based on the values of each vari-
able on the list using the Bonferroni-adjusted permutation
test of statistics of a quadratic form [17]. If any parame-
ter with significant instability (p <0.01) is found, we split
the dataset into two parts according to the parameter with
the lowest p-value. The same process is repeated for both
groups until we find no parameter with instability.

In real-world settings, the decision to treat a patient with
remdesivir or another drug usually depends on the patient’s
characteristics, risk factors, comorbidities, and clinical
signs and symptoms. To reduce the risk of confounding by
indication, we considered a method called local centring
[18–20]. The treatment variable T 0 (which usually would
be either 1 or 0, depending on whether the patient received
the treatment or not) is replaced by T = T 0 – P(X), where
P(x) is the propensity of receiving treatment based on the
covariables X. In other words, the higher the probability of
receiving remdesivir, the higher the benefit needs to be to
contribute to the regression with the same effect. We es-
timated the propensities of all three treatment options by
random forests using the partykit package in R (see "Tech-
nical description of the model-based recursive partition-
ing" in the appendix) [21].

Analyses

We performed four analyses using the tree model described
above. First, we conducted two analyses where treatment,
age, and sex were included in the initial Cox model as in-
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dependent variables. The levels of treatment were: none;
remdesivir within a week of symptom onset; remdesivir
later; treatment with drugs other than remdesivir. Analysis
I was without, and analysis II was with local centring.

Second, we conducted two analyses where treatment was
the only independent variable in the Cox model, also with-
out and with local centring (analyses III and IV, respec-
tively). Remdesivir was included as a time-depending co-
variable by splitting the person-time into two records: from
enrolment to treatment initiation and from treatment initia-
tion to the end of follow-up. Other treatment was included
as constant, ignoring the starting time of treatment.

We selected a set of metabolic markers and comorbidities
for the partitioning that may be associated with the progno-
sis of COVID-19. The following variables, all measured at
baseline, were included (table 1): body mass index (BMI)
[22]; high blood urea nitrogen level (>19 mg/dl) [23]; high
respiratory rate (>30/min) [24]; low blood pressure (di-
astolic <60 mmHg or systolic <90 mmHg) [23]; having
chronic obstructive pulmonary disease (COPD) [23]; hav-
ing a chronic cardiovascular disease [23]; having a chronic
renal disease [25]; and having an oncological condition
(cancer, tumour) [23]. We also included a composite vari-
able based on a dichotomised CURB-65 score (≥2 vs <2).
The CURB-65 score was defined as meeting at least two
of the following conditions: confusion (abbreviated mental
test score <9); high urea nitrogen level; high respiratory
rate; low blood pressure; and age ≥65 years, (all cut-offs
defined above) [26]. Age and sex were included as par-
titioning variables in analyses III and IV. Age and BMI
were considered continuous, and all others as dichotomous
variables. The determination of propensity scores was per-

formed using all the variables mentioned above. Missing
data were imputed using the R package mice and all includ-
ed explanatory variables.

We present the results of the Cox models as adjusted haz-
ard ratios (aHR) with corresponding 95% confidence inter-
vals (CI). The tree model results are presented graphical-
ly, showing the process from the full dataset into the final
partitioning. For each leaf node (i.e., a subgroup defined
according to the partitioning factors), the primary outcome
is the regression coefficient of remdesivir use within seven
days of symptom onset on mortality. The secondary out-
comes were the regression coefficients for other covari-
ables (late remdesivir use, use of another treatment, and
age and sex if not included as partitioning variables). All
analyses were conducted in R (version 4.2.1).

Sensitivity analyses

We conducted four sensitivity analyses. The first three
were restricted to different time periods to account for the
differences in variants, clinical practice, and other factors.
In sensitivity analysis 1, we included the first wave (1st

February 2020 until 31st October 2020). Sensitivity analy-
sis 2 included the first two waves (until 28th February
2021). Sensitivity analysis 3 included the first to fourth
waves (until 20th October 2021). Finally, we conducted
sensitivity analysis 4, where the CURB-65 score (a com-
posite of other variables included in the tree model) was
excluded from the partitioning.

Role of the funding source

The funders had no role in the study design, the collection,
analysis, or interpretation of data, the writing of the man-

Table 1:
Variables included in the model. Analyses I–IV refer to the four analyses described in the main text. All variables were measured at baseline (hospital admission).

Variable Type Definition/categorisation Inclusion in
analyses

I II III IV

Treatment (crude) Categorical Remdesivir within 7 days of symptom onset; remdesivir later than 7 days after symptom onset; other treatment or their
combination; or none

C – C –

Treatment (locally
centred)*

Categorical Remdesivir within 7 days of symptom onset; remdesivir later than 7 days after symptom onset; other treatment or their
combination; or none

– C – C

Age Continuous Continuous C C T T

Sex Dichotomous Male vs female C C T T

Body mass index
[22]

Continuous Continuous: 104 * weight [kg] / (height [cm]2) T T T T

High blood urea ni-
trogen [23]

Dichotomous >19 mg/dl blood urea nitrogen: yes or no T T T T

High respiratory rate
[24]

Dichotomous >30/minute: yes or no T T T T

Low blood pressure
[23]

Dichotomous Diastolic <60 mmHg or systolic <90 mmHg: yes or no T T T T

High CURB65 score
[26]

Dichotomous At least two (vs 1 or none) of the following indicators: age ≥65 years, high urea nitrogen, high respiratory rate, low blood
pressure, abbreviated mental test score <9.

T T T T

Respiratory disease
[23]

Dichotomous The patient has a chronic obstructive pulmonary disease: yes or no T T T T

Cardiovascular dis-
ease [23]

Dichotomous The patient has a chronic cardiovascular disease: yes or no T T T T

Chronic renal dis-
ease [25]

Dichotomous The patient has a chronic renal disease: yes or no T T T T

Oncological condi-
tion [23]

Dichotomous The patient has been diagnosed with cancer, a tumour, or other oncological pathological finding: yes or no T T T T

C, included in the initial Cox model as a covariable; T, included in the tree model as a partitioning variable.

* Local centring refers to an adjustment of the variable indicator, where it is defined as T = T 0 – P(x) where T 0 is the crude indicator (1 or 0), and P(x) is the probability that T 0 =
1 given the covariables x.
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uscript, or in the decision to submit the paper for publica-
tion.

Results

Patient characteristics

The initial dataset included 30,653 records of 29,639 pa-
tients. Eighty-four records representing subsequent
episodes with at least a 30-day gap were excluded. The
records of patients returning to the hospital within 30 days
were merged. As mentioned, records were excluded if
there was a missing outcome or sex or had missing or in-
consistent dates related to hospital admission or treatment
initiation (n = 4176, 14.1%). They were also excluded for
discharge on the day of entry (n = 143, 0.5%), receiving
both remdesivir with other tratment (n = 198, 0.9%), and
age <18 years (n = 921, 3.2%; supplementary figure S2).
All 2411 patients (8.1%) from one hospital were exclud-
ed because of the disproportionately high risk of a missing
outcome.

