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ABSTRACT
Introduction: Open fractures with significant soft
tissue injury are associated with high rates of
complications, such as non-union, infection, chronic
pain and disability. Complications often require further
inpatient care, and in many cases, multiple operations
and prolonged rehabilitation. Use of hyperbaric oxygen
therapy as an adjunct to standard orthopaedic trauma
care has the potential to reduce the complications of
musculoskeletal injury and thus improve outcomes.
Two previous randomised trials have suggested some
positive effect, but neither functional measures nor
long-term outcomes were reported.
Methods and analysis: An international, multicentre,
randomised, open-label, clinical trial. Patients with
trauma with an acute open fracture of the tibia with
severe soft tissue injury (Gustilo grade 3) and high risk
of injury-related complications were recruited from
participating major trauma hospitals with hyperbaric
facilities. Patients were enrolled with the expectation of
commencing 12 sessions of hyperbaric oxygen therapy
within 48 h of injury. The primary outcome measure is
the incidence of acute complications of the open
fracture wound at 14 days. Other short-term outcome
measures include amputation, need for fasciotomy,
time until wound closure, breakdown of closed
wounds, time until definitive orthopaedic fixation,
number of operative procedures, intensive care stay
and hospital stay. Long-term follow-up will continue
for 2 years postinjury.
Ethics and dissemination: Ethics approval was
given by The Alfred Health Human Ethics Committee
(206/04) and the Monash University Human Research
Ethics Committee (CF07/4208). Approval was also
obtained from the institutional research ethics
committee at each participating site. This study will
make a significant contribution to the trauma literature
and should answer the question of whether hyperbaric
oxygen therapy can significantly improve outcomes in
severe lower limb trauma. Collective study results will
be published in international journals and presented at
relevant conferences.
Trial registration number: Clinicaltrials.gov:
NCT00264511; Australian New Zealand Clinical Trials
Registry (ANZCTR): ACTRN12607000559415.

INTRODUCTION
Orthopaedic trauma is common and respon-
sible for a high level of social and personal
cost as well as increased hospital resource
use.1 2 Fractures are the most common of all
forms of hospitalised trauma, accounting for
36% of all injury hospitalisations in
Australia.3 The detailed epidemiology of
orthopaedic injury is complex, with widely
varying incidences reported for various frac-
ture types, with some real geographical dif-
ferences as well as methodological reasons
for this. While the majority of fractures are
closed, open fractures are of particular
importance as they present more complex
management challenges, and are associated
with higher risks of complications. Open
fractures are also more frequently associated
with higher energy trauma and more severe
soft tissue injury. The overall incidence of
open long bone fractures has been reported
as 11.5/100 000 persons per year with the
majority of these being severe tibial frac-
tures.4 Tibial shaft fractures are one of the
most common long bone fractures. The inci-
dence of these fractures seems to have fallen
somewhat over recent years, but there are
still around 14–17 fractures reported per
100 000 per year in developed nations,5 6

with around one in five of these being
open.7

Strengths and limitations of this study

▪ A prospective, randomised study with blinded
outcome scoring.

▪ Open-label design with standard trauma care as
the control.

▪ Multiple centres involved from a variety of
countries.

▪ Very slow recruitment.
▪ Target enrolment reduced from initial plans.
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Open tibial fractures with significant soft tissue injury
are associated with particularly high rates of complica-
tions. Lengthy healing time, delayed or non-union,
infection, wound breakdown, compartment syndrome
and osteomyelitis are frequently reported.8 9 Many of
these problems require extended inpatient care, and
often multiple operations with prolonged rehabilitation
requirements, and high associated costs.9 10 In addition
to clinical outcomes, disability and inability to return to
work are common, along with chronic pain. These
adverse outcomes often persist for 12 months or more
following orthopaedic trauma.11–14

