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A main cause of trauma morbidity and mortality is multiple-organ failure, and endotheliopathy has been implicated. Pilot studies
indicate that low-dose prostacyclin improves endothelial functionality in critically ill patients, suggesting that this intervention may

We conducted a multicenter, randomized, blinded, clinical investigator-initiated trial in 229 trauma patients with hemorrhagic
shock who were randomized 1:1 to 72 hours infusion of the prostacyclin analog iloprost (1 ng/kg/min) or placebo. The primary
outcome was the number of intensive care unit (ICU)—free days alive within 28 days of admission. Secondary outcomes included

The mean number of ICU-free days alive within 28 days was 15.64 days in the iloprost group versus 13.99 days in the placebo
group (adjusted mean difference, —1.63 days [95% confidence interval (CI), —4.64 to 1.38 days]; p = 0.28). The 28-day mortality
was 18.8% in the iloprost group versus 19.6% in the placebo group (odds ratio, 1.01 [95% CI, 0.51-2.0]; p = 0.97). The mean
hospital length of stay was 19.96 days in the iloprost group versus 27.32 days in the placebo group (adjusted mean difference,

Tloprost did not result in a statistically significant increase in the number of ICU-free days alive within 28 days of admission,
whereas it was safe and a statistically significant reduction in hospital length of stay was observed. Further research on prostacyclin
in shocked trauma patients is warranted. (J Trauma Acute Care Surg. 2024;96: 476-481. Copyright © 2023 The Author(s). Pub-

lished by Wolters Kluwer Health, Inc. on behalf of the American Association for the Surgery of Trauma.)
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7.84 days [95% CI, 1.66-14.02 days], p = 0.01).
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raumatic injury is the fourth leading cause of death globally and
the leading cause of death in patients younger than 45 years.'
The main causes of death in trauma patients are exsanguination
and multiple-organ failure including traumatic brain injury.
Endothelial dysfunction and damage have been indepen-
dently associated with development of multiple-organ failure
and mortality in trauma patients, and furthermore, sympathetic
activation has been reported to be independently associated with
both endothelial dysfunction and mortality.* © This pathophysiol-
ogy has also been identified in patients suffering from other types
of shock such as sepsis, myocardial infarction, and out—of-hosl?ital
cardiac arrest and is entitled shock-induced endotheliopathy.
Prostacyclin (PGI,) is an endogenous prostanoid formed
and released by endothelial cells with paracrine function includ-
ing dose-dependent vasodilation and platelet inhibition being
the rationale for its use as a pharmacological therapy for patients
with primary pulmonary hypertension and critical limb
ischemia.®? In the new millennium, multiple beneficial effects
of prostacyclin on the endothelium were reported.'®'® In clini-
cal trials in critically ill patients in the intensive care unit
(ICU), the use of low-dose (0.5-2.0 ng/kg/min) continuous infu-
sion of prostacyclin as compared with placebo was safe.!” 2
The aim of the present randomized controlled trial was,
therefore, to investigate the safety and the efficacy of 72 hours
infusion of the synthetic prostacyclin analog iloprost at a dose
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of 1 ng/kg/min as compared with placebo on the number of
ICU-free days alive within 28 days of admission in trauma pa-
tients with clinical signs of hemorrhagic shock.?’

PATIENTS AND METHODS

Study Design and Patients

This is a Scandinavian multicenter, randomized, placebo-
controlled, blinded, investigator initiated pilot trial of low-dose
continuous infusion of iloprost versus placebo for 72 hours in
trauma patients with clinical signs of hemorrhagic shock. The
study was conducted at Copenhagen University Hospital—
Rigshospitalet, Odense University Hospital, Odense and Skejby
University Hospital, Aarhus, all in Denmark, and at Oslo Univer-
sity Hospital in Norway following CONSORT guidelines (Sup-
plemental Digital Content, Supplementary Data 1, http://links.
Iww.com/TA/D354).%

Inclusion criteria were adult (18 years or older) patients
presenting with clinical signs of hemorrhagic shock (defined by
systolic blood pressure of <90 mm Hg or prehospital blood trans-
fusion), activation of the local massive transfusion protocol and
initiation of the first transfusion after admission, randomization
within 5 hours of injury and 3 hours of admission to the emer-
gency department of the participating trial site, and consent pro-
vided on behalf of incapacitated patients by a scientific guardian.

Exclusion criteria were withdrawal from active therapy,
known hypersensitivity to iloprost, pregnancy (nonpregnancy
confirmed in female patients by a negative urine or blood preg-
nancy test or age 260 years), known severe heart failure (New
York Heart Association class IV), suspected acute coronary syn-
drome, and estimated weight of <40 kg.