Ultimately, 21,790 patients were included (table 2): 1347
(6.2%) received remdesivir within the first seven days after
symptom onset; 946 (4.3%) started remdesivir more than
seven days after symptom onset; and 2517 (11.6%) re-
ceived another treatment (chloroquine, ribavirin, interfer-
on, and/or lopinavir combined with ritonavir). Patients
who received remdesivir were younger than those who did
not receive treatment, particularly those who started treat-

ment more than seven days after symptom onset (median
age 64 years [interquartile range, IQR 54–74]) compared
to those who did not receive any treatment (median [IQR]
age 70 years [56–81]). The proportion of males was higher
among those who received remdesivir than those without
treatment (65.0% vs 54.9%). The median (IQR) follow-up
time was 11 (6–18) days. Total person-time was 261,988
person-days under no treatment, 18,408 under remdesivir
treatment administered within seven days of symptoms,
11,439 under remdesivir treatment administered later, and
47,058 under another treatment.

Analyses I and II adjusted for treatment, age, and sex
in the initial model

The initial Cox model without local centring (analysis I)
was adjusted for treatment, age and sex. Remdesivir treat-
ment both within the first week (aHR 1.54, 95% CI
1.35–1.77 vs no treatment) and later (aHR 1.27, 95% CI
1.05–1.55) was associated with elevated mortality (figure
1A). Older age (aHR 1.05, 95% CI 1.05–1.06 per incre-
mental increase of one year) also increased mortality. Fe-
male sex (aHR 0.64, 95% CI 0.60–0.68 vs males) reduced
the risk. The same was observed with local centring (analy-
sis II; figure 1B; remdesivir treatment aHR 1.44, 95%
CI 1.25–1.67 within the first week and aHR 1.23, 95%
CI 1.00–1.51 after that; older age aHR 1.06, 95% CI
1.05–1.06; female sex aHR 0.64, 95% CI 0.59–0.69). Re-

Table 2:
Clinical characteristics of patients. For continuous variables, the values are given as median (interquartile range). For categorical variables, the percentages provided are calcu-
lated with respect to the total number of patients (by column).

No treatment (n =
16,980)

Remdesivir early* (n =
1,347)

Remdesivir late* (n =
946)

Another treatment** (n
= 2,517)

Total (n = 21,790)

Outcome Discharged 14,637 (86.2%) 1,114 (82.7%) 837 (88.5%) 2,132 (84.7%) 18,720 (85.9%)

Death 2,343 (13.8%) 233 (17.3%) 109 (11.5%) 385 (15.3%) 3,070 (14.1%)

Follow-up time Median (IQR),
days

11 (6–17) 11 (7–18) 14 (9–21) 12 (7–20) 11 (6–18)

Age Median (IQR),
years

70 (56–81) 68 (57–77) 64 (54–74) 67 (55–79) 69 (56–80)

Sex Men 9,320 (54.9%) 879 (65.3%) 612 (64.7%) 1,561 (62.0%) 12,372 (56.8%)

Women 7,660 (45.1%) 468 (34.7%) 334 (35.3%) 956 (3.0%) 9,418 (43.2%)

Body mass index Median (IQR),
kg/m2

26.6 (23.4–30.5) 27.7 (24.5–31.3) 27.6 (24.2–31.5) 26.8 (23.7–30.5) 26.8 (23.5–30.6)

Urea nitrogen level in
blood

<19 mg/dl 12,429 (73.2%) 880 (65.3%) 660 (69.8%) 1,762 (70.0%) 15,731 (72.2%)

≥19 mg/dl 4,551 (26.8%) 467 (34.7%) 286 (30.2%) 755 (30.0%) 6,059 (27.8%)

Respiratory rate <30/min 15,031 (88.5%) 1,082 (80.3%) 768 (81.2%) 1,880 (74.7%) 18,761 (86.1%)

≥30/min 1,949 (11.5%) 265 (19.7%) 178 (18.8%) 637 (25.3%) 3,029 (13.9%)

Blood pressure Normal 15,072 (88.8%) 1,147 (85.2%) 839 (88.7%) 2,339 (92.9%) 19,397 (89.0%)

Low*** 1,908 (11.2%) 200 (14.8%) 107 (11.3%) 178 (7.1%) 2,393 (11.0%)

CURB-65 score <2 11,107 (65.4%) 791 (58.7%) 625 (66.1%) 1,562 (62.1%) 14,085 (64.6%)

≥2 5,873 (34.6%) 556 (41.3%) 321 (33.9%) 955 (37.9%) 7,705 (36.3%)

Respiratory disease No 14,025 (82.6%) 1,081(80.3%) 774 (81.8%) 2,001 (79.5%) 17,881 (82.1%)

Yes 2,955 (17.4%) 266 (19.7%) 172 (18.2%) 516 (20.5%) 3,909 (17.9%)

Cardiovascular disease No 10,310 (60.7%) 800 (59.4%) 630 (66.6%) 1649 (65.5%) 13,389 (61.4%)

Yes 6,670 (39.3%) 547 (40.6%) 316 (33.4%) 868 (34.5%) 8,401 (38.6%)

Renal disease No 13,270 (78.2%) 1,063 (78.9%) 795 (84.0%) 2,142 (85.1%) 17,270 (79.3%)

Yes 3,710 (21.8%) 284 (21.1%) 151 (16.0%) 375 (14.9%) 4,520 (20.7%)

Oncological condition No 14,550 (85.7%) 1,117 (82.9%) 786 (83.1%) 2,194 (87.2%) 18,647 (85.6%)

Yes 2,430 (14.3%) 230 (17.1%) 160 (16.9%) 323 (12.8%) 3,143 (14.4%)

* Early and late treatment defined as starting remdesivir within 7 days of the onset of symptoms or later, respectively

** Includes the following drugs: chloroquine, ribavirin, interferon, lopinavir/ritonavir

*** Low blood pressure defined as diastolic <60 mmHg or systolic <90 mmHg

IQR: interquartile range. All values were measured at baseline (time of hospitalisation).
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ceiving treatment other than remdesivir was not associated
with mortality.

The partitioning did not differ between the models without
or with local centring (figure 2; supplementary tables
S1–S2). CURB-65 score caused the highest instability. Pa-
tients with high CURB-65 scores were next split by res-

piratory rate and those with low CURB-65 scores by on-
cological conditions. Ultimately, eight leaf nodes were
identified. Almost half of the observations were in one leaf
node (low CURB-65 score, no oncological conditions or
renal disease, normal blood urea nitrogen). Early remde-
sivir use was not associated with lower mortality in any of

Figure 1: Flow chart of patients included in the analysis.
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the nodes. Late administration of remdesivir was beneficial
in two cases: in patients with oncological conditions and a
high CURB-65 score but a normal respiratory rate; and in
patients with a low CURB-65 score and a high urea nitro-
gen level but no oncological or renal conditions.

Analyses III and IV adjusted for treatment in the ini-
tial model

The initial Cox model was adjusted only for treatment.
Early treatment with remdesivir remained significantly as-
sociated with increased mortality in the overall population
both without (analysis III; figure 3A; aHR = 1.29, 95% CI
1.13–1.48) and with (analysis IV; figure 3B; aHR = 1.28,
95% CI 1.11–1.47) local centring, although the effect size
was smaller than in analyses I and II. Neither late remde-
sivir treatment nor treatment with other antivirals was as-
sociated with mortality.

CURB-65 score again had the highest instability (figure 4).
Age had the next highest instability, split at 78 for those
with high CURB-65 scores and 73 years for those with
low scores (figure 5; supplementary tables S3–S4). The
trees with and without local centring were almost identical.
The number of leaf nodes was 20 in analysis III and 19 in
analysis IV. One leaf node was clearly the largest, cover-
ing about a fourth of the observations. It included patients
with a low CURB-65 score, age ≤59 years, no oncological
conditions, and a normal blood urea nitrogen level. Early
remdesivir use was beneficial in five nodes in both analy-
ses. However, the sample sizes were relatively small, rang-
ing from 192 to 663, and regression coefficients ranged be-
tween –0.26 and –0.91 without local centring and between

–0.25 and –0.80 with local centring. The conditions deter-
mining the largest group were the presence of oncological
comorbidity, a low CURB-65 score, and an age below 59
years. In addition, without local centring, patients with a
high CURB-65 score and age ≤64 years had a lower risk of
death when treated early with remdesivir.

