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Abstract 

Purpose: This study aimed at determining whether intravenous artesunate is safe and effective in reducing multiple 
organ dysfunction syndrome in trauma patients with major hemorrhage.

Methods: TOP-ART, a randomized, blinded, placebo-controlled, phase IIa trial, was conducted at a London major 
trauma center in adult trauma patients who activated the major hemorrhage protocol. Participants received artesu-
nate or placebo (2:1 randomization ratio) as an intravenous bolus dose (2.4 mg/kg or 4.8 mg/kg) within 4 h of injury. 
The safety outcome was the 28-day serious adverse event (SAE) rate. The primary efficacy outcome was the 48 h 
sequential organ failure assessment (SOFA) score. The per-protocol recruitment target was 105 patients.

Results: The trial was terminated after enrolment of 90 patients because of safety concerns. Eighty-three participants 
received artesunate (n = 54) or placebo (n = 29) and formed the safety population and 75 met per-protocol criteria 
(48 artesunate, 27 placebo). Admission characteristics were similar between groups (overall 88% male, median age 
29 years, median injury severity score 22), except participants who received artesunate were more shocked (median 
base deficit 9 vs. 4.7, p = 0.042). SAEs occurred in 17 artesunate participants (31%) vs. 5 who received placebo (17%). 
Venous thromboembolic events (VTE) occurred in 9 artesunate participants (17%) vs. 1 who received placebo (3%). 
Superiority of artesunate was not supported by the 48 h SOFA score (median 5.5 artesunate vs. 4 placebo, p = 0.303) 
or any of the trial’s secondary endpoints.

Conclusion: Among critically ill trauma patients, artesunate is unlikely to improve organ dysfunction and might be 
associated with a higher VTE rate.
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Introduction

Multiple organ dysfunction syndrome (MODS) is com-
mon after major trauma, affecting up to two thirds of 
patients with critical injuries [1, 2]. Post-trauma MODS is 
associated with a mortality over 20% and poor long-term 
outcomes in those who survive [1–3]. Prolonged critical 
care and hospital admissions place substantial economic 
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burdens on healthcare systems [4]. Current management 
is supportive and there are no specific pharmacological 
agents that prevent organ dysfunction [5]. A therapeutic 
agent that reduces the incidence, severity or duration of 
MODS could have a major global impact on patient out-
comes and healthcare resource utilization.

Artesunate, a semi-synthetic artemisinin derived from 
the plant Artemisia annua, is used globally as the first 
line treatment for severe malaria [6]. The pharmacologi-
cal effects of artemisinins extend beyond eradication of 
Plasmodium to include cytotoxicity against cancer cells, 
viruses and fungi [7–10] and they demonstrate power-
ful anti-inflammatory effects in experimental asthma, 
pancreatitis, arthritis and sepsis [11–14]. We recently 
discovered that intravenous artesunate (2.4 or 4.8 mg/kg 
at 90min after hemorrhage) reduces organ dysfunction 
caused by severe hemorrhage and resuscitation in the rat. 
Subsequent investigation into the potential mechanism 
of action (MOA) of artesunate (using RNA-seq transcrip-
tomics and pathway analysis) revealed pro-survival and 
anti-inflammatory properties. Artesunate activates the 
Akt-endothelial nitric oxide synthase (eNOS) cell survival 
pathway and inhibits a range of pro-inflammatory mole-
cules, including interleukin-1 receptor-associated kinase 
1 (IRAK1), forkhead box O4 (FOXO4), glycogen synthase 
kinase-3β (GSK-3β) and transcription factor nuclear fac-
tor kappa B (NF-κB) [15]. Artesunate also demonstrates 
cardioprotective effects in rat models of myocardial 
ischaemia and reperfusion, which are associated with 
activation of RISK (PI3K/Akt/ERK ½) and STAT3 (SAFE) 
pathways, activation of eNOS and inhibition of GSK-3β 
and NF-κB [16]. Similar molecular pathways are impli-
cated in humans during the hyperacute period after criti-
cal injury [17].

Artesunate is safe, simple to administer, and the dose 
does not require adjustment in patients with renal or 
liver dysfunction [6, 18]. The recommended intravenous 
bolus dose in malaria is 2.4 mg/kg although safety stud-
ies in humans show tolerance in doses up to 18  mg/kg 
[19–21]. Artesunate has been used in millions of malaria 
patients without major adverse effects [22–27]. The 
potential benefit of artesunate in reducing MODS after 
trauma haemorrhage, coupled with an extensive pre-
existing favourable safety profile in humans, provided a 
strong rationale for proceeding to early phase II studies 
examining the use of artesunate in patients with major 
trauma hemorrhage.

