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ABSTRACT

We performed a scoping review to identify the extent of the literature describing the use of
iloprost in the treatment of frostbite. lloprost is a stable synthetic analog of prostaglandin I,. As
a potent inhibitor of platelet aggregation and vasodilator, it has been used to address the post-
rewarming reperfusion injury in frostbite. The search using iloprost and frostbite as key words
and MeSH terms yielded 200 articles. We included in our review the literature examining iloprost
for the treatment of frostbite in humans in the form of primary research, conference proceedings
and abstracts. Twenty studies published from 1994 to 2022 were selected for analysis. The
majority were retrospective case series consisting of a homogeneous population of mountain
sport enthusiasts. A total of 254 patients and over 1000 frostbitten digits were included among
the 20 studies. The larger case series demonstrated a decrease in amputation rates relative to
untreated patients. Primary gaps in the literature include a paucity of randomised trials and
relatively limited study populations to date. While the case evidence is promising, a multi-centre
collaboration would be crucial to adequately power prospective randomised studies to defini-
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tively determine if iloprost has a role in the treatment of frostbite.

Introduction

Frostbite is a cold environment injury that can have sig-
nificant consequences, including amputation. Frostbite is
an occurrence of high-latitude locations and can affect
the health of indigenous people living in northern com-
munities and people active in polar regions. However,
there are still knowledge gaps in frostbite management
and resources can be limited in remote communities,
increasing challenges in management.

Frostbite occurs when the tissues are exposed to tem-
peratures below their freezing point. Ice crystal formation
(intracellular and extracellular) causes cell dehydration
and shrinkage, electrolyte disturbances, lipid and protein
denaturation and resultant cell injury and death. [1]
Following thawing, a cascade of events mediated by
thromboxane A,, prostaglandin F2alpha (PGF,), bradyki-
nin and histamine causes inflammation, vasoconstriction
of arterioles and venules, thrombus formation and emboli
in the microvessels [2]. This leads to progressive ischaemia
and further cell death, resulting in necrosis [1].

In humans, frostbite most commonly affects upper
and lower limbs and digits but can also affect other
parts of the body such as the nose and ears. Frostbite

can be described as deep or superficial and “degrees” of
severity have been used, like in burns. As per Cauchy
et al. frostbite classification, frostbite severity varies
from Grade 1 injury, which involves most distal parts
of fingers and toes, without cyanosis, to Grade 4 frost-
bite, where the cyanotic injury or haemorrhagic blisters
extend proximal to the metacarpal phalangeal or meta-
tarsal phalangeal joints [3]. The risk of amputation rises
quickly as the grade increases from a rate of 30%
proximal to the distal phalanx to 100% proximal to
the metacarpals/tarsals [3]. Other factors also affect out-
comes: delayed presentation to healthcare facility, mul-
tiple freeze-thaw cycles and delay in pharmacologic
treatment initiation [4,5].

Frostbite management has evolved slowly in the
past century. William Mills, an Alaskan physician, pio-
neered research in frostbite patients in 1960s, including
the rewarming method (rapid immersion of affected
body parts in hot water, using a whirlpool with anti-
septic solution) [6]. In 1980s, Robson, Heggers and
McCauley developed early pharmacological manage-
ment and human treatment protocols based on animal
studies. They found an elevated amount of PGF,, and
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thromboxane B, in the fluid aspirated from frostbite
blisters. They hypothesised that those arachidonic acid
metabolites and inflammatory mediators were respon-
sible for the vasoconstriction and platelet aggregation
leading to dermal ischaemia [7,8]. They incorporated
anti-prostaglandin agents (acetylsalicylic acid and ibu-
profen) as well as specific thromboxane inhibitors (topi-
cal Aloe vera) to frostbite treatment protocols in
Chicago and Detroit [8-11] (Figure 1).

Thrombolytics

In the early 1990s, the Hennepin County Medical Center
in Minneapolis piloted the use of thrombolytics in the
treatment of frostbite [12]. Thrombolytics or recombi-
nant tissue plasminogen activators (rtPA) work by bind-
ing to fibrin in a thrombus and activating plasminogen,
which causes local fibrinolysis and prevents enlargement
of blood clots in frostbitten extremities [13]. Several
thrombolytics, mainly alteplase, have been used in the
treatment of frostbite with over 15 published studies,
totalling over 300 patients [4,14]. In two systematic
reviews on the use of thrombolytics in the treatment of
frostbite published in 2019, the limb salvage rates ran-
ged from 0% to 100% [4,14]. However, the quality of the
evidence was low and some authors suggest to reserve
their use to research protocols [14]. Studies have demon-
strated a rapid loss of efficacy with delay of administra-
tion of thrombolytics. Nygaard et al. showed that the
time from rewarming to alteplase significantly impacted
amputation rate, with each hour of delayed treatment
leading to an additional 27% loss of tissue [15]. As per
the aforementioned study, alteplase should ideally be
initiated within 4 h of rewarming, with some benefits
observed up to 12 h post-rewarming [15].