Sensitivity analyses

In sensitivity analysis 1 (restricted to the first wave of the
pandemic), early remdesivir use was associated with re-
duced mortality in the models without age or sex, although
the association was significant only without local centring
(aHR 0.66, 95% CI 0.44–0.97; supplementary table S5). In
the model with age and sex, mortality was reduced moder-
ately but not significantly. Early remdesivir use was partic-
ularly beneficial among those with a high CURB-65 score;
patients with a low CURB-65 score and oncological con-
ditions had higher mortality when remdesivir was adminis-
tered early. When age and sex were used as splitting vari-
ables, a benefit of early remdesivir was seen, particularly
among those over 78 years old.

When the second wave was included (sensitivity analysis
2), the protective effect of remdesivir disappeared: mor-
tality was higher among those receiving remdesivir early
(supplementary table S6). The same was seen in sensitivity
analysis 3 when the period was extended to the end of the
fourth wave. The trees were similar to those in the main
analysis although not identical: the main components of
the partitioning, and the branches where remdesivir was
beneficial, were the same as in the main analysis (supple-
mentary table S7).

Figure 2: Adjusted hazard ratios for mortality in the initial Cox regression model (full dataset) in analyses I and II. Panel A presents analysis I
(without local centring), and panel B analysis II (with local centring).
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In sensitivity analysis 4 (without CURB-65 score), blood
urea nitrogen became the key partitioning variable. In the
analyses with age and sex in the Cox model, all treatment
levels were beneficial among patients who had high urea
nitrogen and low blood pressure but a normal respiratory
rate; however, the effect was minor among those treated
early with remdesivir compared to other treatment options.
In the analyses without age and sex in the Cox model, there
were benefits of remdesivir use in two groups: older pa-
tients with a high urea nitrogen level and high respiratory
rate; and older women with renal disease but normal urea
nitrogen level and normal respiratory rate (supplementary
table S8).

Discussion

Hospitalised COVID-19 patients in Switzerland treated
with remdesivir had higher mortality than those who re-
ceived no antiviral treatment, but the association was not

uniform between sub-populations. Overall, the CURB-65
score – a composite variable that combines older age (≥65
years) and the presence of selected clinical and laboratory
findings – caused the most instability in the regression pa-
rameters. However, it was challenging to find patterns in
the factors potentially modifying the treatment effect of
remdesivir. The factors frequently appearing on the path-
ways to effective remdesivir included oncological comor-
bidities, male sex, and old age.

The CURB-65 score has been validated to predict mor-
tality in community-acquired pneumonia [26], but its per-
formance for COVID-19 outcomes is limited [27]. Nev-
ertheless, CURB-65 was the most important variable in
the partitioning process, possibly because it is a composite
variable that combines several predictors. When CURB-65
was omitted from the analysis, urea nitrogen level and res-
piratory rate became the key components causing instabil-
ity. Younger (≤59 years) individuals with oncological co-

Figure 3: Partitioning of the dataset in analyses I and II. The top part of both panels shows the variables that determine each branch of the
tree, and the circles represent the final branches. For example, the leftmost branch of Panel A consists of patients with CURB-65 score above
2, respiratory rate >30 /min and BUN <19 mg/dl. The size of the circle represents the size of this population group, and the colour represents
the effect of remdesivir treatment within 7 days of symptom onset on mortality. Panel A shows the results of analysis I without, and Panel B the
results of analysis II with local centring. CURB-65: composite score for severe pneumonia depending on confusion, urea nitrogen, respiratory
rate, blood pressure, and age; Resp. rate: respiratory rate per minute; BUN: blood urea nitrogen level (mg/dl).
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morbidities were the largest group among those with low
CURB-65 scores (≤1) to see benefits with remdesivir; their
regression coefficients corresponded with at least 22%
lower odds of death when they received early remdesivir
than without treatment. Cancer patients usually have a
weakened immune system because of cancer therapy and
are thus more susceptible to SARS-CoV-2 infection. Stud-
ies from the early stages of the pandemic also suggested
higher mortality among cancer patients than non-cancer
patients [28, 29]. Nevertheless, the evidence related to an-
tiviral treatment for COVID-19 in cancer patients is limit-
ed [30].

Despite the promising results in the early stages of the pan-
demic, evidence of the benefits of remdesivir is scarce. In
April 2022, the WHO Living Guideline on Therapeutics
and COVID-19 was updated with a weak conditional rec-

ommendation supporting remdesivir for patients with non-
severe COVID-19 but at a high risk of being hospitalised
[11]. An update is also expected for patients with severe
COVID-19. The recommendation is based on up-to-date
evidence from five trials with 2,710 patients. Although
the differences in mortality and recovery speed are mini-
mal, remdesivir clearly reduces the risk of hospitalisation;
it prevented 73 hospital admissions among 1,000 patients,
which is of the same magnitude as other treatments includ-
ing nirmatrelvir, molnupiravir, sotrovimab, and casiriv-
imab-imdevimab [11].

Another living systematic review has identified five RCTs
assessing remdesivir treatment, two overlapping with the
WHO review [31]. The conclusions were similar: no dif-
ference in mortality was observed, but there may be bene-
fits in non-mortality outcomes. Nevertheless, to our knowl-

Figure 4: Partitioning of the dataset in analyses III and IV. The top part of both panels shows the variables that determine each branch of the
tree, and the circles represent the final branches. For example, the leftmost branch of Panel A consists of patients with CURB-65 scores
above 2 and ages below 64. The size of the circle represents the size of this population group. The colour represents the effect of remdesivir
treatment within 7 days of symptom onset on mortality. Panel A shows the results of analysis III without, and Panel B the results of analysis IV
with local centring. CURB-65, the composite score for severe pneumonia depending on confusion, urea nitrogen, respiratory rate, blood pres-
sure, and age; Resp. rate, respiratory rate per minute; BUN, blood urea nitrogen level (mg/dL); age, age in years.
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edge, no RCT has shown any harmful outcomes associated
with remdesivir. Remdesivir has also not been associated
with any major adverse events [32]. Instead, a recent non-
randomised study found a significant reduction in mor-
tality in patients receiving remdesivir and dexamethasone
versus dexamethasone alone [33]. Despite the lack of ran-
domisation, the study arms were similar, at least regarding
known patient characteristics.

Previous studies have suggested that remdesivir treatment
is beneficial when given at an early stage [11, 13]. Our
findings did not support this claim. The previous studies al-
so had limitations that mitigate the strength of this finding.
To our knowledge, the only RCT that assessed the role of
treatment timing was conducted in China in the early days
of the epidemic with less than 300 patients. The remde-
sivir arm had lower mortality than the placebo arm when
treatment/placebo was started within 10 days of symp-
tom onset, but if started later, remdesivir resulted in high-
er mortality than placebo [7]. However, these associations
were not significant. A retrospective cohort study from the
United Arab Emirates found lower mortality among pa-
tients receiving remdesivir within the first seven days than
those treated later [34]. In another prospective study from
Italy, receiving remdesivir within five days versus later
also reduced mortality [35]. However, the reason for de-
layed treatment was the delayed admission to the hospital
in most cases, so it is questionable to what extent these dif-
ferences can be attributable to remdesivir. A large cohort
study from Hong Kong compared the timing of remdesivir
initiation relative to dexamethasone and found lower mor-
tality if remdesivir was initiated before or at the same time
as dexamethasone [36]. The overall mortality in our cohort
was also comparable to that in other studies where remde-
sivir was much more common [37].