The primary objectives of this study were to evaluate 
the safety and efficacy of early artesunate administra-
tion in a cohort of severely injured and bleeding trauma 
patients. We designed and conducted a phase IIa single-
center randomized control trial of artesunate in major 

trauma patients at risk of developing MODS at a single 
major trauma center in the United Kingdom (UK).

Methods
Design and setting
A prospective single-center randomized placebo-con-
trolled phase IIa trial of an investigational medicinal 
product (IMP), intravenous artesunate, was conducted at 
the Royal London Hospital Major Trauma Centre (Lon-
don, UK). Ethical approvals were granted by London 
City and East Research Ethics Committee (reference: 16/
LO/003) and the report follows Consolidated Standards 
of Reporting Trials guidance [28]. Full methodological 
details are available in the trial protocol (Supplementary 
material 1) and statistical analysis plan (Supplementary 
material 2).

Participants
Adult trauma patients (16  years old and over) were eli-
gible for inclusion if they activated the local massive 
hemorrhage protocol (MHP). The criteria for MHP acti-
vation were a systolic blood pressure < 90  mmHg, AND 
suspected haemorrhage, AND minimal response to small 
volume fluid resuscitation. This participant group was 
selected based on previous studies that identified high 
base rates of MODS (approximately 30%) in this popula-
tion [29]. Participant agreement or agreement on behalf 
of incapacitated patients was required before enrolment. 
Exclusion criteria were as follows: admission > 2  h after 
injury; intervention not attainable within 4  h of injury; 
patient not expected to survive to reach the 48 h primary 
efficacy endpoint; severe traumatic brain injury (TBI); 
pregnancy or breastfeeding; suspected non-hemorrhagic 
shock; MHP activation > 1 h after arrival; concurrent par-
ticipation in another clinical trial of an IMP, and known 
allergy to artesunate.

Informed consent procedures
Due to the emergency nature of the trial intervention, 
most participants were incapacitated at the time of eli-
gibility (e.g., critical injury, mechanical ventilation, seda-
tion). Consent on behalf of incapacitated participants 
was obtained from relatives (if present and appropriate), 
or two doctors (one independent of the trial), consist-
ent with national and international guidance [30, 31]. 

Take‑Home Message 

This single-center randomized control trial showed that intravenous 
artesunate did not reduce multiple organ dysfunction in critically 
injured patients with trauma hemorrhage. In this patient cohort, 
artesunate may be associated with increased rates of venous throm-
boembolism.
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Once a participant regained capacity, their informed 
consent was sought for continuation in the trial. For par-
ticipants that did not regain capacity, consent for con-
tinuation was sought from a relative or other appropriate 
representative.

Study intervention
Intravenous artesunate in this trial was administered 
under a clinical trial authorization. A good manufac-
turing practice formulation of artesunate was provided 
free of charge by Sigma Tau (now Alfa-Wassermann 
Spa, Italy). Approval was granted by the Medicines 
and Healthcare products Regulation Authority (ref: 
21313/0052/001-0001). Artesunate was supplied as crys-
talline powder that required re-constitution with dilu-
ent (10  mg/ml, phosphate buffer solution) immediately 
before delivery. The placebo consisted of diluent drawn to 
the equivalent volume necessary to reconstitute artesu-
nate. Artesunate or placebo was administered as a single 
intravenous bolus dose within 4 h of injury.

Randomization, group allocation and concealment
The study used a parallel-group two-stage dosing regi-
men. In the first stage participants received low dose 
artesunate (LDA, 2.4 mg/kg) or placebo based on stand-
ard malaria dosing. Following an interim review of safety 
data participants in the second stage received high dose 
artesunate (HDA, 4.8  mg/kg) or placebo based on ani-
mal studies showing superior efficacy of HDA in reduc-
ing MODS after trauma haemorrhage [15]. Participants 
were assigned to artesunate or placebo (2:1 ratio) using a 
random block-size randomization method. The randomi-
zation algorithm was generated by the trial statistician 
and validated by an external statistician. Sealed rand-
omization cards were manufactured by an independent 
provider and opened sequentially by a study investigator 
after the decision to randomize a participant. Allocations 
were concealed from the participant, clinical team and 
investigating team collecting outcomes data. Due to the 
requirement to inspect drug re-constitution visually, the 
investigator who administered the intervention was not 
blind to treatment allocation.

Assessments
Participants were screened for eligibility upon arrival to 
the resuscitation room. Their medical and trauma his-
tory was reviewed, and a pregnancy test obtained for 
women of childbearing age. After eligibility confirmation 
and consent, baseline vital signs and blood gases were 
measured, and the intervention was dispensed according 
to the randomization sequence. Pharmacokinetic blood 
samples were drawn before intervention delivery and at 
5min, 30min, 60min, 4h and 12h after administration. 