Thrombolytics can be administered intra-arterial or
intravenous. However, the intra-arterial route of admin-
istration can be challenging in limited resource settings
given the need for contrast administration and angio-
graphy to perform catheter-directed intra-arterial throm-
bolysis. In Drinane et al. 2019 systematic review, intra-
arterial and intravenous thrombolysis had similar limb
salvage rates of 76.4% and 77.3% [4]. Thrombolytics carry
a risk of bleeding and haemorrhage. In a recent study
detailing bleeding complications in severe frostbite
patients treated with intravenous alteplase, 8.4% of
patients had bleeding resulting in change of manage-
ment or intervention [13].

Fibrinolysis can have a procoagulant effect (clot
extension and reformation); therefore, anticoagulants,
unfractionated heparin (UFH) and low-molecular weight
heparins (LMWH), have been used as adjunctive therapy
in thrombolytics protocols [2]. LMWH has a number of

advantages over UFH: LMWH are administered subcu-
taneously as opposed to an intravenous infusion, they
have a more predictable anticoagulant effect, and they
are less likely to induce immune-mediated thrombocy-
topenia [16]. Heparin is not recommended as mono-
therapy in frostbite owing to insufficient data [2].

lloprost

lloprost was developed in Germany in 1980s and has
been used in Europe intravenously for Raynaud’s dis-
ease, peripheral arterial disease, Buerger's Disease, cri-
tical leg ischaemia and systemic sclerosis [17-20].
lloprost use in the treatment of frostbite was first docu-
mented by Groechenig in Austria [21].

lloprost is a stable synthetic analog of prostaglandin |,
(prostacyclin or epoprostenol) mimicking its endogenous
properties: potent inhibition of platelet aggregation and
vasodilation [22,23] (Figure 1). When platelets become
activated after endothelial injury, prostacyclin prevents
them from adhering to the surrounding endothelium
[24]. It is known that the balance between prostacyclin
and thromboxane governs vascular tone and iloprost
inhibits the vasoconstriction induced by thromboxane
A, [22,23]. lloprost may also have fibrinolytic properties
by stimulating the release of endogenous tissue plasmi-
nogen activator or counteracting its inhibition [23].
lloprost may reduce oxidative stress from free radicals,
making it a favourable agent to mitigate the reperfusion
injury [23]. Finally, it could also decrease neutrophil adhe-
sion and chemotaxis but the evidence is tenuous [23].

lloprost administered intravenously is distributed
into tissues within 4 min and is eliminated within 30
min. Its effect on platelet aggregation is quickly rever-
sible (within 2 h) but its prostacyclin mimetic effect may
interrupt the vicious cycle of activation and amplifica-
tion between activated platelets, leukocytes and
damaged endothelium because long-lasting effects
have been observed in patients with chronic ischaemia
[23]. It is suggested that intermittent iloprost treatment
augments endogenous prostanoid activity sufficiently
to interrupt the cycle of activation and amplification,
thereby restoring physiological balance [23].

Tolerance to iloprost is variable but adverse reactions
are clearly dose related [23]. Headaches and facial flushing
are the most common adverse reactions and can gener-
ally be avoided by titrating up the dosage progressively
[23]. They also cease shortly after the infusion is discon-
tinued. A recent study in patients with systemic sclerosis
observed that overweight and obese patients were more
susceptible to iloprost adverse effects [25].

Of interest, iloprost decreases peripheral vascular
resistance and mean arterial blood pressure with only



a mild increase in heart rate and cardiac index [23]. It
increases renal blood flow but has a natriuretic effect,
which is independent of the haemodynamic change
[23]. Due to these characteristics, iloprost is currently
investigated in septic shock patients with persistence of
microperfusion disorders [26].