Limitations

Our study has several limitations. First, the allocation of
remdesivir was not random. Many of the variables we
assessed probably influenced the decision to administer

remdesivir. We attempted to mitigate the risk of the in-
dication confounding the results through local centring;
however, the results were similar with and without this
correction method. Second, the variables for the partition-
ing were selected subjectively based on previous knowl-
edge. Third, we excluded patients who received remdesivir
together with other drugs. However, such patients were
<10% of all patients treated with remdesivir, and excluding
this group is unlikely to have a major impact. Fourth,
we did not adjust for the centre effect; the 20 hospitals
likely have different practices for administering different
drugs. Fifth, we refrained from quantifying the uncertainty
around the findings; although the mortality was lower in
patients treated with remdesivir in some patient groups,
this could be due to chance, especially in the smallest sub-
groups.

The results should be interpreted as a description of the
CH-SUR data and not generalised to the overall popula-
tion. Further, the tree model does not address associations
between the partitioning variables and the outcome; it only
attempts to divide the population into subgroups depend-
ing on the treatment response. The findings should thus not
be misinterpreted as predictors of the effect of remdesivir.
Finally, the selection of variables for the partitioning and
regression model was made unsystematically.

Conclusion

In conclusion, in Swiss hospitals, COVID-19 patients
treated with remdesivir had a higher risk of death than
those without treatment. However, this rather controversial
finding is likely a result of unmeasured confounders or
artefacts related to the decisions on drug administration.
While there is a growing consensus that the ability of
remdesivir to reduce mortality is minimal [11, 31], some
individuals may still benefit from it. Our results demon-
strate that the association between remdesivir use and mor-
tality varies substantially between patient groups. In par-
ticular, it would be worth examining the role of remdesivir
in treating elderly males and patients with oncological co-

Figure 5: Adjusted hazard ratios for mortality in the initial Cox regression model (full dataset) in analyses III and IV. Panel A presents analysis
III without local centring, and Panel B analysis IV with local centring.

Original article Swiss Med Wkly. 2023;153:40095

Swiss Medical Weekly · www.smw.ch · published under the copyright license Attribution 4.0 International (CC BY 4.0) Page 9 of 11



morbidities. Vaccines have become widely available to
control the pandemic, and the evidence on COVID-19 is
constantly growing and maturing. Therefore, the treatment
and management of COVID-19 are moving from an emer-
gency response towards a precision medicine approach[38]
with the help of large collaborative studies.

Data sharing statement

The anonymised data can be accessed through a multi-
stage process described elsewhere (https://www.unige.ch/
medecine/hospital-covid/files/4015/9427/6937/
CH_SUR_Multicentric_process_final.pdf). Applicants
must complete a concept sheet and send it to the study
team. An Executive Committee of experts and hospital
participant representatives will review the concept. De-
pending on the goal of the analysis, additional ethics clear-
ance might be needed. Data will be restricted to the request
and shared through a secure platform.
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Appendix 

Supplementary Text S1. Technical description of the model-based recursive partitioning. 

Model-based recursive partitioning methods, also known as tree-based methods for subgroup 
analyses, use splitting procedures for partitioning patients into groups with higher and lower 
treatment effect. The treatment effect is first estimated by an initial regression model under the 
assumption that the parameters (i.e. the coefficient of the covariables in the regression equation) are 
applicable to all patients. If presence of differing treatment effects in different subgroups is found, this 
parameter will be estimated for each of these subgroups separately.  

The partitioning of the patients into subgroups is based on finding instabilities in the model parameters. 
We consider a parameter unstable if the partial derivative of the parameter’s contribution to the 
objective function does not fluctuate randomly around zero but correlates to at least one patient 
characteristic. Hence the tree-based model relies on the assumption that the differential treatment 
effect can be explained as a function of the patient characteristics.  

Below, we describe the process of model-based recursive partitioning we used in this analysis in detail. 
For the practical implementation, we used the R function pmtree (package model4you version 0.9-7; 
https://cran.r-project.org/web/packages/model4you/index.html) with the respective Cox model 
(coxph, package survival version 3.2-13; https://cran.r-project.org/web/packages/survival/index.html) 
as the initial model and the cleaned dataset with variables listed in the main text (Table 1) as data. The 
full set of R scripts (without the data) is available on request from the corresponding author 
(janne.estill@unige.ch).  

1. Initial model

The first step of the algorithm is to compute the general model  𝑀𝑀(𝑌𝑌,𝑋𝑋|𝜃𝜃)  for all  patients of the 
study sample, where Y is the outcome, X=(Xn) are the included covariables, and θ = (β0, β1,..., βn) the 
set of parameters where β0 is the intercept and βi, i=1,…,n, the coefficients of the variables Xi. As an 
initial model we chose the semi-parametric Cox model defined by 

where h(t) is the hazard of the event (in our case, death) as function of time, h0(t) is the baseline 
hazard (when all covariables have the default value; h0 can take arbitrary form); xi are the covariables 
and βi the corresponding parameters. 

To solve the Cox model, we will find the set of parameters that minimize the objective function Ψ, in 
our case, the negative log-likelihood. This is equivalent with solving the score equation (equation 2), 
where i= (1,…,N), and N is the number of patients in the dataset. The score contributions are the 
partial derivatives of the log-likelihood with respect to the set of parameters θ evaluated at the N 
observed data points and the estimated parameters  𝜃𝜃�. 

ℎ(𝑡𝑡) = ℎ𝑜𝑜(𝑡𝑡) 𝑒𝑒(β1 𝑥𝑥1  +  β2 𝑥𝑥2  +  .….  +  β𝑛𝑛 𝑥𝑥𝑛𝑛  ) (1)

https://cran.r-project.org/web/packages/model4you/index.html
https://cran.r-project.org/web/packages/survival/index.html
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2. Partitioning of the dataset 

After solving the initial Cox model, we will start the partitioning process of the dataset. A partition B 
of a set D is a set of subsets of D, for which the following conditions are true: B does not include the 
empty set; the union of all elements of B is D; and the intersection of any two elements of B is empty. 
Our aim is to find the smallest partitioning B of our dataset D so that in each element of B, the 
parameters of the Cox model are stable in relation to any parameter from a list of potential partitioning 
variables.  