Hyperbaric oxygen (HBO) has the potential to reduce
the complications of orthopaedic injury and thus
improve outcomes. HBO has been used as a treatment
for crush injury and compartment syndromes in a
limited number of centres around the world, and is
often recommended in hyperbaric medicine-specific lit-
erature.15–17 The basis for this and clinical experience
published to date have been systematically reviewed
recently.18–22 While individual studies show promising
results, the consensus is that further clinical investigation
is required before HBO can be endorsed strongly
enough for changes to be made to existing trauma
systems and trauma centre infrastructure.
A large variety of animal models of soft tissue flap

ischaemia have demonstrated the ability of HBO to pre-
serve acutely ischaemic tissue and improve flap survival,
while others have demonstrated substantially accelerated
and improved quality of healing of muscle, tendon, per-
ipheral nerve and bone.15 16 23–29 HBO can significantly
reduce post-trauma oedema, moderate inflammatory
processes and upregulate various endogeneous antioxi-
dant systems. HBO during or immediately after ischae-
mia can inhibit ischaemia-reperfusion injury via
mechanisms that include inhibition of ß2
integrin-mediated neutrophil adhesion during reflow.
This effect does not inhibit neutrophil-mediated bacter-
ial killing which is, by contrast, enhanced.30 Bacterial
killing is known to be highly oxygen dependent, and
HBO can maximise endogeneous and pharmacological
antibacterial activity via neutrophils as well as by directly
inhibiting anaerobes and augmenting the action of anti-
biotics, such as aminoglycosides which are impaired in
hypoxic conditions. HBO also accelerates angiogenesis
and fibroblast function to improve healing of problem
wounds.15 All these actions are attractive in the setting
of orthopaedic and soft tissue trauma.31

In humans, the effect of HBO on tibial shaft fractures
fixed with intramedullary nailing has been studied with
a randomised controlled trial. A positive effect was
observed on arterial flow and local skin perfusion mea-
sures, suggesting improved soft tissue perfusion and oxy-
genation in the postoperative days.32 A second
randomised controlled trial looking at the effect of
HBO therapy in the management of severe limb injury
involving crush injuries also provides evidence for some
efficacy of HBO in severe limb injury. Thirty-six patients

with Gustilo Grade 2 or 3 crush injuries, not limited to
tibial fracture, were assigned in a blinded, randomised
fashion to receive HBO or placebo within 24 h of
surgery and, subsequently, twice daily over 6 days.
Seventeen patients in the HBO group versus 10 in the
placebo group achieved complete healing (p<0.01), and
further surgery was required in one of the HBO group
versus six in the placebo group (p<0.05).33 Neither of
these studies reported on subsequent outcomes follow-
ing these encouraging acute effects.
A randomised, sham, controlled, pilot study of HBO

in Gustilo 3b and 3c tibial shaft fractures was conducted
at The Alfred Hyperbaric Service in Melbourne in
2001/2002. Seventeen patients were entered into this
study, and many logistic and practical issues involved in
the management of severe trauma patients were identi-
fied and resolved. The study numbers were insufficient
to produce any statistically significant outcome differ-
ences, but this pilot and our ongoing registry activities
gave us injury incidence data on which to base predic-
tions of enrolment rates for future studies, as well as
informing our later selection of protocol and data
points for the Hyperbaric Oxygen in Lower Limb
Trauma (HOLLT) study.
The HOLLT project started with the forming of an

international steering group which reached agreement
upon many of the key study design features and the
practicalities of conducting a multicentre randomised
controlled trial. More than 50 sites expressed interest in
participating, although only a small proportion was
ultimately able to join the study. The detailed study data
set was then developed by a Monash University working
group with input from the initial group of international
collaborators.
In designing this study, we concluded that severe lower

leg injury was the most suitable target for a randomised
controlled trial of the effects of HBO on acute musculo-
skeletal injury. Severe open fractures of the tibia are
associated with high rates of complications such as osteo-
myelitis and non-union.8 Infection rates for complex
fractures with severe soft tissue injury graded as Gustilo
3b have been reported to be in the range of 25–50%,34–36

and with amputation rates in the range of 4–16%.1

Gustilo 3c tibial fractures (vascular injury present) are
associated with major complication rates of up to 100%
and amputation rates of 60% or more.37–41 The complica-
tions of wound breakdown and infection are also
common after high-energy pilon fractures.42 We hypothe-
sise that by reducing soft tissue complications, early treat-
ment with HBO will improve outcomes.

Objectives
To investigate the study hypotheses that a course of
HBO will reduce the rate of short-term and long-term
complications of lower limb injury involving tibial frac-
ture with severe soft tissue injury, and that this will be
associated with measurably improved functional and
quality of life outcomes for patients.
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Note: At the time of finalising the manuscript for this
paper, enrolments had closed, but data collection was
ongoing and results had not been analysed. The proto-
col that follows has been edited to suit publication, but
accurately reflects the details included in the HOLLT
Protocol 8.1 dated 27 May 2011 and the Study Manual
V.4.0 dated 18 June 2010 which are the current docu-
ments being followed by all collaborators in this project.
These documents, as well as previous versions, are held
on file at Monash University, and are available from the
Principal Investigator upon request.