Other prostaglandin analogues

lloprost is not available in the United States, and there
are anecdotal reports of the use of epoprostenol in
frostbite. The ephemeral nature of epoprostenol hin-
ders its use clinically [23]. It has a shorter elimination
half-life (3-6 min compared to 30 min for iloprost) and
is more chemically unstable than iloprost [23]. In pul-
monary arterial hypertension, due to its pharmacoki-
netics, epoprostenol has to be given by continuous
intravenous administration via a permanent central
venous catheter and a portable infusion pump [27].
Problems in the delivery system resulting in an abrupt
interruption in the administration of the drug or inad-
vertent administration of a bolus have been associated
with serious consequences in patients with pulmonary
arterial hypertension, including death [28]. Where other
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prostanoids are not available, epoprostenol has also
been used to treat patients with severe Raynaud's
Phenomenon refractory to conventional treatments
and when acute therapy is needed, in intravenous infu-
sions of 6-24 hours for 2 to 5 days [29]. We could find
reports of its use for frostbite in three publications from
the United States [30-32] as well as upon communica-
tion with American peers.

Alprostadil, also known as prostaglandin E;, is
another prostaglandin used in frostbite for its vasodilat-
ing properties, but the experience is limited to Korea,
the United States and China [33-35]. It has been used
as an intravenous infusion for 24 h along with NSAIDs
[33] or as an adjunct to thrombolysis, injected intra-
arterial prior to thrombolytic administration to dilate
the spasmodic microvessels [34,35].

There is a growing number of publications on the use
of iloprost in frostbite but there are small patient num-
bers in each study, and the data is heterogeneous given
the lack of standardised treatment protocols. The limited
available evidence was not amenable to a systematic
review, therefore we conducted a scoping review using
methodological guidelines developed by international
experts [36,37].

\
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Figure 1. Conversion of arachidonic acid to thromboxane and prostaglandins and their known analogues, inhibitors and roles

(adapted from references 8, 22, 23 and 24).
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Objectives

The aim of this study is to scope the literature on the
use of iloprost for the treatment of frostbite to describe
this area of research. The study is particularly interested
in all primary research conducted to date in order to
characterise how this question has been examined and
what gaps in knowledge exist. As a scoping review,
rather than commenting on the effectiveness of iloprost
to treat frostbite, the study instead aims to describe
how this question has been investigated. Specifically,
the study addresses the following questions:

e What methodologies have been used to study the
role of iloprost in the management of frostbite?

¢ In what populations (e.g. geographic location of
study, cause of frostbite, patients’ comorbidities,
severity of frostbite, extent of injury) has iloprost
been studied?

e What iloprost treatment protocols have been stu-
died (dose, route, duration)?

e What treatments have been used along with ilo-
prost (method of rewarming, NSAIDs, thromboly-
tics, anticoagulants, antiplatelets, wound care,
Hyperbaric Oxygen Therapy, etc.)?

e What outcomes are being used to measure the
efficacy of iloprost for the treatment of frostbite
and what is the reported efficacy of iloprost?

e What is known about the safety of iloprost in the
management of frostbite?

Methods
Protocol registration

As recommended by scoping review guidelines [37],
the protocol was published on the free, open-access
platform Open Science Framework to promote knowl-
edge translation and methodological transparency.

Inclusion criteria

To be included in the review, the literature must:

(1) Be primary research examining iloprost for the
treatment of frostbite in humans, or
(2) Be a conference or congress proceeding or abstract.

Primary research was included because the paper’s
goal is to describe how, where and on whom iloprost
has been studied to treat frostbite. In line with the
overarching goals of a scoping review to include
a breadth of knowledge in various forms, grey

literature conference proceedings and abstracts were
included. This ensured that any data not officially pub-
lished in peer-reviewed journals were captured in the
analysis.

The following literature types were excluded:

(1) Any review methodology,

(2) Treatment guidelines or protocols,

(3) Grey literature (government reports, news arti-
cles, blog posts, etc.) apart from the above, or

(4) Studies including any non-freezing cold injury
(e.g. perniosis/chilblains, Trench foot disease or
frostnip).

Reviews and treatment guidelines/protocols were
excluded because the goal of the study is to describe
the primary literature, rather than any larger analysis of
or expert opinion on this literature. By excluding non-
primary literature, the review will be able to focus more
directly on delineating how iloprost for the treatment
of frostbite has been studied thus far, and what gaps in
research exist. Similarly, grey literature that did not
pertain to primary research on iloprost for frostbite
(i.e. Government reports, news articles, blog posts)
were excluded because this form of knowledge will
not contribute to a description of the nature of scien-
tific knowledge regarding iloprost for frostbite, nor any
gaps in this area of inquiry. Articles describing iloprost
for non-freezing cold injuries were excluded as these
injuries represent clinical entities distinct from frostbite
that are not the subject of this review.

In order to capture the complete temporal and
geographic study of iloprost for frostbite, no restric-
tion on publication date, language, or location was
used. Non-English articles were translated using
a combination of Google Translate and input from
native-language speakers.