Blood samples for routine investigations were drawn at 
admission and days 1–7, 14, 21 and 28. Patient demo-
graphics, injury characteristics and treatments were 
recorded. Injury severity was estimated using injury 
severity score (ISS) [32]. Sequential organ failure assess-
ment (SOFA) scores [33] were calculated daily from 
admission to 7  days. MODS was defined as any daily 
SOFA > 5 [2]. Outcomes and safety data were reviewed 
daily until 28 days. Outcomes were also reviewed at dis-
charge and 90 days.

Endpoints
The safety endpoint was the serious adverse event (SAE) 
rate in the first 28  days. The primary efficacy endpoint 
was the SOFA scale score at 48  h after admission. Sec-
ondary endpoints included: maximum SOFA; average 
SOFA (of days 3, 4 and 5) [34]; combined time to com-
posite organ failure resolution (CTCOFR) at 14 days [35]; 
ventilator free days [36]; hospital and critical care length 
of stay (LOS); acute lung injury (ALI) [37]; acute kidney 
injury (AKI) [38]; infection [39]; prolonged (PR)MODS 
(SOFA > 5 on day 7) [2]; alive and free of MODS at 48 h; 
and mortality (28 days, discharge, 90 days).

Sample size calculation
Primary efficacy analysis was on the per-protocol (PP) 
cohort. We chose a clinically meaningful  reduction in 
48 h SOFA as a fall of two points. At 2:1 randomization, 
the study required 70 intervention and 35 control sub-
jects to detect this difference with 80% power (α = 0.05; 
σ = 3.43, t-test).

Statistical analysis
Efficacy analyses were performed on PP and intention-
to-treat (ITT) populations. The PP cohort included all 
patients randomized and treated according to the study 
protocol, whereas the ITT cohort included all patients 
randomized to their treatment allocation irrespective of 
whether they received the treatment. The safety analysis 
included all patients who received artesunate or placebo 
and was performed according to treatment received. 
Comparisons included all artesunate vs. placebo, LDA 
vs. placebo and HDA vs. placebo. Data are presented as 
median, mean and interquartile ranges (IQR) for con-
tinuous variables and numbers and percentages for cat-
egorical variables. Baseline characteristics and outcomes 
were compared using Mann–Whitney U-tests and Pear-
son Chi-squared tests. Confidence intervals (CI) on mean 
differences between group outcomes were estimated 
using non-parametric empirical bootstrap. Mortality was 
estimated using the Kaplan–Meier method. SAEs were 
analysed by number and type, and CIs were estimated 
for the difference in proportions of participants with one 



925

or more SAEs in each group [40]. Routine bloods were 
examined for safety. Plasma concentrations of artesunate 
and its active metabolite, dihydroartemisinin, were ana-
lysed at the Mahidol Oxford Tropical Medicine Research 
Unit (Bangkok, Thailand) using a validated LC–MS/MS 
[41] assay and presented graphically. The main analyses 
were done in SPSS (version 26) by JMS and validated by 
ARB using R (version 3.6.3).

Exploratory post‑hoc safety analyses
Post-hoc analyses were conducted to examine a potential 
association between artesunate and venous thromboem-
bolism (VTE). VTE was classified as deep vein thrombo-
sis (DVT), pulmonary embolism (PE) and ‘other’, which 
referred to any other thrombotic or embolic vascular 
event deemed significant by the study team and the drug 
monitoring committee (DMC). We recorded DVTs and 
PEs that were clinically diagnosed, but we did not spe-
cifically screen patients for VTE. We also determined 
if patients were commenced on daily prophylactic low 
molecular weight heparin (LMWH; tinzaparin 4500 
units) within 48 h of admission. The relative risk (RR) of 
VTE between placebo and artesunate groups was com-
pared using a Chi-squared test. Logistic regression was 
used to determine whether differences in baseline char-
acteristics (gender, shock) or receipt of early LMWH 
contributed to higher numbers of SAEs and VTE in the 
artesunate group. We also compared coagulation values 
(international normalised ratio—INR, platelet count) and 
the proportion of coagulopathic patients in each group 
defined by an INR ≥ 1.3 [42].

Exploratory post‑hoc efficacy analyses
Post-hoc linear regression was performed to determine 
whether imbalances in baseline characteristics (age, gen-
der, ISS, base deficit—BD) contributed to differences in 
the primary outcome between the groups. We also con-
ducted post-hoc subgroup analyses of outcomes in blunt 
and penetrating trauma cohorts.