METHODS AND ANALYSIS
Trial design
This trial was designed as an international, multicentre,
randomised, clinical trial of a therapeutic intervention
(HBO therapy) versus no intervention, in addition to
standard clinical care. The surgical team initially operat-
ing upon the patient was blinded until after initial
surgery was completed. Once consent was obtained and
the patient was enrolled, allocation was made on a 1:1
randomised basis to either the hyperbaric treatment or
to the control group. From this point onwards, the treat-
ing team, data collectors and all subsequent care provi-
ders have not been blinded. Outcome assessors
reviewing data in order to determine derived, scored or
arbitrated outcomes are all blinded to patient identity,
intervention group allocation and the collaborating site
managing the patients whose data they are reviewing.

Setting and participants
Adult trauma patients with severe lower leg injuries
admitted to participating major trauma hospitals with
HBO facilities.

Inclusion criteria
▸ Persons who have suffered an acute open fracture of

the tibia with severe soft tissue injury and a high risk
of injury-related complications as judged by an assess-
ment of the injury, the injury mechanism(s) and the
host status. Most were expected to be graded as
Gustilo Grade 3.

▸ Minimum age 18 years (or older where local consent
procedures require this).

▸ Enrolment within 48 h of injury with the expectation
of start of HBO therapy as soon as practical.

Note: the enrolment window was initially set at 24 h, but
was increased to 48 h early on in the study. The decision
was based upon logistic difficulties of early enrolment in
many cases, and the consensus clinical experience of
the researchers who felt that HBO could still offer sig-
nificant effects even if started up to 48 h.
▸ Permission to enrol patient granted by the trauma

team managing the patient.
▸ Consent from patient or person responsible, as deter-

mined by local law.

Exclusion criteria
▸ Other injuries, instability or resuscitation/intensive

care requirements judged by the trauma surgeon, or
intensive care specialist, to be incompatible with safe
HBO therapy.

▸ Patients suffering advanced medical conditions where
the severity of the condition was such that the patient
was not expected to survive for the follow-up period.

▸ Patients suffering psychiatric disorders, or having
incurred the injury through a self-harm or suicide
attempt.

▸ End-stage peripheral vascular disease, or other limb
problems which would be expected to progress to
amputation, ulceration or gangrene over the
follow-up period, had the injury not happened.

Note: Vascular disease or diabetic neuropathy affecting
the injured leg was acceptable, and in some cases may
be a risk factor leading to the fracture being considered
severe, provided the disease severity is not such that
early amputation would be the likely or preferred treat-
ment for the injury.
▸ Contraindications to hyperbaric therapy including

pregnancy.

Interventions
Participants were randomised 1:1 to either the HBO or
No HBO group. The HBO group received HBO therapy
in addition to standard trauma care, while the No HBO
(control) group received standard trauma care only.
Those who chose not to participate in this research trial
received the same medical and nursing care that would
normally be provided for trauma victims presenting to
the treating hospital.
For patients in the HBO treatment group, the aim was

for them to receive a total of 12 HBO sessions over
approximately 8 days, unless circumstances prevented
this, for instance, where the patient was progressing well
enough to be discharged from hospital. HBO treatment
was provided using pressure/time schedules selected
from existing protocols by each participating centre,
aimed at delivering a dose approximately bioequivalent
to 90 min of oxygen breathing at 2.4 atmospheres abso-
lute pressure. Treatments were delivered twice daily for
the first 3 days except where competing care require-
ments made this logistically impossible. Scheduling vari-
ability was allowed with respect to the timing and profile
of each session in accordance with the logistic practical-
ities of operating a hospital-based hyperbaric medicine
centre. Overall, HBO patients received therapy as would
occur in normal clinical practice outside of a research
study, and in many cases were treated alongside patients
being treated for other indications. Less than 12 HBOT
sessions were accepted as a full course if the patient was
able to be discharged from the acute hospital before the
planned 12 HBO sessions could be delivered. For
outcome analysis by therapy delivered, the successful
provision of 6 HBO sessions was arbitrarily chosen as

Millar IL, et al. BMJ Open 2015;5:e008381. doi:10.1136/bmjopen-2015-008381 3

Open Access



qualifying the patient for analysis as having received a
successful course of HBO therapy.