We will construct the partitioning B in this case recursively. We begin with a partitioning B0 = {D }  
consisting of the dataset D alone, a set of parameters θ which is taken from the initial Cox model, and 
a pre-defined list of potential partitioning variables 𝑍𝑍 = (𝑧𝑧1, … , 𝑧𝑧𝑘𝑘). We applied Bonferroni-adjusted 
permutation test using test statistics of a quadratic form to test the stability of the parameters θ (see 
details in: Hothorn, Hornik and Zeileis 2006). If some of the variables from Z cause instability (P < 0.05), 
we choose the one with the strongest association (lowest P-value), denoted here as zj. The values of 
this variable are then divided into two disjoint sets: for dichotomous variables, this partitioning is trivial, 
for continuous or non-binary categorical variables the process of finding the partitioning of the variable 
values is presented in Section 3 of Hothorn, Hornik and Zeileis 2006. The next partitioning B1 will then 
consist of two subsets: 𝐵𝐵10 = {𝑥𝑥 ∈ 𝐷𝐷|𝑧𝑧𝑙𝑙(𝑥𝑥) = 0} and 𝐵𝐵11 = {𝑥𝑥 ∈ 𝐷𝐷|𝑧𝑧𝑙𝑙(𝑥𝑥) = 1}. We will then run the 
Cox model defined above for both datasets of the partition, B10 and B11, separately. In graphical terms, 
this is the start of the tree: from the root node D we will split the tree into two branches, leading to 
nodes B10 and B11, forming the next partitioning B1 = {B10, B11 } 

Next, the same process will be repeated for both branches separately. If the analyses of both nodes 
(B10 and B11) reveal unstable parameters, they are both split into two branches, and the next 
partitioning B2 will have four elements; but it is also possible that in one or both nodes no unstable 
parameters are found which means that the respective branch is no longer split, and the node is 
determined a leaf node, from which no further splitting will be made. The entire process is repeated 
until no unstable parameters are found in any node. The collection of all leaf nodes is the final 
partitioning.   

3. Local centering 

The tree model is a powerful method to detect heterogenous treatment effect but still one major 
problem of studies using observational data remains – adjusting for the selection bias due to the non-
random assignment of a treatment to a patient.  

In randomized experiments, the propensities P(x) = P to receive or not a treatment are constant by 
definition. The treatment effect can therefore be interpreted as being causal. In contrast, in the case 
of this study the estimation of a causal effect from observational studies may be biased by the factors 
that influence the assignment of treatment to each individual. To adjust for this bias and provide more 
reasonable model results we applied an approach called “local centering” (Robinson 1988; Athey, 
Tibshirani and Wager 2019; Gao and Hastie 2022; Dandl, Bender and Hothorn 2022. Briefly, the 
treatment indicator T is centered to T  = T0-P(x), where T0 is either 1 (the patient received treatment) 
or 0 (the patient did not receive treatment) and P(x) is the propensity of receiving treatment based 

 
�

𝝏𝝏Ѱ((𝑦𝑦, 𝑥𝑥)𝑖𝑖 , θ ) 
𝝏𝝏θ 

𝑁𝑁

𝑖𝑖=1
=  0 

                                     
(2) 

https://www.zeileis.org/papers/Hothorn+Hornik+Zeileis-2006.pdf
https://www.zeileis.org/papers/Hothorn+Hornik+Zeileis-2006.pdf
https://www.jstor.org/stable/1912705
https://projecteuclid.org/journals/annals-of-statistics/volume-47/issue-2/Generalized-random-forests/10.1214/18-AOS1709.full
https://projecteuclid.org/journals/annals-of-statistics/volume-47/issue-2/Generalized-random-forests/10.1214/18-AOS1709.full
https://arxiv.org/abs/2103.04277
https://arxiv.org/pdf/2210.02836.pdf
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on the covariables x (before the treatment effect is estimated by the tree model. This approach leads 
to more robustness to confounding effects because it regresses out the effect of the covariables x on 
the treatment indicator T.  

We estimated the propensities P(x) by creating a random forest with the cforest founction (package 
partykit version 1.2-15; https://cran.r-project.org/web/packages/partykit/index.html) and using it to 
predict the propensity of receiving remdesivir, and of receiving other treatment, based on the 
covariables. Then the treatment indicators tttRemdesivir (if the patient received remdesivir or not) and 
tttother  (if the patient received other medication or combination of drugs other than remdesivir or not) 
are adjusted by the estimated propensities:  

 

where Iremdesivir and Iother are the crude treatment indicators for remdesivir and other treatment, 
respectively, taking either the value 1 if the patient received the respective treatment or 0 if not; and 
x is the set of covariable values of the patient. These treatment indicators are then used in the models 
(Cox model, tree model) instead of the usual indicators that would take only the values 0 or 1.  

We note that for patients on remdesivir the person-time was split into two parts: the time before 
(Iremdesivir = 0) and after (Iremdesivir = 1) starting treatment. These are considered as separate records in 
the Cox and tree model, and in the propensity calculation. For other drugs, we only have one record 
per patients, assuming that he/she received treatment since enrollment. 

 

  

 𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟 = 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟 − (𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟 | 𝑥𝑥)  
   𝑡𝑡𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜ℎ𝑟𝑟𝑟𝑟 = 𝐼𝐼𝑜𝑜𝑜𝑜ℎ𝑟𝑟𝑟𝑟 − (𝑃𝑃𝑜𝑜𝑜𝑜ℎ𝑟𝑟𝑟𝑟| 𝑥𝑥) 
 
 
 

                                 
(3) 

 

https://cran.r-project.org/web/packages/partykit/index.html
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Supplementary Table S1. Full details of the tree model: Analysis I 

Partitioning variables Regression coefficients 

Node n 
CURB-65 

score 
Respiratory 

rate 
Blood urea 

nitrogen 
Oncological 
condition 

Renal 
disease 

Early rdv Late rdv Other 
treatment 

Age (per 
year) 

Sex 
(female) 

4 1190 >2 >30/min >19 mg/dl   0.068 0.289 -0.287 0.055 -0.132 
5 1040 >2 >30/min <19 mg/dl   0.659 -0.130 -0.181 0.057 -0.245 
7 4990 >2 <30/min  No  0.211 0.128 0.022 0.035 -0.291 
8 1022 >2 <30/min  Yes  0.021 -0.401 -0.072 0.023 -0.228 
12 519 <2  >19 mg/dl No No 0.311 -0.356 0.353 0.006 0.353 
13 10963 <2  <19 mg/dl No No 0.704 0.515 0.055 0.056 -0.608 
14 1469 <2   No Yes 0.454 0.318 0.002 0.052 -0.415 
15 2005 <2   Yes  0.214 0.062 -0.049 0.028 -0.342 

Early rdv, remdesivir administered within 7 days of symptom onset; late rdv, remdesivir administered later than 7 days after symptom onset. 

 

Supplementary Table S2. Full details of the tree model: Analysis II 

  Partitioning variables Regression coefficients 

Node n 
CURB-65 

score 
Respiratory 

rate 
Blood urea 

nitrogen 
Oncological 
condition 

Renal 
disease 

Early rdv Late rdv Other 
treatment 

Age (per 
year) 

Sex 
(female) 

4 1190 >2 >30/min >19 mg/dl   0.105 0.326 -0.269 -0.133 0.054 
5 1040 >2 >30/min <19 mg/dl   0.693 -0.216 -0.134 -0.253 0.056 
7 4990 >2 <30/min  No  0.188 0.174 0.054 -0.294 0.035 
8 1022 >2 <30/min  Yes  0.031 -0.354 -0.068 -0.227 0.023 
12 519 <2  >19 mg/dl No No 0.364 -0.309 0.354 0.379 0.006 
13 10963 <2  <19 mg/dl No No 0.696 0.510 0.048 -0.618 0.056 
14 1469 <2   No Yes 0.421 0.296 0.006 -0.428 0.051 
15 2005 <2   Yes  0.222 0.058 -0.050 -0.344 0.028 

Early rdv, remdesivir administered within 7 days of symptom onset; late rdv, remdesivir administered later than 7 days after symptom onset. 