Sample Size and Power

The power calculation was based on data from patients ad-
mitted to Copenhagen University Hospital—Rigshospitalet that
were included in the iTACTIC (Implementing Treatment Algo-
rithms for the Correction of Trauma-Induced Coagulopathy)
trial (NTC 02593877) having the same inclusion and exclusion
criteria as the present trial.>"** A clinically relevant increase in
the primary endpoint from 15 days to 19.5 days equaling 30%
with a = 0.05 and power of 0.85 required 107 patients in each
1:1 randomization group. The study was stopped when 110 pa-
tients had started the intervention in both groups.

Randomization and Masking

The randomization sequence was done in permuted blocks
of variable sizes stratified per trial site using centralized,
concealed allocation. The randomization sequence was generated
1:1 (active/placebo) using the online randomization software
Sealed Envelope (https://www.sealedenvelope.com/). Once gen-
erated, the randomization sequence was formatted and uploaded
into the electronic research database REDCap (http://
projectredcap.org/) to facilitate centralized, web-based allocation
according to local written instruction. The randomization se-
quence was printed and signed by two independent individuals
and stored in a sealed envelope in the sponsor’s trial master file.

The patient randomization at each site was conducted in
REDCap, where each patient was given a unique study ID number.
The randomization sequence was concealed from all clinicians,

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Association for the Surgery of Trauma.

patients, investigators, and statisticians and first shown in RED-
Cap after completion of all trial-related procedures, and statisti-
cal analyses were finalized.

To circumvent selection bias, researchers and health care
personnel were blinded to the treatment assignment. Furthermore,
to avoid investigator, health care staff, and patient performance and
detection bias, patients were randomized to receive either iloprost
or placebo similar in color, consistency, and volume. Blinded
study and nonstudy personnel recorded clinical data and analyzed
blood samples. All randomized patients continued to be included
in the assessments of safety and efficacy. Also, all analyses of the
endpoints were performed by blinded personnel.

Outcomes

The primary outcome was the number of ICU-free days
alive within 28 days of admission (where death during the ICU
stay gave the score of 0). Secondary outcomes included 28- and
90-day all-cause mortality, hospital length of stay, vasopressor-free
days within 28 days, ventilator-free days within 28 days, renal
replacement-free days within 28 days, and number of serious ad-
verse reaction (SAR) and serious adverse event (SAE) (defined
as ischemic events including intestinal or limb ischemia, myo-
cardial infarction [ST elevation myocardial infarction], or cere-
bral ischemia [verified by computed tomography] within the
first 4 days of admission [SAEs that were neither SAR, ischemic
events, nor endpoints were not recorded]).

Treatment

Iloprost (Ilomedin; Bayer AG, Leverkusen, Germany) at a
dose of 1 ng/kg/min or placebo (equal volume of saline) was ad-
ministered as a continuous intravenous infusion for 72 hours.

Procedures

All patients were assessed from randomization (day 1)
through day 90. Adverse events were recorded from time of sig-
nature of informed consent and graded according to the Com-
mon Terminology Criteria for Adverse Events, version 5.0.
Causality®* was assessed by the investigators for SAESs.

Statistical Analysis

The primary outcome was analyzed using linear regres-
sion adjusted for site. Effect size was summarized using adjusted
mean differences with confidence intervals (Cls) based on ro-
bust standard errors because residuals were not expected to be
normally distributed. The same analysis was used to continuous
secondary outcomes. Binary outcomes were analyzed with lo-
gistic regression, and effects were reported as logistics regres-
sions. G-computation—based conversions of effect measures to
risk ratios and risk differences were conducted. All analyses
were conducted following the intention to treat (ITT) principle
(the primary analysis), and a per-protocol analysis was con-
ducted for the primary endpoint. Analyses were conducted in
the ITT population unless explicitly written otherwise. In all
analyses, the iloprost group is the reference group. All Cls are
95% intervals.

Ethics

The protocol was approved by the National Ethics Com-
mittee (H-19014482), the National Data Protection Agency,
and the National Medicines Agency. The study was registered
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at ClinicalTrials.gov. The study was conducted at North European
trauma centers in accordance with Good Clinical Practice guide-
lines and the principles of the Declaration of Helsinki. Written
informed consent, in accordance with national legislation, was
obtained from the patient's surrogate and confirmed by the pa-
tients who regained consciousness.