Primary outcome
The primary outcome measure for this study is the inci-
dence of acute fracture wound complications after
injury. This is a composite measure defined as the occur-
rence within 2 weeks of injury of one or both of signifi-
cant soft tissue necrosis developing after the initial
surgery, or significant wound infection.
▸ Significant soft tissue necrosis will be determined

based upon the amount of tissue surgically debrided
after the initial surgery. Minimal trimming of skin
edges removing no more than a few millimetres of
tissue to clean the surface of a wound which was not
obviously necrotic will be considered normal surgical
practice and will not be scored as indicating ‘signifi-
cant necrosis’.

▸ Wound infection occurring during the acute phase
will be assessed via review of data based upon those
used in the USA Centre for Disease Control guide-
lines for assessing surgical wound infections.43

▸ The final adjudication on any cases where the pres-
ence of infection or necrosis is equivocal will be
determined via review of available clinical data,
photos and X-rays by clinical adjudicators not
involved in the patient’s care and blinded to the iden-
tity and location of the patient, and the allocation to
HBO or no-HBO group.

▸ The target time point for recording of this primary
outcome data was approximately day 14, or when the
patient was discharged from hospital where discharge
occurred earlier. In cases where early discharge
occurred, follow-up data is pursued to identify any
readmissions for complications.

Secondary outcomes
Early secondary outcome measures: The day 14 and hospital
discharge data set includes the following data: date, time
and nature of all operative procedures, the undertaking
of fasciotomy or amputation, time until bone coverage
and until skin closure and methods used, breakdown of
closed wounds where this occurred, nature and timing
of orthopaedic fixation(s), length of stay in ICU, length
of stay in the acute hospital, and for patients receiving
HBO therapy, the details of HBO sessions provided
including any side effects or complications.
Late secondary outcome measures: The late secondary out-

comes are derived from clinical, radiological and ques-
tionnaire data collected at reviews scheduled for
approximately 3, 6, 9, 12, 18 and 24 months. From this
data, assessments will be made for the occurrence of soft
tissue infection, osteomyelitis, any other wound compli-
cations, whether the patient is able to bear weight, and
the number and nature of any other surgical procedures
that have been required.
The primary indicator that delayed or non-union has

occurred is the recording of a bone graft having been

undertaken, or use of non-standard adjuncts such as
electrical stimulation. The indicators for late deep infec-
tion include prolonged courses of antibiotics and/or
debridement surgery. For any such outcomes that may
be unclear, blinded data and imaging review will be per-
formed by two independent orthopaedic surgeons who
will adjudicate the final recorded outcome.
Functional and quality-of-life outcome measures

include the return-to-work component of the Sickness
Impact Profile, a simple comparative global disability
scale and a visual analogue pain scale. At 12 months and
2 years, a language-appropriate version of the SF36 ques-
tionnaire, and the lower limb injury component of the
Short Musculoskeletal Functional Assessment are
recorded.
The scoring of radiological union is based upon

blinded review of X-rays taken at 3, 6, 9, and 12 months,
and at 18 months and 2 years in cases not united at
12 months. Review and scoring of radiographs will be
performed by assessors who are blinded to the trial
group allocation and the time at which the radiographs
were taken postinjury. Interobserver and intraobserver
consistency will be determined.

Sample size and power calculation
At the start of this trial, a sample size of 250 persons was
selected to provide 80% power to detect a reduction in
the incidence of a defined set of acute complications
from 30% to 15% at p=0.05. Selection of 30% as the esti-
mated control complication rate was based upon our
pilot study data and is mid-range with respect to pub-
lished complication rates for the injuries targeted.
The sample size was subsequently revised to 120

patients following a review of the viability of the HOLLT
Study triggered by slow recruitment. An assessment of the
blinded outcome data available for the first 40 patients
showed an event rate of 51.2% which was higher than was
expected, and a doubling of the event rate upon which
the study was powered. The Data Safety and Monitoring
Committee provided support to the study’s Project
Management Group for this change to occur.