 

 



Swiss Medical Weekly • www.smw.ch • published under the copyright license Attribution 4.0 International (CC BY 4.0) Appendix page A-5 

Supplementary Table S3. Full details of the tree model: Analysis III 

  Partitioning variables Regression coefficients 
Node n 

CURB-
65 

Age 
(years) 

Renal 
disease 

Respiratory 
disease 

Oncological 
condition 

Respiratory 
rate Sex 

Blood 
urea 

nitrogen 

Cardio-
vascular 
disease 

Early 
rdv 

Late rdv Other 
treatment 

4 638 >2 <64        -0.234 -0.421 -1.377 
7 1927 >2 65 to 78 No No      0.166 0.165 0.072 
8 587 >2 65 to 78 No Yes      0.700 -0.399 -0.434 

10 834 >2 65 to 78 Yes  No     -0.019 -0.375 -0.542 
11 208 >2 65 to 78 Yes  Yes     -0.460 -1.165 0.288 
14 322 >2 79 to 83    >30/min    0.793 0.402 -0.139 
15 425 >2 >83    >30/min    -0.302 0.344 -0.203 
18 1435 >2 >78   No <30/min Male   0.550 0.341 0.229 
19 372 >2 >78   Yes <30/min Male   -0.482 0.253 -0.487 
20 1494 >2 >78    <30/min Female   0.479 -0.266 0.127 
25 445 <2 <59   No   >19 mg/dl  0.704 0.493 1.024 
26 5811 <2 <59   No   <19 mg/dl  0.399 0.131 0.382 
27 663 <2 <59   Yes     -0.256 -0.676 -0.249 
30 2444 <2 60 to 73   No    No 0.547 -0.019 0.009 
31 1160 <2 60 to 73   No    Yes 0.635 0.101 -1.171 
32 621 <2 60 to 73   Yes     0.141 -0.366 -0.415 
35 1575 <2 74 to 88     Male   0.663 0.917 0.133 
36 213 <2 >88     Male   -0.911 NA 0.344 
38 1629 <2 74 to 88     Female   0.616 -0.190 -0.006 
39 395 <2 >88     Female   0.338 1.515 -0.825 

Early rdv, remdesivir administered within 7 days of symptom onset; late rdv, remdesivir administered later than 7 days after symptom onset. 
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Supplementary Table S4. Full details of the tree model: Analysis IV 

  Partitioning variables Regression coefficients 
Node n 

CURB-
65 

Age 
(years) 

Renal 
disease 

Oncological 
condition 

Respiratory 
rate Sex 

Blood 
urea 
nitrogen 

Cardio-
vascular 
disease Early rdv Late rdv 

Other 
treatment 

4 1053 >2 <66       0.078 -0.337 -1.079 
6 2194 >2 67 to 78 No      0.272 0.053 -0.018 
8 755 >2 67 to 78 Yes No     0.004 -0.277 -0.511 
9 192 >2 67 to 78 Yes Yes     -0.489 -1.026 0.347 

12 322 >2 79 to 83   >30/min    0.821 0.433 -0.153 
13 425 >2 >83   >30/min    -0.352 0.318 -0.187 
16 1435 >2 >78  No <30/min Male   0.582 0.406 0.259 
17 372 >2 >78  Yes <30/min Male   -0.418 0.278 -0.545 
18 1494 >2 >78   <30/min Female   0.398 -0.163 0.163 
23 445 <2 <59  No   >19 mg/dl  0.748 0.579 1.093 
24 5811 <2 <59  No   <19 mg/dl  0.307 0.011 0.312 
25 663 <2 <59  Yes     -0.249 -0.750 -0.158 
28 2444 <2 60 to 73  No    No 0.556 -0.029 0.023 
29 1160 <2 60 to 73  No    Yes 0.564 0.076 -1.242 
30 621 <2 60 to 73  Yes     0.148 -0.392 -0.481 
33 1575 <2 74 to 88    Male   0.682 0.986 0.181 
34 213 <2 >88    Male   -0.795 28.936 0.520 
36 1629 <2 74 to 88    Female   0.602 -0.298 0.001 
37 395 <2 >88    Female   0.522 1.611 -0.485 

Early rdv, remdesivir administered within 7 days of symptom onset; late rdv, remdesivir administered later than 7 days after symptom onset. 
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Supplementary Table S5. Results of Sensitivity analysis 1, including patients admitted to hospital until 31 October 2020. The definitions of Analyses I to IV 
are as in the main analysis. 

  Partitioning variables Regression coefficients 

Node n CURB-65 
Oncological 
condition 

Age 
(years) 

Respiratory 
rate Sex BMI(kg/m2) Early rdv Late rdv 

Other 
treatment 

Age (per 
year) 

Sex 
(female) 

Analysis I 
2 1401 >2      -0.185 -0.219 0.006 0.038 -0.273 
4 2285 <2 No     -0.098 -0.198 0.177 0.060 -0.722 
5 299 <2 Yes     0.109 0.185 -0.003 0.027 -0.514 
Analysis II 
2 1401 >2      -0.25 -0.12 0.01 -0.27 0.04 
4 2285 <2 No     -0.14 -0.12 0.14 -0.74 0.06 
5 299 <2 Yes     0.13 0.29 0.04 -0.51 0.03 
Analysis III 
3 685 >2  <78    -0.229 -0.851 -0.042   
5 147 >2  >78 >30/min   0.241 -16.091 -0.287   
6 569 >2  >78 <30/min   -0.895 0.945 0.082   
9 1953 <2 No <78    0.286 0.032 0.183   
10 220 <2 Yes <78    0.199 -0.314 -0.216   
11 411 <2  >78    -0.620 -13.981 0.234   
Analysis IV 
3 685 >2  <78    -0.185 -0.605 0.010   
5 147 >2  >78 >30/min   0.378 -2.096 -0.240   
6 569 >2  >78 <30/min   -1.419 1.009 0.071   
9 1953 <2 No <78    0.267 0.169 0.103   
10 220 <2 Yes <78    0.199 -0.139 -0.244   
12 195 <2  >78  Male  -0.551 -0.541 0.137   
14 209 <2  >78  Female <36.2 -4.377 -0.614 0.315   
15 7 <2  >78  Female >36.2 -300.030 -590.070 58.930   

BMI, body mass index; early rdv, remdesivir administered within 7 days of symptom onset; late rdv, remdesivir administered later than 7 days after symptom 
onset. 
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Supplementary Table S6. Results of Sensitivity analysis 2, including patients admitted to hospital until 28 February 2021. The definitions of Analyses I to IV 
are as in the main analysis. 