Drug monitoring committee and trial steering committee 
review
The DMC reviewed the SAE profile after recruitment of 
every 15 patients. There were no formal stopping rules 
due to difficulty in assigning causality to the interven-
tion. Progress to the next stage of the trial depended on 
whether a meaningful difference in the safety profile was 
detected during the interim review. The DMC provided 
their report to the independent trial steering commit-
tee (TSC), who were responsible for recommending trial 
continuation.

Results
Participant recruitment occurred between 21st March 
2017 and 15th May 2019. Follow-up was completed by 
10th August 2019. Recruitment was suspended between 
April 30th to September 29th 2017 (pending delivery of 
a new batch of diluent), and between 30th June and 14th 
November 2018 (pending the interim review outcome). 
The trial was halted after 90 patients were enrolled, fol-
lowing a DMC review of safety data.

Study participants
During the recruitment period 211 trauma calls activated 
the MHP, from which 105 patients met eligibility criteria, 
and 90 were randomized to intervention or comparator 
groups (Fig.  1). All patients, except those who subse-
quently declined consent (n = 5), were included in ITT 
analyses (n = 85) and all patients who received artesu-
nate or placebo were included in safety analyses (n = 83). 
Seventy-five patients were evaluable for PP analysis after 
exclusions for protocol violations (n = 10).

The study cohort (Table 1, PP population) was predom-
inantly male (88%, 66/75) with a median age of 29 years 
(IQR 19–49) and 51% (38/75) had sustained penetrating 
injury. Participants were severely injured (median ISS 
22), and in shock on admission (median BD 6.2). The 
artesunate group had a lower proportion of males (81% 
vs. 100% p = 0.016), lower admission Glasgow Coma 
Scores—GCS (median 14 vs. 15, p = 0.044) and higher 
admission  BD values (median 9 vs. 4.7, p = 0.042) vs. 
placebo. Findings were similar in ITT and safety popula-
tions (Supplementary material 3 Tables 1 and 2). Plasma 
concentrations of artesunate and dihydroartemisinin 
were within the therapeutic range previously reported in 
malaria patients (Supplementary material 3 Fig. 1).

Safety endpoints
The total number of SAEs (Table 2, Supplementary mate-
rial 3 Table 3) was higher in the artesunate (vs. placebo) 
group (23 vs. 8), as was the proportion of patients who 
experienced an SAE; 31% vs.17% (17/54 vs. 5/29, relative 
risk—RR 1.8 [95% CI 0.8–4.4], p = 0.161). Further scru-
tiny showed a high proportion of SAEs in the artesunate 
group were due to VTE (48%, 11/23) vs. placebo (13%, 
1/8). There were no differences in mortality (Supplemen-
tary material 3 Fig. 2c, Supplementary material 3 Table 4a 
and b). Routine blood tests did not identify any immedi-
ate safety concerns (Supplementary material 3 Appendix 
Tables 1–10).

Early trial termination
Safety data were reviewed by the DMC after recruitment 
of 15, 30, 51 (interim analysis), 66 and 79 patients. At 
the interim review, 14 SAEs were recorded, and of these, 
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four were related to VTE and occurred in the same treat-
ment group. The DMC requested a separate analysis of 
VTE in subsequent reports. After the final DMC review, 
the trial was suspended because of further data sup-
porting an imbalance in VTE frequency between treat-
ment groups. A second ad hoc interim analysis (total 90 
patients) was requested by the TSC and compiled by the 
trial statistician (ARB). Based on this report, the TSC 
advised early termination of the trial due to a potentially 
increased VTE risk in the artesunate group, and insuf-
ficient evidence supporting superiority of artesunate in 
trauma hemorrhage, unlikely to be altered by full sample 
recruitment.

Primary efficacy endpoint
There was no statistically significant difference in 48  h 
SOFA in the PP population between study arms (median 
5.5 vs. 4, p = 0.303). This included when LDA (median 6 
vs. 4, p = 0.411) and HDA (median 5 vs. 4, p = 0.326) arms 
were analysed separately (Table 3). Findings were similar 
in ITT analyses (Supplementary material 3 Table 7a).