Search strategy

The search strategy was constructed in consultation
with a Doctor of Philosophy in Library Sciences.
Medline, Embase, CINAHL, EBM Reviews were searched
with a combination of iloprost and frostbite as key
words as well as using MeSH terms in title, abstract
and all fields. Web of Science, Scopus and Medline
Conference proceedings were searched with the same
key word and MeSH term strategy. Finally, a targeted
search for grey literature was conducted using a list of
pertinent conferences. See Figure 2 for a complete list.
Articles were saved and organised in Zotero. The most
recent search was executed on 15 December 2022.
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American Burn Association Annual Meeting

Canadian Burn Conference
European Burns Association Congress
European Emergency Medicine Congress

Wilderness Medicine Society Annual Conference

Canadian Association of Emergency Physicians Annual Meeting
Canadian Association of Wilderness Medicine Annual Wilderness Medicine Conference

International Society for Mountain Medicine Conference
Annual Rural & Remote Medicine Course (Society of Rural Physicians of Canada)

Figure 2. Grey literature sources.

Search

Ovid MEDLINE(R) and Epub Ahead of Print, In-Process,
In-Data-Review & Other Non-Indexed Citations, Daily
and Versions <1946 to 15 December 2022>

1 frostbite.sh. 2435

2 iloprost.sh. 2115

31and 216

4 iloprost.ti. or iloprost.ab. 2637
52o0r43011

6 frostbite.ti. or frostbite.ab. 2817
7 1or6 2236

8 5and 7 23

Selection of studies

Two reviewers (JG and AP) performed an initial title/
abstract screen to exclude ineligible articles. A short list
of articles was then generated which underwent a full-
text review. A final list of articles to be included in the
analysis was generated using the predetermined inclusion
and exclusion criteria. The inclusion and exclusion of
studies was documented on a Google Drive Sheet. Any
disagreements on study eligibility were reconciled by
discussion and consensus with the third reviewer (DMJ).

Data extraction

All data were extracted independently by the three
authors from eligible studies using a Google Drive
Sheet. The following variables were extracted when
available: city and country where the patients were
treated, study design, number of patients treated with
iloprost, patient demographics (age, sex, comorbid con-
ditions), event leading to frostbite, frostbite severity,
extremities involved (lower/upper/both), number of
digits affected, time from injury to rewarming and
rewarming to iloprost initiation, rewarming method,
iloprost dose and duration, other medications/therapies
used (including Hyperbaric Oxygen Therapy), wound

care, imaging used, digit amputation/salvage rate and
adverse reactions.

Data analysis

A basic descriptive analysis was performed (number of
studies, localisation, number of patients treated with
iloprost, and number of digits involved).

Results
Selection of studies

Synthesis of results

Figure 3 presents a flow diagram of the process for
selection of studies. Twenty studies were included in
this review. Table 1 presents the characteristics of the
studies included. The language of the included study is
specified below the author name/year if different from
English. There is a mention of “(Abstract)” below the
author's name/year if the study was published as
a conference or congress proceeding. The total number
of patients treated with iloprost from all studies, per-
centage of male patient, patient age (mean) and the
total number of digits affected (when available) is also
reported.

Frostbite treatment details are presented in Table 2,
including iloprost dose and duration, other medications
used, description of wound care when available and the
use of Hyperbaric Oxygen Therapy (HBOT).

Finally, the main treatment outcomes measured,
outcomes reported, and adverse drug events reported
are summarised in Table 3. Only outcomes of patients
treated with iloprost are reported to simplify and sum-
marise pertinent outcomes to this review. lloprost out-
comes are presented as n (%). Results from statistical
analysis (chi-square or Fisher's exact tests, analysis of
variance, Mann - Whitney test, logistic regressions,
and subgroup analysis) are not included in the table
for simplification purposes but are reported in the
discussion when pertinent.
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Articles identified by database
search, expert consultation, and
reference lists (n=81)

v

| Total articles identified (n=200)

v

| Articles that underwent full text review after removal of duplicates (n=54)

¥

l Atrticles included in analysis (n=20)

Figure 3. Selection of studies flow diagram.

Table 1. Overall characteristics of included studies.