RESULTS

Study Participants

Between May 24, 2019, and August 14, 2021, 576 pa-
tients were screened and 242 were randomized, among whom
123 were allocated to iloprost and 119 to placebo (Fig. 1). A to-
tal of 119 patients in the iloprost group and 110 patients in the
placebo group started the intervention and were included in the
ITT analysis. Patient characteristics are presented in Table 1.
Most patients (79%) were male suffering severe trauma (median

ISS, 24) predominantly from blunt trauma (71%). They had
syndecan-1 level indicative of severe endotheliopathy of the gly-
cocalyx at admission to the hospital. They required a median of
4 U of red blood cells, 6 U of plasma, and 2 U of platelets in the
first 24 hours from hospital admission.

Primary Outcome

In the ITT population, the mean number of ICU-free days
alive within 28 days of admission was 15.64 days versus 13.99 days
(adjusted mean difference, —1.63 days [95% CI, —4.64 to
1.38 days]; p = 0.28) in the iloprost group versus the placebo group,
respectively (Table 2). Also, no statistically significant difference
was found in the per-protocol population (p = 0.23).

Secondary Outcomes

The 28-day mortality was 18.8% in the iloprost group ver-
sus 19.6% in the placebo group (odds ratio, 1.01 [95% CI,
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Figure 1. CONSORT diagram.
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TABLE 1. Patient Characteristics
Iloprost (n = 119)

Placebo (n = 110)

Age,y 50 (31-65) 46 (30-65)
Sex
Male 96/119 (81%) 84/108 (78%)
Female 23/119 (19%) 24/108 (22%)
Cause of injury
Traffic 56/119 (47%) 51/108 (47%)
Fall 21/119 (18%) 19/108 (18%)
Violence or self-harm 33/119 (28%) 30/108 (28%)
Other 9/119 (8%) 8/108 (7%)
Primary injury mechanism
Penetrating 35/119 (29%) 31/108 (29%)
Blunt 84/119 (71%) 77/108 (71%)
Time to treatment start
From injury, median (IQR), h 3.0(24-3.9) 2.7 (2.1-3.5)
From admission, median (IQR), h 1.7 (1.4-2.2) 1.6 (1.2-2.3)

Admission clinical characteristics

HR, bpm 110 (89-130) 100 (79-120)

sBP, mm Hg 100 (80-120) 98 (80-120)

GCS score 14 (7.5-15) 13 (5.8-15)

ISS 22 (16-34) 25 (16-34)
Admission laboratory analyses

pH 7.28 (7.19-7.34) 7.26 (7.15-7.31)

Calcium, mmol/L 1.09 (1.03-1.17) 1.08 (1.01-1.16)

Glucose, mmol/L 11 (8.9-14) 11 (8.8-15)

Lactate, mmol/L 4.5(24-8.0) 43 (2.5-6.9)

Base excess, mmol/L =5.7 (-10 to —3.2) =5.7 (9.6 to —3.3)

Hemoglobin, mmol/L 7.6 (7.0-8.4) 7.5 (6.7-8.6)

Leukocytes, 10°/L 14 (11-19) 13 (9.3-18)

Platelet count, 10°/L 223 (173-260) 229 (185-287)

Creatinine, mmol/L 96 (85-120) 99 (82-120)

PTINR 1.1(1.0-1.2) 1.1(1.0-1.2)

APTT, s 26 (23-31) 26 (23-30)

Syndecan-1, ng/mL 62.7 (29.4-149.8) 56.8 (33.1-138.1)
Prehospital blood products

Plasma, U 1(0-2) 0(0-2)

RBC, U 0(0-2) 0(0-1)

Platelets, U 0 (0-0) 0 (0-0)

Total, U 2(0-3) 0(0-2)
Blood products at 24 h

Plasma, U 7 (4-14) 6 (4-12)

RBCs, U 6 (3-10) 6(2-9)

Platelets, U 2 (1-3) 2 (1-3)

Total, U 15 (9-25) 14 (7-24)
Blood products at 28 d

Plasma, U 8 (5-15) 8 (4-17)

RBC, U 7 (4-15) 9 (4-16)

Platelets, U 2(14) 2 (14

Total, U 18 (10-34) 19 (10-35)

Data are median (IQR) or number (%).

APTT, activated partial thromboplastin time; GCS, Glasgow Coma Scale; HR, heart
rate; IQR, interquartile range; ISS, injury severity score; PT-INR, prothrombin time interna-
tional normalized ratio; RBC, red blood cell; sBP, systolic blood pressure.