Recruitment
Recruitment methodology varied between participating
institutions, as proved practicable. Identification of
patients variously involved the emergency department
and/or trauma teams, trauma and orthopaedic sur-
geons, anaesthetic staff and others. Where available,
computerised admission and operating theatre data
were reviewed. The aim was for patients to be identified
upon presentation or during initial trauma surgery, but
on occasions, patients were identified from secondary
sources after the initial surgery had been completed.
The aim was for enrolment to be pursued at the earliest
opportunity so that, if an enrolled patient were allocated
to receive HBO, then the first session would be able to
commence as soon as possible after completion of initial
surgery. Figure 1 shows the study timeline.
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Randomisation and blinding
Participating patients were allocated a randomly gener-
ated identification code, and were assigned to the HBO
intervention or the control group via a computerised
block randomisation schedule, stratified by site to
reduce the risk of disproportionate allocation to one
group or the other at any one site. Confirmation of
enrolment, allocation of a study identification number
and allocation to intervention group were obtained via
secure log on to a web-based randomisation service
based at the Coordinating Centre at the Department of
Epidemiology and Preventive Medicine (DEPM),
Monash University, thus ensuring allocation conceal-
ment. The computer programme providing this service
is maintained by an information technology specialist
independent of the research team, and investigators
cannot make changes. All interactions with this study
enrolment, allocation and ‘Web Entry Data System’
(WEDS) have been and continue to be logged and time-
stamped. Each investigator or research nurse enrolled
patients onto the WEDS and obtained intervention
group allocation only after informed, written consent
was obtained, which many times occurred after the first
acute trauma surgery procedures. The surgeon initially
operating on the patient was in all cases kept blind to
the intervention group allocation until the initial surgi-
cal procedure was completed. Investigators, clinical
teams and patients in this study were also blinded to the
therapeutic intervention until completion of the first
surgical intervention.
The scoring of outcomes derived from primary data,

and the adjudication of any uncertain outcomes have
been deferred until enrolments were complete and the
relevant data collected. Such assessments will be made
by clinicians not involved in the care of the patient and
unaware of the intervention group allocation. These
reviewers and adjudicators will be supplied with data
and/or digitised images and X-rays, deidentified such
that there is no indication of site or intervention alloca-
tion, so as to minimise risk of bias.

Data collection and management
An initial data collection form (DCF) was completed for
each study participant summarising all clinical screening

and study data. Patients are only referred to in the DCF
by their patient number and initials in order to retain
patient confidentiality.
Data is transmitted to the Coordinating Centre using a

secure web-based electronic data entry system with auto-
matic data integrity checks built in. Photographs and
X-rays are emailed as digital images. The Coordinating
Centre holds only material which is deidentified with
respect to identity of the patient, other than the site
where the data originated, and basic demographic data
including age and occupation. The keys to connect any
individual record with a particular patient are held by
each site for their own patients. Detailed data manage-
ment procedures can be found in the HOLLT Manual
of Operations V.4 dated 18 June 2010.

Statistical analysis
Primary analysis will be by intention to treat. Analysis will
also be conducted according to treatment actually
received with a minimum of six completed HBOT ses-
sions to be considered as a therapeutic course of HBO
therapy. A large data set is being collected, including
injury mechanism, orthopaedic and soft tissue injury
characteristics, preinjury health status, other injuries,
surgical and ancillary therapies utilised, as well as data
on the hyperbaric therapy, and all the outcome mea-
sures detailed above.
The outcomes for this study include a mixture of cat-

egorical and continuous variables. Categorical data will
initially be analysed using χ2 tests for equal proportion,
and then analysed in a multivariate logistic regression
adjusting for any baseline imbalances that may occur
between groups or for any other potentially confound-
ing variables.
In the case of continuous variables, if the variable is

found to follow a normal distribution, or can be normal-
ised using transformation, then univariate analysis will
be conducted using t tests and linear regression, and a
multiple regression model will then be constructed. If
however, it is found that the end point is not normally
distributed, (as expected for most variables in this study)
univariate analysis will be conducted using non-
parametric statistics. Multivariate models will then be
constructed using binomial outcomes.

Figure 1 Timeline for Hyperbaric Oxygen in Lower Limb Trauma (HOLLT) study participants. HBO, Hyperbaric Oxygen.
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Monitoring
Provision was made for monitoring via site visits and via
specific data integrity reviews via email or telecommuni-
cation. A number of such monitoring visits were under-
taken by representatives of the Project Management
Group and the International Steering Group during the
recruitment period. The purpose of these visits was to
confirm confidence that the study has been conducted
according to the protocol. There were also a large
number of automatic validation and data integrity
checks built into the WEDS database.