Articles identified by searching select
grey literature sources (n=119)

|4>| Duplicates removed (146)

Full text articles excluded based on
inclusion/exclusion criteria (34)

Reason for exclusion

Review (12)

No use of iloprost (11)

Not regarding frostbite (4)
Protocol/guideline (3)
Proceeding of included study (3)
Ongoing trial (1)

Number of Percentage Number of
patients treated  of male Patient Predisposing Frostbite digits
Included Study Country Study Design with iloprost patients  age, mean event severity affected
Groechenig 1994 Austria Case report 5 80% 35 Sport, substance 2nd and 3rd -
[21] use, paralysis degree
Hodl 2005 [38] Austria Case report 2 100% 37 Sport 1st, 2nd and 20
[German] 3rd degree
Roche-Nagle Ireland Case report 1 100% 47 Homelessness, Severe 10
et al. 2008 [39] substance use
Imray et al. 2009  England Case report 1 - n/a Sport - 8
[40]
Cauchy et al. France Randomised 32 100% 32 Sport Stage 2-4 301
2011 [41] controlled trial
Gorjanc et al. Slovenia Case series 7 - n/a Sport Deep -
2012 [42]
[Slovenian]
Haik J et al. 2016 Nepal, Israel Case series 4 75% 30 Sport Grade 1-4 -
[43]
Cauchy et al. France Case series 78 - - - Grade 2-4 -
2016 [44] (iloprost versus
(Abstract) other therapies)
Poole & Gauthier Canada Case report 2 100% 45 Sport Grade 3 10
2016 [45]
Lindford et al. Finland Case series 4 - - n/a Severe n/a
2017 [46]
Pandey et al. Nepal Case series 5 100% 39 Sport Grade 2-4 34
2018 [47]
Gorjanc et al. Slovenia Case report 2 100% 25 Sport Deep -
2018 [48]
(Abstract)
Irarrazaval et al. Nepal Case report 1 100% 60 Sport Grade 2 and 5
2018 [49] 3
Jud et al. 2019 Austria Case report 1 100% 45 Sport Grade 2 -
[50]
Lorenzo-Villalba France Case report 1 0% 83 Chronic disease - -
et al. 2021 [51] (Cold Agglutinin
Disease)
Poole et al. 2021 Canada Case series 22 77% 39 Sport, substance Grade 2-4 142
[52] use, car trouble, work,
psychiatric disorder
MacLennan et al. Canada Case report 1 100% 48 Car trouble Grade 2 1
2021 [53]
Magnan et al. Switzerland, Prospective single- 58 93% 33 Sport, work, Grade 3 and 238
2021 [54] France arm study homelessness 4
Magnan et al. Switzerland Case report 1 100% 36 Sport Grade 3 10
2022 [55]
Crooks et al. Canada Case series 26 89% 36 Substance use, Grade 2-4 242
2022 [56] (iloprost versus car trouble, work,
standard of care) sport, unknown
All studies n/a n/a 254 88% 42 n/a n/a >1000

“-"= information not available, “n/a"= not applicable.
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Discussion
Summary of evidence

lloprost has garnered interest in the treatment of frost-
bite, a condition where in advanced cases the risk of
amputation is high without treatment. We analysed 20
studies describing the use of iloprost for frostbite, pub-
lished from 1994 to 2022. The vast majority of studies
examining this question are retrospective case series
consisting of the fairly homogenous population of
extreme mountain sport enthusiasts. Nevertheless,
there exists a base of scientific knowledge, with 254
treated patients identified in our review, including over
1000 frostbitten digits, from which further inquiry can
be pursued. The primary gaps in the literature include
the paucity of high-quality randomised trials and rela-
tively limited study populations to date. Below we will
discuss our results in detail as framed through the
guiding questions of this study.

Where and in what populations has iloprost for
frostbite been studied?

According to the publications available, treatment of
frostbite with iloprost was first described in Austria,
then Ireland, England, France, Slovenia, Nepal and
Israel (Table 1). Publications from Canada arose in
2016. No studies from the United States could be
found. The geography of studies can likely be explained
by the increased prevalence of frostbite in these coun-
tries and the limited availability of iloprost, as it is not
commercially available in the United States and only
available in Canada through Health Canada Special
Access Program since 2015.

The population in which iloprost has been studied is
fairly homogeneous. Most patients identified by this
review were males in their 40s. There were no children
or pregnant patients identified. Sports was the leading
cause of frostbite, present as a predisposing event in 15
studies [21,38,40-43,45,47-50,52,54-56]. Most patients
developed frostbite while engaging in sports such as
alpinism, hiking, climbing, mountaineering, trekking,
running and paragliding. Many injuries occurred at
high altitude where the risk of poor outcome may
increase due to hypoxaemia, impaired vasodilation
and dehydration [57].