Secondary endpoints
There was little difference in the secondary endpoints 
between artesunate and placebo groups in both PP 
(Table 4, Fig. 2, and Supplementary material 3 Fig. 2a) 
and ITT analyses (Supplementary material 3 Table 7b 

Fig. 1 CONSORT recruitment flow diagram. HDA high dose artesunate, ITT intention-to-treat, LDA low dose artesunate, MHP major hemorrhage 
protocol, PP per-protocol, TBI traumatic brain injury. aTrauma patient who activates the MHP. bExcluded before intervention given. cExcluded 
after intervention given. dLDA ITT analysis exclusions: declined consent = 4. eLDA safety analysis exclusions: did not receive intervention = 4. One 
participant was randomized to the placebo group but received LDA in error; they were analysed in the LDA safety analysis. fHDA ITT analysis exclu-
sions: declined consent = 1. gHDA safety analysis exclusions: did not receive intervention = 2. hPlacebo ITT analysis exclusions: none. iPlacebo safety 
analysis exclusions: incorrect intervention = 1
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and Supplementary material 3 Fig.  2b). Overall, 68% 
(51/75) of patients developed MODS and 21% (16/75) 
developed PRMODS, with similar proportions in 
artesunate vs. placebo groups (MODS: 69% vs. 67%, 
PRMODS: 21% vs. 22%). Maximum SOFA scores were 
similar (median 10 vs. 9), while analysis of trajectories 
showed average SOFA scores were initially higher in 
the artesunate group but became similar between days 
5 and 7 (Fig.  2). Despite this, critical care usage was 
similar, and non-significantly lower in the artesunate 
group (median 8 vs. 11  days, p = 0.736). The overall 
90-days mortality rates were low (4%, 3/75) with no 

differences between the groups (artesunate, 4%, 2/48 
vs. placebo, 4%, 1/27; p = 0.992).

Exploratory post‑hoc safety results
Post-hoc analysis to examine the potential association 
between artesunate and VTE (Table 3) found the propor-
tion of patients with VTE was non-significantly higher in 
the artesunate group; 17% vs. 3% (9/54 vs. 1/29, RR 4.8 
[95% CI 0.6–36.3], p = 0.078). However, potentially fewer 
patients in the artesunate group received prophylactic 
LMWH within 48 h of admission; 35% vs. 53% (18/51 vs. 
15/28, RR 0.7 [95% CI 0.4–1.1], p = 0.115). Binary logistic 

Table 1 Per‑protocol population baseline characteristics

p-value compares Placebo vs Artesunate (All); Mann Whitney U test unless aPearson Chi-square test; *p < 0.05

BD base deficit, BP blood pressure, GCS Glasgow Coma Score, HD high dose, HR heart rate, ISS Injury Severity Score, LD low dose, RBC red blood cells

Statistic Placebo Artesunate (All) p value Artesunate (LD) Artesunate (HD)

N 27 48 – 31 17

Sex Male (%) 27 (100) 39 (81) 0.016*a 25 (81) 14 (82)

Total N 27 48 31 17

Age (y) Median (Mean) 30 (36) 29 (34) 0.868 29 (32) 32 (38)

IQR 18 to 54 20 to 41 19 to 39 23 to 49

Total N 27 48 31 17

Injury type Blunt (%) 12 (44) 25 (52) 0.525a 17 (55) 8 (47)

Total N 27 48 31 17

ISS Median (Mean) 20 (21) 22 (24) 0.353 25 (25) 22 (22)

IQR 9 to 34 13 to 31 13 to 34 14 to 27

Total N 27 48 31 17

Time to admission (min) Median (Mean) 88 (80) 71 (71) 0.132 74 (71) 69 (70)

IQR 55 to 102 47 to 93 48 to 94 46 to 90

Total N 27 48 31 17

GCS at admission Median (Mean) 15 (13) 14 (12) 0.044 14 (12) 14 (13)

IQR 14 to 15 11 to 15 9 to 15 12 to 15

Total N 25 46 30 16

HR (bpm) at admission Median (Mean) 110 (108) 114 (111) 0.463 118 (118) 109 (101)

IQR 88 to 123 97 to 126 105 to 128 79 to 123

Total N 27 44 28 16

Systolic BP (mmHg) at admission Median (Mean) 89 (94) 100 (97) 0.639 103 (99) 90 (92)

IQR 71 to 115 71 to 112 76 to 114 65 to 112

Total N 26 39 24 15

BD (mmol/L) at admission Median (Mean) 4.7 (7) 9 (9.8) 0.042 9.5 (9.8) 8.7 (− 0.7)

IQR 3.3 to 9.4 4.9 to 12.8 4.9 to 13.1 5 to 11.2

Total N 27 44 27 17

RBCs in 24 h Median (Mean) 6 (8) 5 (7) 0.677 6 (8) 4 (6)

IQR 4 to 8 4 to 9 4 to 9 1 to 10

Total N 27 48 31 17

Total blood products in 24 h Median (Mean) 16 (20) 13 (18) 0.890 15 (20) 12 (16)