Adverse events
Each site investigator and the Principal Investigator are
responsible for the detection and documentation of
events meeting the criteria and definition of an adverse
event (AE) or a serious adverse event (SAE). It is a
requirement that all SAEs thought to be related to par-
ticipation in the study are reported to the Principal
Investigator, or designate, within 48 h of knowledge of
the event occurring.

Trial organisation
International Steering Group
An International Steering Group was established as part
of the process of moving this study from concept to
reality. The Group determined a number of the primary
design features of the study, including advising that the
study intervention needed to be delivered on an ‘open
label’ basis with the No HBO group not receiving a
sham HBO session. The Group participated in identifi-
cation and recruitment of collaborating sites and pro-
vided input into the data set before disbanding once the
study was fully underway.

Project Management Group
The Project Management Group includes Monash
University and Alfred Hospital-based investigators and
project management personnel, with the project’s
European Coordinator seconded to this group as required.
The Project Management Group takes responsibility for
the overall design of the study and for ensuring that the
execution and management of the project are of the
highest quality. Group members from Monash University
and the Karolinska Institute have extensive knowledge of
clinical trial design and data analysis techniques. The
Project Management Group includes one orthopaedic
surgeon, whose input is supplemented by two additional
orthopaedic trauma surgeons with research expertise
based at The Alfred Hospital and the Karolinska Hospital,
respectively. The Project Management Group has met over
the duration of the study in order to review the conduct of
the study, including rates of accrual and AEs.

Data Safety and Monitoring Committee
An independent Data Safety and Monitoring Committee
(DSMC) was established comprising experts in clinical
trials, biostatistics and hyperbaric medicine. The DSMC

has reviewed all study details and oversees the conduct
of the study. Specifically, it has provided oversight as to
whether the study was on track to reach its targets within
a reasonable time frame, reviewed protocol compliance,
logistics and HBO-related complication rates, and was
tasked with ensuring that specific events or develop-
ments did not justify halting the study. The DSMC was
made responsible for authorising and reviewing any
interim analyses. The only such interim review that has
been undertaken was the early ‘futility analysis’ that
occurred when initial enrolment rates were slow. This
led to revision of the enrolment target, but unblinding
of data was not required.

Study Coordinating Centre
The Study Coordinating Centre is located at Monash
University, DEPM, Melbourne, Australia. It has been
responsible for the overall coordination of the study,
including the details of protocol development, design of
case report forms and the WEDS, operations manuals,
study materials and data management. The Study
Coordinating Centre has been and remains responsible
for monitoring the study execution, particularly with
respect to the methodological aspects, ensuring adher-
ence to the study protocol by the collaborating sites and
study personnel involved and preparation of summary
information and reports. The Monash Coordinating
Centre will be responsible for the final analysis of the
data set in consultation with the investigator group.

ETHICS AND DISSEMINATION
Ethics Committee, or Institutional Review Board approval
The original HOLLT study protocol and all amendments
received approval from The Alfred Health Human
Ethics Committee (206/04) and the Monash University
Human Research Ethics Committee (CF07/4208).
Approval was also obtained from the institutional research
ethics committee at each participating site. Human
Research Ethics approvals have been kept current for the
duration of the study.

Ethical conduct of the study
This study is being conducted according to the
Declaration of Helsinki, the Australian NHMRC National
Statement on Ethical Conduct in Human Research
(2007),44 the Notes for Guidance on Good Clinical
Practice as adopted by the Australian Therapeutic Goods
Administration (2000) (CPMP/ICH/135/95),45 and the
ICH GCP Guidelines.

Patient consent
The informed consent of each patient participating in
the study was obtained using the locally approved and
language-appropriate version of the Patient Information
and Consent Form. Where local procedures allow,
patients with diminished capacity were able to be
enrolled with the consent or acknowledgment of a
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person responsible, such as a close relative, with con-
firmation consent sought from the patient once the
patient became competent. It was a requirement that
before enrolment into the study, each prospective candi-
date (or person responsible, where applicable) needed
to be given a full explanation of the nature and purpose
of the study, all potential risks and benefits, and a copy
of the Patient Information Sheet to review. Once the
essential study information had been provided, and the
relevant site investigator was assured that the potential
participant understood the implications of participating
in the study, consent to participate in the study was
recorded by the signing of the appropriate Patient
Information and Consent Form (PICF). The PICF
required that the signing be witnessed by a third party
and appropriately dated. Notation that written informed
consent had been obtained was recorded onto the
patient’s DCF, and confirmation of consent was required
by the WEDS before an enrolment could be confirmed,
and the study group allocation provided. The completed
consent forms are retained by site investigators as
required by their local Human Research Ethics
Committee, and a copy of the PICF was required to be
provided by the investigator to the patient or their
delegate.