Substance use only contributed to frostbite in four
published studies [21,39,52,56]. Crooks et al.’s retrospec-
tive case comparison studied a predominantly inner-city
population [56]. Of the 26 cases treated with iloprost,
81% were smokers, 73% used alcohol regularly, 12%
used opioids, 50% used stimulants and 35% were

unhoused. Intoxication was the circumstance resulting
in frostbite injury in 19 patients (73%). More data is
required to generalise the treatment effect of iloprost in
frostbite. Focusing on adventure athletes may result in
describing the best-case scenario of treating healthy
individuals without comorbidities.

The terminology used to describe frostbite severity
varied across studies. Cauchy'’s classification [3] was the
most commonly used, but several studies did not specify
the scale they used to grade frostbite severity. The most
published data described patients with frostbite severity
of Grade 2 to 4. Some studies graded the injuries clini-
cally (visual grading), while others used imaging (angio-
graphy or bone scan) to grade severity. MacLennan et al.
used intravenous indocyanine green fluorescence to
visualise microvasculature and assess iloprost treatment
response [53]. This raises the issue of grading clinically
versus using imaging studies such as angiography,
nuclear medicine or fluorescence, especially in resource-
limited settings. A gap in the literature exists that vali-
dates clinical grading relative to advanced imaging.
Future studies should explicitly state how frostbite is
graded in order for potential treatment effects to be
identified for specific frostbite grades and to enable
comparison between study populations.

In all studies, frostbite occurred on the hands, feet, or
digits. The number of digits affected was not consis-
tently detailed but totalled over 1000. The distribution
of affected digits, whether upper of lower extremities,
was not consistently described. Some authors suggest
that the long-term outcome may be affected by the
location of the lesions [5]. No studies included other
areas that can be affected by frostbite, such as the
torso, face, ears or nose.

How has iloprost for frostbite been studied?

The majority of publications were case reports (11),
followed by case series (7), one prospective single-arm
study and one randomised controlled trial (Table 1).
There is a paucity of prospective, randomised clinical
trials comparing iloprost’s efficacy and/or safety to
other treatments for frostbite. Only one randomised
controlled trial was identified, which enrolled 47
patients and compared iloprost to iloprost and alte-
plase as well as to buflomedil (all combined with acet-
ylsalicylic acid) [41]. A subsequent publication from
Cauchy et al. with the same treatment arms (as well
as an additional group who did not receive any treat-
ment) described a larger number of participants (N=
131) [44]. However, it was only published in the form of
an abstract and the details are limited.



The number of patients treated with iloprost in each
study ranged from 1 to 78 patients, totalling 254
patients. The largest studies published were Cauchy
et al. 2016 (N=78), Magnan et al. 2022 (N=58),
Cauchy et al. 2011 (N =32), Crooks et al. 2022 (N = 26)
and Poole et al. 2021 (N =22). There exists the possibi-
lity of cases overlap between the different publications
owing to the fact that four groups produced two cases
series each (Cauchy et al,, Gorjanc et al., Poole et al. and
Magnan et al.) [41,42,44,45,48,52,54,55]. At most, the
overlap would produce redundancy in 37 patients.

While case reports and case series generally cannot
produce widely generalisable conclusions, in this case
they have helped to lay a foundation of clinical experi-
ence and knowledge regarding the use of iloprost to
treat frostbite. Given the fact that frostbite is a relatively
rare disease, there will likely need to be longstanding,
multicenter collaboration in order to adequately power
randomised controlled trials.

What iloprost protocols have been studied to treat
frostbite and what other therapies have been
included?

We identified a diverse range of treatment protocols in
which iloprost was used to treat frostbite (Table 2). Several
studies began treatment with rewarming of the affected
tissues. However, the rewarming method was not consis-
tently described. Eight studies reported rapid rewarming
with immersion in hot water [41,42,44-46,49,52,54].
Others simply stated that rewarming had occurred.

The time from frostbite injury or rewarming to ilo-
prost treatment ranged from less than one hour to
nine days. Some reported time from the injury or first
onset of symptoms to presentation to hospital, while
others reported time from rewarming to treatment
initiation (warm ischaemia time). The most common
iloprost dose used for frostbite was 0.5 to 2 ng/kg/min
or 2 to 10 mcg/hour infused for 6 h daily, which is
consistent with dosing used in Raynaud’'s [17].
However, the duration of daily iloprost infusions varied
from 1 to 10 days, with some extending the infusions
to 56 days. The optimal iloprost duration in frostbite is
yet to be determined.

Almost all studies reported numerous concomitant
therapies with iloprost. The most commonly used were
non-steroidal anti-inflammatories (acetylsalicylic acid, ibu-
profen) in 16 studies [38,39,41-44,46-52,54-56]. There is
uncertainty as to whether acetylsalicylic acid or ibuprofen
is effective in frostbite. Since their use was popularised in
1980s, this hypothesis has not been verified [8-11].