IQR 10 to 19 9 to 26 10 to 23 7 to 29

Total N 27 48 31 17
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regression examining the effects of group imbalances on 
SAE and VTE rates (Supplementary material 3 Table  5) 
showed no effect of treatment group on the odds ratio 
(OR) of SAE or VTE; however, early prophylactic LMWH 
was associated with a reduced OR of SAE in this model 
(OR 0.248, p = 0.049). These analyses are limited by the 
small sample size. Examination of available coagulation 
parameters from admission to day 28 (Supplementary 
material 3, Table  6) showed patients in the artesunate 
group had a higher median INR values on day 1 (1.2 vs. 
1.1; p = 0.012) and day 2 (1.2 vs. 1.1; p = 0.036), and lower 
platelet counts on day 2 (Day 2, 91 vs 122; p = 0.011) 
compared with the placebo group. There were non-sig-
nificantly higher proportions of coagulopathic patients in 

the artesunate group on day 1 (33%, 16/48 vs. 13%, 3/23, 
p = 0.071) and day 2 (40%, 18/45 vs. 21%, 5/23, p = 0.123), 
despite similar proportions on admission (28%, 13/46 vs. 
26%, 7/26, p = 0.786).

Exploratory post‑hoc efficacy results
Post-hoc multiple regression examining the effects of 
imbalances in baseline characteristics on the primary 
outcome (Supplementary material 3 Table 8) found inde-
pendent effects of age, shock, and ISS on the 48 h SOFA 
score, but the observed adjusted effect of treatment was 
unchanged (48 h SOFA, β 0.34, CI − 1.4 to 2.1, p = 0.698). 
A post-hoc subgroup analysis of blunt and penetrating 
injury did not reveal any differences in efficacy or safety 
outcomes (Supplementary material 3 Tables 9a & b).

Table 2 Safety population serious adverse events to 28 days summary report

CI Confidence Interval, SAE Serious Adverse Event

Statistic Placebo Artesunate (Total) % Difference (95% CI)

Patients, N 29 54

Total number of SAEs, N 8 23

Patients with one or more SAEs, N (%) 5 (17) 17 (31) 14% (− 8 to 32)

Type of SAE, N (% of SAEs)

 Infection 2 (25) 3 (13)

 Thromboembolic 1 (13) 11 (48)

 Ischemic injury 0 (0) 0 (0)

 Organ failure 1 (13) 1 (4)

 Acute kidney injury 1 (13) 2 (9)

 Acute lung injury 1 (13) 0 (0)

 New onset major bleed 0 (0) 0 (0)

 Cardiac 1 (13) 1 (4)

 Neurological 1 (13) 1 (4)

 Other 0 (0) 4 (17)

Table 3 Safety population venous thromboembolism detailed report (post‑hoc analysis)

p value compares Placebo vs Artesunate (Total); Chi squared test; p < 0.05

HD high dose, LD low dose, VTE venous thromboembolism
* Includes: Right middle cerebral artery infarction (LD artesunate); Embolism at site of injury detected during surgical repair (LD artesunate); Occlusive expansion clot 
SMV/IMV portal vein confluence (HD artesunate)

Statistic Placebo Artesunate 
(Total)

p value Artesunate (LD) Artesunate (HD)

Total patients N 29 54 34 20

Patients with VTE N (%) 1 (3) 9 (17) 0.078 8 (24) 1 (5)

Total VTE Events N 1 11 9 2

Total PE N (%) 1 (100) 4 (36) 3 (33) 1 (50)

Total DVT N (%) 0 4 (36) 4 (44) 0

Other* N (%) 0 3 (27) 2 (22) 1 (50)

Day of first VTE Median (mean) 11 (11) 5 (6) 7 (6) 3 (3)

IQR – 1 to 8 1 to 10 3 to 3

Missing 0 0 0 0
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Table 4 Per‑protocol outcome measures

p values compare Placebo vs Artesunate (All), Placebo vs Artesunate (LD) and Placebo vs Artesunate (HD); Mann Whitney U test unless aPearson Chi-squared test; 
bComparison excludes deaths < 7 days; p < 0.05

Mean SOFA refers to the mean SOFA score between and including days 3 to 5

AKI acute kidney injury, CC critical care, CI confidence interval, CTCOFR14 Composite Time to Complete Organ Failure Resolution at 14 days, HD high dose, HR heart 
rate, LD low dose, LOS length of stay, MODS multiple organ dysfunction syndrome, PRMODS prolonged MODS, SOFA Sequential Organ Failure Assessment score, TBI 
traumatic brain injury

Statistic Placebo Artesunate (All) Mean Difference 
(95% CI)

p value Artesunate (LD) p value Artesunate (HD) p value

N 27 48 31 17

Primary outcome

48 h SOFA Median (Mean) 4 (5.3) 5.5 (6.4) − 1.1 (− 3.1 to 
0.9)