Confidentiality
The confidentiality of participant records will be pro-
tected, respecting the privacy and confidentiality rules of
the applicable regulatory authorities. To comply with the
Health Privacy Principles (Summary) Victoria Health
Records Act 2001, and relevant legislation/guidelines
for each participating country/state, there will be no
transborder flow of identified data, and it is expected
that there will be no flow of identified data out of any
participating hospital unless allowed for by a separate
and approved registry arrangement, research protocol or
local legislation.
At the time of enrolment, each patient was assigned a

unique study identification number. This is the only
direct identifier included on the electronic DCF. Each
site holds the link connecting its patient data to the DCF
and to local hospital records. It has been, and is a
requirement, that patient names on X-rays, wound
photos or other source documents are obliterated
before transmission to the Study Coordinating Centre.
At each study site, all records are to remain secure,
either in a locked filing cabinet in a secure area, or as
password-protected computer files, as appropriate.

Dissemination policy
Results from the primary outcome analysis will be sub-
mitted for publication in a major international journal
as soon as possible after collecting the relevant data and
undertaking the appropriate evaluations. Subsequent
papers will be published, as secondary outcome data
from longer term follow-up becomes available.
Collaborating investigators may make local presentations

on the study and are encouraged to refer to the study in
presentations and publications to broader audiences,
but should not publish details of the study or its out-
comes without the agreement of the HOLLT Principal
Investigator.
The final data set will be held by the Monash

Coordinating Centre. Study data obtained from each col-
laborating site will be made available to that site, on
request, and can be compared with grouped data but
not the data from any other individual identifiable site.
A detailed data set will have been collected, and after
primary publication of the study it is intended that colla-
borators be allowed to access the (site deidentified) data
set to conduct their own additional research analyses
should they wish to do this.
The trial protocol and manual may be made available

to other researchers upon request. An anonymised data
set will be made available on the Dryad Digital
Repository. There are no plans to proactively disseminate
results to individual participants.

DISCUSSION
When there is no consensus within the expert clinical
community about the comparative merits of the alterna-
tives to be tested, a state of ‘clinical equipoise’ exists.46

While individual studies of HBO in the treatment of
crush injury and compartment syndromes show promis-
ing results, the quality of this evidence is very
limited.47 48 The use of HBO for trauma is not wide-
spread and there is no consensus as to whether HBO
adds value to the management of acute musculoskeletal
trauma. In the light of this, and after careful review of
the evidence, our group felt that clinical equipoise
exists, and that a suitable trial was therefore essential. In
developing plans for the HOLLT Study, we discovered
that HBO therapy was considered ‘standard care’ at a
number of high-profile sites, with some key clinician’s
views sufficiently fixed that the conduct of the trial was
impossible at these institutions. This significantly limited
the potential pool of sites that could potentially collabor-
ate, but we did not feel there were sufficient such sites
to destroy the overall state of clinical equipoise. A much
larger number of sites use HBO for trauma on an
irregular basis, or use HBO for late complications, but
not during the acute postinjury phase.
In addition to having a hyperbaric service capable of

treating the patients involved in the study, sites with the
potential to participate required an active trauma service
with appropriate relationships between relevant depart-
ments. There are a limited number of such sites world-
wide. Even at collaborating sites, we found that the views
of individual physicians vary widely, which compromised
recruitment but confirmed our belief that this study
would have importance in informing future reorganisa-
tions of trauma systems.
In selecting sites for collaboration, we excluded several

sites where it is standard practice to manage open
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fractures with soft tissue deficits by immediate microsur-
gical soft tissue transfer. Sites selected as collaborators
generally follow the ‘damage control’ surgical approach
in which surgeons initially use temporary external fix-
ation and leave wounds open followed by delayed defini-
tive internal fixation and wound closure several days
later. Vacuum dressings are often used to temporarily
manage tissue deficits pending closure. This approach
may reduce systemic complications of trauma, and it
offers improved logistic opportunities for HBO to be
applied after initial surgery and in the interval leading
to definitive wound closure and, where definitive ortho-
paedic fixation is not performed initially, in the interval
preceding definitive fixation.49 50