  Partitioning variables Regression coefficients 

Node n 
CURB-

65 
Respiratory 

rate 
Oncological 
condition 

Renal 
disease 

Age 
(years) 

Blood urea 
nitrogen Sex Early rdv Late rdv 

Other 
treatment 

Age (per 
year) 

Sex 
(female) 

Analysis I 
3 1284 >2 >30/min      0.381 0.188 -0.212 0.062 -0.147 
6 1984 >2 <30/min No No    0.144 0.255 0.187 0.038 -0.415 
7 1281 >2 <30/min No Yes    0.134 0.027 -0.012 0.024 -0.256 
8 644 >2 <30/min Yes     -0.254 0.139 0.134 0.016 -0.216 
11 6049 <2  No No    0.665 0.510 0.232 0.054 -0.667 
12 865 <2  No Yes    0.297 0.037 0.064 0.055 -0.539 
13 1112 <2  Yes     0.301 -0.076 -0.120 0.022 -0.472 
Analysis II 
3 1284 >2 >30/min      0.402 0.220 -0.181 -0.151 0.061 
6 1984 >2 <30/min No No    0.158 0.279 0.174 -0.419 0.037 
7 1281 >2 <30/min No Yes    0.118 0.083 0.042 -0.256 0.023 
8 644 >2 <30/min Yes     -0.243 0.201 0.170 -0.210 0.016 
11 6049 <2  No No    0.659 0.511 0.228 -0.689 0.053 
12 865 <2  No Yes    0.308 0.076 0.046 -0.548 0.054 
13 1112 <2  Yes     0.252 -0.114 -0.157 -0.480 0.022 
Analysis III 
4 1809 >2   No <78   0.212 -0.141 -0.167   
5 736 >2   Yes <78   -0.435 -0.107 -0.154   
7 454 >2 >30/min   >78   0.255 0.187 -0.265   
9 1835 >2 <30/min No  >78   0.507 0.499 0.215   
10 359 >2 <30/min Yes  >78   -0.340 0.263 0.277   
15 302 <2  No  <62 >19 mg/dl  0.833 0.545 0.544   
16 3093 <2  No  <62 <19 mg/dl  0.602 -16.953 0.555   
17 1508 <2  No  63 to 73   0.213 0.040 -0.143   
18 674 <2  Yes  <73   0.077 -0.293 -0.946   
21 893 <2    74 to 85  Male 0.643 1.189 0.265   
22 251 <2    >85  Male 0.155 -15.004 0.060   
23 1305 <2    >73  Female 0.631 -0.209 -0.119   
Analysis IV 
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4 1809 >2   No <78   0.211 -0.124 -0.163   
5 736 >2   Yes <78   -0.398 -0.059 -0.114   
7 454 >2 >30/min   >78   0.290 0.294 -0.218   
9 1835 >2 <30/min No  >78   0.512 0.575 0.247   
10 359 >2 <30/min Yes  >78   -0.372 0.315 0.359   
15 302 <2  No  <62 >19 mg/dl  0.844 0.643 0.570   
16 3093 <2  No  <62 <19 mg/dl  0.583 -11.886 0.491   
17 1508 <2  No  63 to 73   0.209 0.085 -0.143   
18 674 <2  Yes  <73   0.028 -0.376 -0.939   
21 893 <2    74 to 85  Male 0.665 1.253 0.337   
22 251 <2    >85  Male 0.168 -2.456 0.015   
23 1305 <2    >73  Female 0.677 -0.121 -0.029   

Early rdv, remdesivir administered within 7 days of symptom onset; late rdv, remdesivir administered later than 7 days after symptom onset. 
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Supplementary Table S7. Results of Sensitivity analysis 3, including patients admitted to hospital until 20 October 2021. The definitions of Analyses I to IV 
are as in the main analysis. 

  Partitioning variables Regression coefficients 

Node n 
CURB-

65 
Respiratory 

rate 
Blood urea 

nitrogen 
Renal 

disease 
Oncological 
condition 

Blood 
pressure 

Age 
(years) 

Respiratory 
disease Sex 

Cardiovasc. 
disease Early rdv Late rdv 

Other 
treatment 

Age (per 
year) 

Sex 
(female) 

Analysis I 
4 1044 >2 >30/min >19 mg/dl        0.119 0.323 -0.382 0.057 -0.090 
6 798 >2 >30/min <19 mg/dl No       0.805 0.042 0.117 0.062 -0.222 
7 141 >2 >30/min <19 mg/dl Yes       0.185 -1.039 -0.972 0.043 -0.447 
9 4468 >2 <30/min   No      0.245 0.206 0.072 0.037 -0.306 
10 902 >2 <30/min   Yes      -0.040 -0.461 0.045 0.022 -0.297 
13 644 <2  >19 mg/dl  No      0.428 0.213 -0.053 0.004 0.609 
15 9447 <2  <19 mg/dl No No      0.811 0.564 0.120 0.059 -0.554 
17 19 <2  <19 mg/dl Yes No Low*     NA 13.480 NA 0.000 NA 
18 1038 <2  <19 mg/dl Yes No Normal*     0.478 -0.734 0.165 0.058 -0.419 
19 1688 <2    Yes      0.252 -0.108 0.042 0.028 -0.447 
Analysis II 
4 1044 >2 >30/min >19 mg/dl        0.156 0.361 -0.362 -0.095 0.056 
6 798 >2 >30/min <19 mg/dl No       0.827 0.008 0.124 -0.218 0.061 
7 141 >2 >30/min <19 mg/dl Yes       0.226 -1.229 -1.043 -0.478 0.043 
9 4468 >2 <30/min   No      0.238 0.248 0.092 -0.311 0.036 
10 902 >2 <30/min   Yes      -0.005 -0.449 0.097 -0.294 0.023 
13 644 <2  >19 mg/dl  No      0.464 0.260 -0.179 0.596 0.004 
15 9447 <2  <19 mg/dl No No      0.809 0.584 0.106 -0.568 0.058 
17 19 <2  <19 mg/dl Yes No Low*     -70.000 15.570 0.000 NA 0.000 
18 1038 <2  <19 mg/dl Yes No Normal*     0.447 -0.811 0.152 -0.443 0.058 
19 1688 <2    Yes      0.233 -0.111 0.015 -0.453 0.028 
Analysis III 
4 565 >2      <64    -0.316 -0.469 -1.240   
7 1733 >2   No   65 to 78 No   0.194 0.164 0.058   
8 644 >2   Yes   65 to 78 No   -0.834 0.006 -0.740   
9 824 >2      65 to 78 Yes   0.683 -0.416 -0.118   
12 297 >2 >30/min     79 to 83    0.714 0.226 -0.156   
13 370 >2 >30/min     >83    -0.109 0.334 -0.289   
16 1276 >2 <30/min   No  >78  Male  0.563 0.402 0.315   
17 324 >2 <30/min   Yes  >78  Male  -0.548 0.121 -0.161   
18 1320 >2 <30/min     >78  Female  0.471 -0.231 0.144   
23 533 <2  >19 mg/dl  No  <62    0.900 0.258 0.254   
24 5719 <2  <19 mg/dl  No  <62    0.815 -0.139 0.145   
25 2241 <2    No  63 to 73    0.420 0.249 -0.141   
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26 1092 <2    Yes  <73    0.065 -0.554 -0.437   
29 1355 <2      74 to 88  Male  0.799 0.969 0.280   
30 168 <2      >88  Male  -0.859 NA 0.376   
32 972 <2      >73  Female No 1.167 0.409 -0.158   
33 756 <2      >73  Female Yes -0.589 -16.054 -0.148   
Analysis IV 
4 932 >2      <66    0.098 -0.386 -0.926   
9 142 >2  >19 mg/dl No  Low* 67 to 78 No   -0.514 -0.552 0.536   
10 770 >2  >19 mg/dl No  Normal* 67 to 78 No   0.431 0.665 -0.175   
11 601 >2  <19 mg/dl No   67 to 78 No   -0.292 -0.910 0.563   
12 589 >2   Yes   67 to 78 No   -0.818 0.244 -0.765   
13 732 >2      67 to 78 Yes   0.589 -0.348 -0.051   
16 297 >2 >30/min     79 to 83    0.749 0.244 -0.153   
17 370 >2 >30/min     >83    -0.122 0.378 -0.259   
20 1276 >2 <30/min   No  >78  Male  0.603 0.499 0.351   
21 324 >2 <30/min   Yes  >78  Male  -0.468 0.126 -0.131   
22 1320 >2 <30/min     >78  Female  0.415 -0.104 0.160   
27 533 <2  >19 mg/dl  No  <62    0.947 0.358 0.197   
28 5719 <2  <19 mg/dl  No  <62    0.793 -0.209 0.078   
29 2241 <2    No  63 to 73    0.413 0.276 -0.137   
30 1092 <2    Yes  <73    0.014 -0.635 -0.528   
33 1355 <2      74 to 88  Male  0.811 1.050 0.325   
34 168 <2      >88  Male  -0.818 25.833 0.449   
36 972 <2      >73  Female No 1.177 0.462 -0.148   
38 612 <2      >73 No Female Yes -0.664 -1.983 -1.013   
39 144 <2      >73 Yes Female Yes -0.450 -13.911 0.662   

Early rdv, remdesivir administered within 7 days of symptom onset; late rdv, remdesivir administered later than 7 days after symptom onset. 
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Supplementary Table S8. Results of Sensitivity analysis 3, including patients admitted to hospital until 20 October 2021. The definitions of Analyses I to IV 
are as in the main analysis. 