0.303 6 (6.3) 0.411 5 (6.7) 0.326

IQR 2 to 8 2.5 to 10.5 2 to 11 3 to 10

Total N 27 48 31 17

Secondary outcomes

Max SOFA Median (Mean) 9 (7.9) 10 (9.1) − 1.2 (− 3.1 to 
0.7)

0.252 10 (9) 0.313 10 (9.3) 0.345

IQR 4 to 10 5 to 12.5 5 to 12 4 to 13

Total N 27 48 31 17

Mean SOFA Median (Mean) 3.3 (5.3) 5.9 (6.2) − 0.9 (− 2.9 to 
1.1)

0.536 5 (6) 0.569 6.3 (6.5) 0.638

IQR 2 to 8.3 2.3 to 9 2.5 to 9 1.8 to 8.8

Total N 27 48 31 17

PRMODS N (%) 6 (22) 10 (21) – 0.859a,b 6 (19) 0.780a,b 4 (24) 0.973a,b

Died < 7d (%) 1 (4) 1 (2) 1 (3) 0 (0)

Total N 27 48 31 17

CTCOFR14 score Median (Mean) 4 (7.3) 5 (6.8) 0.5 (− 2.6 to 3.6) 0.640 6 (7) 0.701 4 (6.5) 0.667

IQR 1 to 15 0 to 15 0 to 15 1 to 13

Total N 27 48 31 17

VFD Median (Mean) 26 (19.7) 25 (21.1) − 1.4 (− 6.2 to 
3.2)

0.591 25 (20.3) 0.768 26 (22.5) 0.474

IQR 12 to 28 16 to 28 14 to 28 19 to 28

Total N 27 48 31 17

CC LOS, days Median (Mean) 11 (18.1) 8 (11.8) 6.3 (− 2.1 to 16.2) 0.736 8 (11.5) 0.870 9 (12.5) 0.629

IQR 3 to 24 5 to 18.5 5 to 19) 3 to 18

Total N 27 48 31 17

Hospital LOS, days Median (Mean) 28 (34.2) 25 (33.2) 1 (− 12.2 to 14.6) 0.770 25 (32) 0.779 26 (35.4) 0.838

IQR 10 to 52 9 to 42 9 to 43 9 to 41

Total N 27 48 31 17

Infection N (%) 11 (41) 19 (40) – 0.922a 11 (35) 0.681a 8 (47) 0.680a

Total N 27 48 31 17

ALI ALI Mild + (%) 20 (74) 31 (65) – 0.398a 20 (65) 0.433a 11 (65) 0.507a

Total N 27 48 31 17

AKI AKI Injury + (%) 20 (74) 40 (83) – 0.336a 25 (81) 0.549a 15 (88) 0.257a

Total N 27 48 31 17

Mortality 28d (%) 1 (4) 2 (4) – 0.922a 2 (7) 0.637a 0 0.422a

Discharge (%) 1 (4) 2 (4) – 0.922a 2 (7) 0.637a 0 0.422a

90d (%) 1 (4) 2 (4) – 0.922a 2 (7) 0.637a 0 0.422a

Total N 27 48 31 17

Alive and MODS 
free 48 h

N (%) 18 (67) 24 (50) – 0.163a 15 (48) 0.161a 9 (53) 0.363a

Total N 27 48 31 17
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Discussion
The TOP-ART blinded placebo-controlled randomized 
clinical trial evaluated the safety and efficacy of intrave-
nous artesunate in patients with severe trauma hemor-
rhage. The trial was terminated early because of safety 
concerns, with a potential imbalance of VTE rates and 
lack of evidence of treatment efficacy.

The reasons for the potentially increased VTE fre-
quency in the artesunate group are not explained by this 
study. Artesunate has been used extensively in critically 
ill malaria patients over the past two decades without 
adverse effects, and to our knowledge no previous studies 
show an association between VTE and artesunate. VTE 
has a known association with shock and coagulopathy 
in trauma populations [43, 44], and the risk increases in 
the absence of prophylactic LMWH [45, 46]. It is possible 
that the more profound shock in the artesunate group, 
coupled with reduced rates of early thromboprophylaxis 
may partially explain the difference in post-treatment 
VTE events. Higher rates of early coagulation abnormal-
ity in the artesunate group may also have contributed 
to the increase in VTE, although it is not clear whether 
these differences in coagulation are related to artesunate 
or to the degree of shock on admission. VTE prevalence 
in placebo recipients was also low (3%). Further studies 
are required to clarify whether artesunate increases VTE 
in trauma hemorrhage or whether the result is spurious.