Studies of adjuvant therapies such as this one, are only
applicable if functional limb preservation is the overall
management aim. Recent advances in orthopaedic, vas-
cular and plastic surgical management have seen a move
towards attempting limb salvage, where amputation
would previously have been performed despite signifi-
cant debate regarding criteria for early amputation
versus limb salvage.1 40 The multiple operations asso-
ciated with limb salvage attempts can be associated with
poor quality of life during the years that follow the
initial injury, and outcomes of salvage of severely injured
legs, have been thought to be worse than for early ampu-
tation.51 Publications from the Lower Extremity
Amputation versus Preservation (LEAP) study group
have, however, suggested that outcomes are similar,
although poor, for both approaches.52 53 The patients of
the LEAP study were similar to those eligible for the
HOLLT study. Another major topic of debate regarding
management of severe open fractures has been the
need for very early soft tissue coverage with, if necessary,
free tissue transfer.8 Early microsurgical reconstruction
of soft tissue deficits has been promoted for 20 years as
a means of reducing late complications of non-union
and infection.54 55 While these techniques have been a
major advance, and failure rates are now very low in
experienced centres, the procedures are complex and
leave donor site morbidity. Recent publications suggest
that with adequate surgical debridement and vacuum
dressings, the proportion of cases which need to be
managed with free soft tissue transfer can be reduced
without compromising outcomes.56 57 If HBO can
reduce oedema and prevent necrosis and infection,
then soft tissue closure should be easier, and there may
be an increased interval for optimal scheduling of major
orthopaedic and plastic surgery procedures.
The longer term outcome data for both the injury

and for the patient in functional terms is of particular
interest. The follow-up of patients for 2 years postinjury
provides the opportunity to evaluate these, as well as
assessing the cost-effectiveness of the intervention.
An inevitable criticism of this study will be that it is not

‘double blind’. Our group, and others, have demon-
strated that double blind studies are feasible, using a
‘sham’ pressurisation without oxygen as a control group

treatment that effectively blinds participants and non-
hyperbaric clinicians to the intervention received. We did
use such a sham treatment in the pilot study that pre-
ceded the HOLLT trial, but chose not to use it in this
study, but rather to blind the surgeon conducting the
initial surgery, and the outcome assessors and adjudica-
tors of all measures that have a subjective component,
such as scoring radiological union, and adjudicating
whether infection has occurred when indicators are
unclear. Provision of sham hyperbaric treatments for
acute patients is logistically very time consuming and
resource intensive, and the HOLLT collaborator group
would not have been able to undertake this study had we
selected a double blind design. Further to this, however,
we felt that sham hyperbaric treatments for acutely injured
patients are not therapeutically neutral. While the increase
in oxygenation delivered is minimal, and the consensus
opinion is that minimal pressurisation is physiologically
very near neutral, the conduct of a sham hyperbaric
session requires control patients to be transported away
from their normal ward environment to the hyperbaric
chamber for a period in excess of 2 h. For this to happen
twice a day in the first few days after major trauma is likely
to increase the risk of breakdowns in continuity of surgical
care, and the delivery of HBO can interfere with the
optimal timing of the many other assessments, investiga-
tions and interventions required. The trials design attrac-
tion of providing a sham treatment was, we felt, offset by
the downside of the control group receiving an interven-
tion (transport away from the normal ward) that carried at
least some risk of a negative therapeutic effect.
When an RCT is conducted with due diligence, the

result, whether positive or negative, provides an import-
ant opportunity to advance knowledge and to improve
patient care.58 If HBO improves outcomes, then this
would be significant, given the high complication rates
found in this group of patients. It would also have major
impacts on trauma systems design, as major limb trauma
would be best managed at trauma centres with hyper-
baric facilities. We believe our study design and method-
ology will ensure that our results are seen as valid and
sufficient basis for changes to clinical practice and
systems if these are indicated by our findings. Should
HBO prove to not have a significant effect, or should it
be associated with poor outcomes, then this will also be
a critical finding that will enable us to develop recom-
mendations preventing inappropriate use of HBO.
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