Alteplase was used in five studies [41,44,46,52,56]
and mostly in combination with iloprost. In the
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Cauchy et al. randomised controlled trial, the risk
of amputation was lower in the iloprost group com-
pared to the iloprost and alteplase group, however
there were more severely frostbitten digits in the
iloprost and alteplase group [41]. The benefit of
the combination has yet to be confirmed.
A randomised control trial is underway in Finland
to compare iloprost to alteplase efficacy [58].

Unfractionated heparin (UFH) and low molecular
weight heparins (LMWH) were also frequently used in
the studies included in this review. As described pre-
viously, evidence supports the use of heparin as adjunc-
tive therapy in thrombolytic protocols, but heparin or
enoxaparin/dalteparin have been used in conjunction
with iloprost alone in eight of the studies included in
this review [21,38,39,42,43,48,50,55]. Whether UFH or
LMWH offer additional benefit when combined with
iloprost requires further investigation.

Wound care was not consistently described and
varied. Debridement and daily hydrotherapy were
common.

Hyperbaric oxygen therapy (HBOT) was used in
six studies [42,43,48,49,54,55]. Many studies did not
describe their HBOT protocol beyond the number of
days they used the treatment for. Magnan et al.
(2021) provided a detailed description of how
HBOT was used in their study [54]. They initiated
the first HBOT session as close to the time of injury
as possible. The duration was 150 min at 2.5 atmo-
sphere absolutes (ATA), which is equivalent to 2.5
times the atmospheric pressure at sea level. Patients
received daily HBOT sessions for 150 min at 2.5 ATA
for seven days while in hospital and another seven
days after discharge, for a total of 14days. This
protocol for HBOT was the most detailed of all the
studies in this review.

What outcomes measures are being used in the
study of iloprost for the treatment of frostbite?

Most studies reported the rate of amputation of the
area affected by frostbite (Table 3). Some used the
number of digits amputated over the total patient
digits affected to calculate a rate of amputation, some
reported the amputation rate per frostbite severity,
while others used patients requiring one or more
amputations over patients affected by frostbite.
Magnan et al. described their amputation rate by seg-
ment (each phalanx or each metacarpal or metatarsal)
and by ray (four segments or three segments for the
thumb or the hallux) [54]. The use of a standard quan-
tification tool such as the Hennepin score would be
useful to compare future studies results [59].
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Some studies presented pictures of wound appear-
ance or described digit and limb function on follow-up
[38-40,42,45-47,49-51,55]. There was often limited
information on potential chronic issues in patients
who avoided amputation such as vasomotor distur-
bances, neuropathic and nociceptive pain or damage
to skeletal structures [60]. The duration of follow-up
was often short.

With regards to safety and adverse reactions, 10 of
20 studies described iloprost tolerance [38,41,42,45-
47,51-53,56].

What were the studies’ findings?

Within the aforementioned methodological limitations,
the literature suggests that treatment of frostbite with
iloprost is associated with reduced amputation rates
(Table 3). Some of the strongest evidence comes from
Cauchy et al. (2011) [41]. Percentage of amputation of
affected digits across treatment arms and for all stages
of frostbite were 39.6% in the buflomedil group, 3.1% in
the iloprost and alteplase group, and 0% in the iloprost
alone group.

In their later publication, Cauchy et al. (2016) also
demonstrated an association between iloprost and
reduced amputation rates in the treatment of frostbite
[44]. For grade 4 frostbite, the amputation rate in
patients receiving no pharmacologic intervention or
aspirin and buflomedil was 100% but the amputation
rate was 67% with iloprost and 44% when combining
iloprost and alteplase.

Poole and Gauthier, across their 2016 and 2021
papers, showed a combined digit amputation rate of
0% for Grade 2 and Grade 3, and 50% for Grade 4
frostbite [45,52].

Crooks et al. also showed reduced amputations
among patients treated with iloprost [56]. They
included 90 patients, where 26 were treated with ilo-
prost and 64 received standard care. For Grade 2 frost-
bite severity, there were no amputations in either
group. However, significantly lower digital amputation
rates were seen among patients treated with iloprost
compared to controls for Grade 3 (18% vs 44%, p <
0.001) and Grade 4 (46% vs 95%, p < 0.001) severities.