0.51-2.0]; p = 0.97). The 90-day mortality was 19.8% versus
20.2% (odds ratio, 0.98 [95% CI, 0.50-1.93]; p = 0.96) in the
iloprost group versus the placebo group, respectively. The mean

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Association for the Surgery of Trauma.

vasopressor-free days within 28 days was 19.86 days versus
18.07 days (adjusted mean difference, —1.75 days [95% CI,
—4.44 to 0.94 days]; p = 0.21), the mean ventilator-free days
within 28 days was 18.03 days versus 16.40 days (adjusted mean
difference, —1.58 days [95% CI, —4.63 to 1.47 days]; p = 0.31),
and the mean RRT-free days within 28 days was 23.11 days ver-
sus 22.99 days (adjusted mean difference, —0.03 days [95% CI,
—2.49 to 2.54 days]; p = 0.98) in the iloprost group versus the
placebo group, respectively. The mean hospital length of stay
was 19.96 days versus 27.32 days (adjusted mean difference,
7.84 days [95% CI, 1.66-14.02 days]; p = 0.01) in the iloprost
group versus the placebo group, respectively (Table 2). This dif-
ference was not a result of differences in the proportions of early
deaths or early discharges between groups (Supplemental Digi-
tal Content, Supplementary Figure 1, http:/links.lww.com/TA/
D355). Furthermore, exploratory analyses of the potential im-
pact of patient age (65 years or older vs. younger than 65 years),
sex, ISS (25 or higher vs. <25) and trauma mechanism (blunt vs.
penetrating) on the effect of iloprost versus placebo was con-
ducted finding no significant differences. In patients with ISS
at or higher than 25, however, the number of ICU free days at
28 days was 10.5 days versus 0 days (p = 0.07) in the iloprost
versus the placebo group. Regarding hospital LOS at 90 days,
in patients younger than 65 years, the number of days was
11 days versus 18 days (p = 0.06) in the ilopost and placebo
groups, respectively, and in patients with ISS <25, it was 8 days
versus 18 days (p = 0.05) in the ilopost and placebo groups, re-
spectively. Similarly, in patients suffering blunt trauma, it was
19 days versus 21.5 days (p = 0.08) in the ilopost and placebo
groups, respectively (Supplemental Digital Content, Supple-
mentary Table S1, http:/links.lww.com/TA/D356).

Safety Outcomes

No significant difference between groups was found re-
garding 24-hour and 28-day transfusion requirements (Table 1)
or SAEs and reactions (Table 2), evaluated on the ITT and safety
populations.

DISCUSSION

In this multicenter randomized trial, we did not find a sta-
tistically significant difference in the number of ICU-free days
alive within 28 days of admission among trauma patients with
clinical signs of hemorrhagic shock and severe endothelial gly-
cocalyx damage allocated to iloprost or placebo for 72 hours.
Apart from a significant reduction in the number of days in hos-
pital in the iloprost group, no significant difference in any of the
secondary outcomes was observed. The observed difference in
hospital LOS between groups equals $25.900,00 per trauma pa-
tients suffering hemorrhagic shock and being treated with
iloprost in saved hospital costs.

Endotheliopathy has been reported to be independently
associated with poor outcome in patients suffering trauma and,
in particular, shedding of the protective endothelial glycocalyx,
as evidenced by increased levels of the circulating proteoglycan
syndecan-1, which has consistently been reported.* ® The glyco-
calyx is composed of the membrane-spanning backbone mole-
cules of proteoglycans, glycosaminoglycans, and glycoproteins.
Together with associated plasma proteins, these molecules cover
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TABLE 2. Primary and Secondary Outcomes (ITT Population)

Iloprost Placebo Adjusted Difference of the Means (95% CI) or Risk Ratio
m=119) (n=110) (95% CI) p
Mean days alive and free of intensive care at 28 d 15.64 13.99 —1.63 (—4.64 to 1.38) 0.28
Mean days alive and free of mechanical ventilation at 18.03 16.40 —1.58 (—4.63 to 1.47) 031
28d
Mean days alive and free of vasopressor therapy at 28 d 19.86 18.07 —1.75 (4.44 t0 0.94) 0.21
Mean days alive and free of renal replacement therapy at 23.11 22.99 0.03 (—2.49 to 2.54) 0.98
28d
Mean hospital length of stay at 90 d 19.96 27.32 7.84 (1.66-14.02) 0.01
Mortality at 28 d 22/117 (18.8%)  21/107 (19.6%) 1.01 (0.58-1.76) 0.97
Mortality at 90 d 23/116 (19.8%) 21/104 (20.2%) 0.99 (0.56-1.70) 0.96
Any serious adverse event(s) within 7 d 4/119 (3.4%) 5/108 (4.6%) 1.38 (0.29-8.46) 0.62
Any serious adverse reaction(s) within 7 d 1/119 (0.8%) 0/108 (0%) 0.00 (0.00—-1.00) 0.26

the lumen of the whole vasculature.>> Given its central position
between the bloodstream and the endothelium, the glycocalyx is
the frontline regulator of numerous physiological functions, in-
cluding shear stress, mechanotransduction, anti-inflammatory
and anticoagulatory responses, and vascular permeability.*®
The shock-induced sympathetic activation with release of high
levels of catecholamines secondary to hemorrhage is a pivotal
driver of the shedding of the glycocalyx.*