  Partitioning variables Regression coefficients 

Node n 
Blood urea 

nitrogen 
Respirator

y rate 
Blood 

pressure 
Oncological 
condition 

Renal 
disease 

Age 
(years) Sex Early rdv Late rdv 

Other 
treatment 

Age (per 
year) 

Sex 
(female) 

Analysis I 
3 1190 >19 mg/dl >30/min           
5 823 >19 mg/dl <30/min Low*     0.068 0.289 -0.287 0.055 -0.132 
7 3800 >19 mg/dl <30/min Normal* No    -0.152 -0.981 -0.513 0.039 -0.237 
8 713 >19 mg/dl <30/min Normal* Yes    0.333 0.130 0.036 0.038 -0.208 
12 1654 <19 mg/dl >30/min  No No   0.236 -0.360 0.216 0.024 -0.357 
13 11012 <19 mg/dl <30/min  No No   0.959 -0.036 0.119 0.070 -0.310 
14 1653 <19 mg/dl   No Yes   0.639 0.545 0.098 0.060 -0.558 
15 2353 <19 mg/dl   Yes    0.261 -0.017 -0.106 0.054 -0.522 
Analysis II 
3 1190 >19 mg/dl >30/min      0.105 0.326 -0.269 -0.133 0.054 
5 823 >19 mg/dl <30/min Low*     -0.136 -0.969 -0.479 -0.233 0.040 
7 3800 >19 mg/dl <30/min Normal* No    0.330 0.165 0.041 -0.214 0.037 
8 713 >19 mg/dl <30/min Normal* Yes    0.239 -0.328 0.186 -0.359 0.025 
12 1654 <19 mg/dl >30/min  No No   0.980 -0.040 0.147 -0.313 0.069 
13 11012 <19 mg/dl <30/min  No No   0.627 0.549 0.115 -0.568 0.059 
14 1653 <19 mg/dl   No Yes   0.223 -0.257 -0.163 -0.529 0.054 
15 2353 <19 mg/dl   Yes    0.133 0.145 -0.106 -0.255 0.036 
Analysis III 
4 1281 >19 mg/dl     <64  -0.025 -0.323 -0.560   
5 1515 >19 mg/dl     65 to 74  0.313 -0.232 -0.060   
8 7129 <19 mg/dl   No  <63  0.434 0.222 0.011   
9 813 <19 mg/dl   Yes  <63  0.162 -0.397 -0.113   
12 2698 <19 mg/dl   No No 64 to 74  0.551 -0.043 0.048   
13 303 <19 mg/dl   No Yes 64 to 74  0.379 -0.100 -0.111   
14 595 <19 mg/dl   Yes  64 to 74  0.206 0.127 -0.745   
18 291 >19 mg/dl >30/min    75 to 82  0.395 0.633 -0.122   
19 293 >19 mg/dl >30/min    >82  -0.508 0.297 -0.251   
21 121 >19 mg/dl <30/min    75 to 81  -0.117 0.028 -0.233   
22 1925 >19 mg/dl <30/min    >81  0.623 0.142 0.057   
25 318 <19 mg/dl >30/min    75 to 83  1.326 -0.145 0.592   
26 162 <19 mg/dl >30/min    >83  0.140 -15.089 -0.519   
29 1590 <19 mg/dl <30/min    75 to 85 Male 0.464 0.817 0.021   
30 582 <19 mg/dl <30/min    >85 Male -0.199 0.767 0.278   
33 949 <19 mg/dl <30/min   No 75 to 82 Female 0.939 -16.038 0.182   
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34 958 <19 mg/dl <30/min   No >82 Female 0.396 1.324 0.092   
35 575 <19 mg/dl <30/min   Yes >74 Female -0.405 -0.555 -0.128   
Analysis IV 
4 1281 >19 mg/dl     <64  -0.035 -0.288 -0.650   
5 1515 >19 mg/dl     65 to 74  0.328 -0.158 -0.053   
8 7129 <19 mg/dl   No  <63  0.325 0.133 -0.065   
9 813 <19 mg/dl   Yes  <63  0.201 -0.398 -0.047   
12 2698 <19 mg/dl   No No 64 to 74  0.504 -0.055 0.026   
13 303 <19 mg/dl   No Yes 64 to 74  0.366 -0.209 -0.195   
14 595 <19 mg/dl   Yes  64 to 74  0.204 0.091 -0.739   
18 291 >19 mg/dl >30/min    75 to 82  0.428 0.732 -0.071   
19 293 >19 mg/dl >30/min    >82  -0.514 0.318 -0.235   
21 121 >19 mg/dl <30/min    75 to 81  -0.177 0.087 -0.214   
22 1925 >19 mg/dl <30/min    >81  0.608 0.112 0.062   
25 318 <19 mg/dl >30/min    75 to 83  1.342 -0.310 0.601   
26 162 <19 mg/dl >30/min    >83  0.091 -4.138 -0.480   
29 1590 <19 mg/dl <30/min    75 to 85 Male 0.496 0.877 0.077   
30 582 <19 mg/dl <30/min    >85 Male -0.209 0.883 0.321   
33 949 <19 mg/dl <30/min   No 75 to 82 Female 0.975 -6.590 0.184   
34 958 <19 mg/dl <30/min   No >82 Female 0.333 1.357 0.102   
35 575 <19 mg/dl <30/min   Yes >74 Female -0.591 -0.669 -0.138   

Early rdv, remdesivir administered within 7 days of symptom onset; late rdv, remdesivir administered later than 7 days after symptom onset. 
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Supplementary Figure S1. Schematic representation of the recursive partitioning (tree model). The 
analysis starts with the full dataset. At each round, a Cox proportional hazards model is first 
performed on the dataset, and it is checked whether any of the pre-selected partitioning variables 
causes instability on the model parameters (see full description in Text S1). If yes, the variable with 
lowest p-value, Xi, is taken, and the dataset is split into two parts. Of note, if Xi is continuous, it is 
first dichotomized (i.e. in this case, Xi = 0 and Xi = 1 correspond to X’i < c and X’i > c, respectively, 
where X’i is the corresponding continuous variable and c the threshold value that leads to highest 
instability. One of the two partial datasets becomes the new dataset for analysis, and the process is 
started again; the other dataset is kept and will be analysed later when the partitioning in the 
present branch stops. The partitioning is stopped when the present branch has no longer any 
variables causing instability and when there are no more open branches that need analysis. Finally, 
the parameters of the Cox models for all leaf nodes (i.e. datasets that were not further split) are  
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