Interestingly, Magnan et al. (2021) showed that
patients treated with iloprost in combination with
HBOT required less amputation than patients treated
with iloprost alone [54]. The authors compared
a prospective group of patients with Grades 3 and 4
frostbite treated with iloprost and HBOT to a historical
control group who had received iloprost alone. Patients
who received iloprost and HBOT had a significantly
higher number of preserved segments per patient

(mean 13) compared to a historical group treated with
iloprost alone (mean 6) and the odds ratio was signifi-
cantly higher by 45-fold (p < 0.001).

The association between iloprost treatment and
reduced amputation rates was not seen in all studies.
For example, a case series by Haik et al. showed that
two of four patients with varying degrees of frostbite
severity required amputation [43]. One patient with
Grade 3 and 4 injuries to both hands required 10 digital
amputations. Another patient with Grade 4 and Grade 2
to 3 injuries to their right hand and left foot, respec-
tively, required a right palm and four left-toe amputa-
tions. Another case report by Irarrazaval et al. described
a patient with Grades 2 and 3 frostbite who required
some degree of amputation for each digit despite ilo-
prost treatment [49]. One publication described the
case of an unfortunate elderly patient with Cold
Agglutinin Disease and Raynaud’s who presented
seven days after cold exposure with extensive cyanosis
to feet and hands [51]. The patient was treated unsuc-
cessfully with iloprost and eventually passed. Some
authors suggest that even if amputation was unavoid-
able in certain subjects, amputations were performed
on a smaller scale with iloprost [42].

While there is still no direct comparison of iloprost
versus alteplase, in the study from Lindford et al,, ilo-
prost was used if there was a contraindication to throm-
bolysis, angiographic findings suggesting vasospasm or
nonresponse to thrombolysis [46]. One patient had
a minimal response to alteplase but had complete
reperfusion after iloprost infusion, suggesting iloprost
may have benefits when thrombolytics failed [46].

lloprost is believed to maintain its efficacy even if
initiated later post-rewarming compared to thromboly-
tics. In Cauchy et al.’s studies, treatment benefit with
iloprost was evident even if treatment was started more
than 12 h after injury [41] and up to 48 h [44]. Pandey
et al. attempted to evaluate if delayed iloprost use up
to 72 h would help reduce tissue loss in Grades 3 and 4
frostbite [47]. In their case, a series of patients evacu-
ated from Himalayan peaks, four received treatment
between 48 and 72 h from injury. Two of the patients
treated with iloprost had excellent results with minimal
tissue loss and two had good results with tissue loss
less than expected. One patient with a poor outcome
likely experienced a freeze-thaw-refreeze injury. Other
authors observed iloprost benefit despite delayed initia-
tion of iloprost 70-h post injury [55] and five-day post-
rewarming [40].

Relatively minor side effects (headache, nausea,
flushing) were common, which is consistent with the
non-frostbite literature [17-20]. Occasionally more rare
but serious side effects (symptomatic hypotension,



bleeding) resulted in iloprost discontinuation [42,56].
There was limited information on the safety and toler-
ability of iloprost and alteplase/heparin combination.
As illustrated in Table 3, most studies show some
association between iloprost and reduced amputation
rates. Adverse effects from iloprost were generally infre-
quent and mild, though some more clinically significant
adverse events were reported. Given the significant lim-
itations of study design and population across the vast
majority of studies found in this review, adequately pow-
ered randomised controlled trials are needed to demon-
strate the efficacy and safety of iloprost to treat frostbite.

Limitations

A scoping review methodology is limited in general
insofar as it cannot determine a treatment’s efficacy. In
our case specifically, this scoping review does not and
cannot comment on whether iloprost is effective for the
treatment of frostbite. Rather, this scoping review maps
how iloprost has been studied to date, summarises the
studies’ findings, and identifies gaps in research.

We opted to include various forms of publications,
including grey literature. Two studies included in this
review were published in scientific journals’
“Correspondence” section [21,41] and two were inter-
national conferences’ abstracts [44,48]. They were short
publications with limited details.

Conclusions

This scoping review highlights how the vast majority of
data on iloprost for frostbite has come from retrospec-
tive case analysis of young, healthy males, who devel-
oped frostbite engaging in high altitude or cold
weather activities. There is a paucity of high quality,
prospective, randomised data derived from heteroge-
neous study populations. In addition, this study serves
as a road map for the ongoing inquiry of iloprost to
treat frostbite. Key issues to be addressed by future
research are utilising a consensus frostbite severity
grading scale, carefully selecting an iloprost dosing
and adjuvant regime and employing reproducible and
clinically meaningful outcome measurements. Given
frostbite’s low prevalence, multi-centre collaboration
will be crucial to adequately power any prospective
randomised studies in order to definitively determine
if iloprost has a role in the treatment of frostbite.
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