Prostacyclin is an endogenous prostanoid formed and re-
leased by endothelial cells with paracrine function including
dose-dependent vasodilation and platelet inhibition. Prostacy-
clin also has pleiotropic cytoprotective effects on the endothe-
lium including synthesizing endothelial glycocalyx constituents
(hyaluronic acid),'®!'! which we believe is particularly pivotal in
shocked trauma patients with high glycocalyx shedding. Fur-
thermore, it acts on prostaglandin I (IP;) receptors on endothelial
progenitor cells leading to re-endothelium formation in damaged
vessels'? upregulating VE-cadherin responsible for tight-junction
integrity, that is, preventing capillary leakage'?; inducing perox-
isome PPAR attenuation of NF-kB and TNF activation in ischemia-
reperfusion injury, which minimizes the inflammatory hit on the
endothelium'%; and protecting against ischemia-reperfusion injury
through the PGI,-PPARa-HEME oxygenase-1 signaling pathway
that provides robust rejuvenation of the damaged endothelium.

The finding of no beneficial effect of iloprost on the pri-
mary and secondary outcomes, apart from the clinically relevant
reduction in number of hospital days, contrasts our recent finding
of a beneficial effect of low-dose iloprost infusion for 72 hours on
sequential organ failure assessment score in mechanically venti-
lated COVID-19 patients with severe endotheliopathy as com-
pared with placebo.?” A potential explanation for the observed
difference may be that, as opposed to trauma, where glycocalyx
shedding is reported to be the main cause of endotheliopathy,®°
in COVID-19 cleavage of thrombomodulin from the endothelial
cell membrane, perturbing the protein C system anticoagulation
dominates®® and that this explains the observed differences. It
could also be speculated that difference in the affected vital organs
between the trauma and COVID-19 patients influences the ben-
eficial effect of iloprost. It should be noted, however, that the
significant 7-day shorter hospital stay in the iloprost group
could not be explained by differences in early mortality or dis-
charges in one of the groups. Therefore, it is tempting to spec-
ulate that the intervention with iloprost may be responsible for

this difference by mitigating the endotheliopathy, but this needs
further investigation.

In exploratory analyses, we found that, in patients with
ISS at or higher than 25, those receiving iloprost had 10.5
ICU-free days within 28 days compared with none in the pla-
cebo group, suggesting a potential benefit in the most severely
injured patients warranting further investigation. Similarly, con-
cerning hospital LOS at 90 days, in patients younger than
65 years, or patients with an ISS lower than 25 or those suffering
blunt trauma, there was a trend toward a shorter hospital stay in
the iloprost groups. Since several different subgroups of trauma
patients respond similarly, this finding suggests also a potential
generalized beneficial effect of iloprost.

No significant difference in 24-hour and 28-day transfu-
sion requirements between groups was observed, suggesting
no adverse effect of iloprost on hemostasis. Also, no significant
difference in SAE and SAR between groups was observed, indi-
cating that iloprost at a dose of 1 ng/kg/min is safe in trauma pa-
tients with hemorrhagic shock.

The present study is limited by only including Scandina-
vian trauma centers. Furthermore, because of the known hetero-
geneity in trauma patients with hemorrhagic shock, the present
study may have been underpowered to detect a clinically rele-
vant effect of iloprost, further illustrated by the exploratory anal-
yses. Furthermore, it cannot be excluded that a higher dose of
iloprost and/or a longer treatment period may be more beneficial
than what has been tested in the present study.

In conclusion, low-dose iloprost did not result in a signifi-
cant increase in the number of ICU-free days within 28 days in
trauma patients with hemorrhagic shock. However, a significant
reduction in hospital length of stay was observed in the iloprost
group. No safety concerns related to iloprost were observed. Fur-
ther research is needed to fully understand the effect of prostacy-
clin in trauma patients with shock-induced endotheliopathy,” and
the exploratory analyses suggest that the most severely injured pa-
tients with ISS at or higher than 25 should be investigated first.
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