Artesunate was well positioned as a potentially effec-
tive therapeutic agent for post-injury MODS. Our pre-
clinical research suggested that artesunate attenuated 
the severity of organ dysfunction after trauma hemor-
rhage and appeared to ameliorate maladaptive immune 
responses to injury by promoting cell survival pathways 
while inhibiting pro-inflammatory pathways [15]. These 

findings were supported by human transcriptomic stud-
ies showing upregulation of pro-inflammatory signal-
ing pathways in critically injured patients [17, 47], and 
enrichment of pathways associated with cell survival and 
death (e.g., apoptosis, necrosis) in those with MODS [17]. 
Our study design, with a defined cohort of patients at 
high risk of MODS, early therapeutic administration and 
clinically validated endpoints, aimed to address issues in 
previous human trauma trials of organ protective agents 
[5]. Our final patient cohort’s incidence and severity of 
MODS is  in line with our original projections for study 
design and sample size estimate. Despite this we did not 
identify any evidence of efficacy for artesunate in this 
indication.

The small sample size of the PP population led to 
imbalances between intervention and placebo groups. In 
particular, patients in the artesunate arm were substan-
tially more shocked on admission, and this is known to be 
a key driver of MODS [1, 34]. Post-hoc analyses adjust-
ing for shock and other baseline factors did not indicate 
a treatment effect, although these were limited by the 
sample size. The artesunate arm also had a very high pro-
portion of penetrating trauma (51%), a group thought to 
have potentially different injury responses [48] and which 
were excluded from our previous human transcriptomic 
analyses [17]. However, post-hoc subgroup analyses did 
not reveal any differences in outcomes between blunt and 
penetrating trauma cohorts. Our cohort also had com-
parably low late mortality (4%) considering the degree 
of shock and injury severity on admission [1, 2]. While 
the low mortality may be explained by the exclusion of 
patients expected to die within the first 48 h, the cohort 
may not fully represent the total trauma population at 
risk of MODS and its consequences.

Fig. 2 Mean SOFA scores (line) and standard error (bar) by day of admission for artesunate and placebo groups (per-protocol population). a All 
patients (placebo, n = 27; artsunate, n = 48); b patients with multiple organ dysfunction syndrome (MODS)(placebo, n = 18; artesunate, n = 33). 
MODS is defined as a SOFA score > 5 during days 0 to 7 after admission
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The immune response to trauma is complex, and the 
types of response that pre-dispose patients to MODS 
remain incompletely understood. The immunological 
pathways targeted by artesunate may not alter the course 
of MODS in human trauma patients. Alternatively, the 
dose and/or timing of artesunate used in our study may 
not be sufficient to achieve a therapeutic effect in human 
trauma patients. Our PK/PD analyses showed partici-
pants given a 2.4  mg/kg or 4.8  mg/kg bolus of artesu-
nate had plasma levels within the therapeutic range for 
malaria treatment. However, animal models showed a 
dose-dependent relationship for artesunate benefit so a 
higher target range, or repeat dosing, may be required 
to achieve efficacy and impact upon organ dysfunc-
tion in human trauma. Future studies that interrogate 
biobank data in this cohort may provide further insight 
as to whether artesunate impacts on the inflammatory 
response in humans, while not affecting organ dysfunc-
tion as measured by the SOFA score. Finally, the clinical 
characterization of MODS is evolving [1, 2, 34, 49] and it 
is possible that artesunate may only have efficacy against 
specific forms of MODS. Future research that matches 
underlying cell pathways to different clinical forms of 
MODS may enable more targeted patient and endpoint 
selection.

There are several limitations to this study. First, the trial 
was terminated early and did not reach full recruitment, 
limiting the power and precision of the primary end-
point assessment. While the results did not convincingly 
demonstrate a benefit for the treatment, it is possible that 
one might still exist on the primary endpoint. However, 
the 95% CI did not support the presence of a clinically 
significant reduction in the 48  h SOFA with treatment, 
and the mean scores were higher overall in the treatment 
arm. Therefore, at the time of stopping the trial there 
was no signal to suggest a clinically meaningful benefit 
of treatment. Second, despite randomization, there were 
imbalances in the baseline characteristics between treat-
ment groups, which affect group comparisons for both 
efficacy and VTE. The placebo group only included male 
participants and therefore results are most applicable 
for a male trauma population. Lastly, our study was not 
powered to detect differences in VTE rates between the 
groups. Future analyses that compare MODS and VTE 
outcomes between our dataset and matched cohorts 
from existing datasets (e.g., ACIT-2 [50]) might provide 
further insight.

In this study of critically injured trauma patients 
with major hemorrhage, artesunate did not improve 
organ dysfunction and was potentially associated with 
an increased VTE risk. Future studies that focus on 
immune responses to injury and associated clinical 

forms of MODS may elucidate the reasons for this and 
facilitate identification of alternative pharmaceutical 
agents that attenuate MODS in trauma hemorrhage.
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