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Introduction: Delayed wound healing indicates wounds that have failed to respond to more than 4-6 weeks of comprehensive
wound care. Wounds with delayed healing are a major source of morbidity and a major cost to hospital and community
healthcare providers. Hyperbaric oxygen therapy (HBOT) is a treatment designed to increase the supply of oxygen to
wounds and has been applied to a variety of wound types. This article reviews the place of HBOT in the treatment of non-
healing vasculitic, calcific uremic arteriolopathy (CUA), livedoid vasculopathy (LV), pyoderma gangrenosum (PG) ulcers.
Methods: We searched electronic databases for research and review studies focused on HBOT for the treatment of delayed
healing ulcers with rare etiologies. We excluded HBOT for ulcers reviewed elsewhere.
Results: We included a total of three case series and four case reports including 63 participants. Most were related to severe,
non-healing ulcers in patients with vasculitis, CUA, LV, and PG. There was some evidence that HBOT may improve the
healing rate of wounds by increasing nitric oxide (NO) levels and the number of endothelial progenitor cells in the wounds.
HBOT may also improve pain in these ulcers.
Conclusion: We recommend the establishment of comprehensive and detailed wound care registries to rapidly collect
prospective data on the use of HBOT for these problem wounds. There is a strong case for appropriately powered, multi-
centre randomized trials to establish the true efficacy and cost-effectiveness of HBOT especially for vasculitis ulcers that
have not improved following immunosuppressive therapy.

Introduction

The definition of a ‘problem’ or ‘non-healing’ ulcer or
wound varies considerably depending on the context and
geography. For the purposes of the current review, we have
used the following definitions.

Problem wound: any wound where there are one or more
local complicating factors, such as exudate, infection and/or
systemic comorbidities, such as diabetes or polypharmacy.

Delayed wound healing: applies to any wound that fails to
respond to 4—6 weeks of comprehensive wound care, does
not heal or recurs.‘ This is often a consequence of being a
problem wound where the complicating factors have been
poorly appreciated. While wound healing does not need to
be complete within 4—6 weeks, a wound healing trajectory
should be established within that time frame.

Wounds are a major source of morbidity and a major cost to
hospital and community healthcare providers. There appears
to be a knowledge deficit on how to adequately manage

problem wounds, given the low healing rates reported; for
example, 50% of venous leg ulcers remaining unhealed after
one year of treatment.’

Many problem wound types have been reviewed in the
context ofHBOT over the past ten years. The tenth European
Consensus Conference on Hyperbaric Medicine in 2016
reviewed bums, compromised skin grafts and flaps, and
diabetic foot ulcers (DFU)? The Cochrane Collaboration®
have published reviews of acute surgical and traumatic
wounds (2013) and chronic wounds due to diabetes, venous
ulcers and arterial ulcers (2Ol5).4*5 These types of wounds
have been excluded in the current review.

Review

EPIDEMIOLOGY

Chronic wounds constitute a significant health problem. They
are common and reduce the quality of life of those affected.
The true incidence, cost and health impact are difficult to
assess accurately given the wide range of disease, the fact
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Table 1
Prevalence, annual incidence and cost ofwounds related to systemic connective tissue disorders (vasculitis) in Europe (28 member countries)

Adult population (2018) = 510,381,3797
Vasculitic wounds

Prevalence* (adult population) | 11.5 per 100,000 | 59,006 patients
Cost per w0und** (mean) | €8,85052
Indicative annual cost (mean) | €522 million per year
*The prevalence increases significantly with age (up to 60 per 100,000 women aged 75-79)

** up to €13,800 per wound with a persistence time longer than two years

that much care is delivered at home and that many wound
care products are purchased directly in some countries.
Evidence on the total number of patients receiving wound
treatment in a local population is limited. The prevalence of
open wounds could be estimated as being from 120—320 per
100,000 (0.12—0.32%) in the western population.“ Applying
these rates to the population of Europe (in 2018)7 suggests
that between 615,000 and 1.64 million individuals have an
open wound at any one time.

Epidemiologic studies show that up to 80% of leg ulcers
have a vascular etiology (venous, peripheral arterial
disease, or mixed).* Epidemiologic studies conducted in
dedicated wound healing clinics have found that 6.6—23.0%
(average 14.8) of ulcers are associated with autoimmune
disease including vasculitis (Table 1), rheumatoid arthritis,
scleroderma, systemic lupus erythematous, psoriasis, and
pyoderma gangrenosum?“ A study from the Mayo Clinic
found that ulcers occurred at a rate of 1.8 leg ulcers per 100
person-years in a population of 813 rheumatoid arthritis
patients followed for 9,771 person-years.” In that study,
6% of ulceration episodes ultimately required amputation
and in the rheumatoid arthritis population, leg ulcers were
associated with increased mortality (Hazard Ratio (HR)
2.42; 95% C1 1.71 to 3.42). Leg ulcers in this population
were associated with age (HR 1.73 per 10-year increase;
95 % C1 1.47 to 2.04), rheumatoid factor positivity
(HR 1.63; 95% C1 1.05, 2.53), presence of rheumatoid
nodules (HR 2.14; 95% C1 1.39 to 3.31) and venous
thromboembolism (HR 2.16; 95% C1 1.07 to 4.36).

Most wound care costs arise in the hospital sector: 27-30%
of acute hospital beds are likely to be occupied on any
day by patients with a wound.“ With regard to surgical
wounds with surgical site infections (SS1s), the standardized
infection ratio is influenced by many factors including the
type of operation and age. In Europe, in 2013—2016, the
overall cumulative incidence of SS1 was highest in open
colonic surgery (10.4%, range 5.8—18.4) and lowest in knee
prosthesis (0.5%, range 0.1—1.4). The incidence density
was also highest in open colonic surgery (6 SS1 per 1,000
post-operative patient days) and lowest in knee prosthesis
(0.1 in-hospital SS1 per 1,000 post-operative patient-days).
It is important to note an increase of the percentage of SS1s
in laminectomy operations in 2012—2015 (0.9%, range
0.2—2.4).‘3 SS1s are twice as common in patients over 64
(RR 1.6; 95% C1 1.2 to 2.3).” An acute hospital performing

10,000 surgical procedures annually may have 300—400
surgical wounds with SS1 at a cost of 3,300—4,400 excess
bed-days or 1.74—2.32 million Euros.'i‘6 Surveillance of
surgical wounds with SS1 and prevention are considered very
important. Burns exert a catastrophic influence in terms of
human life, suffering, disability, and financial loss. Bums are
estimated to cause approximately 180,000 deaths annually
worldwide, mostly in low- to middle-income countries.
Burns accounted for the primary diagnosis in 424,000 visits
to emergency departments in the United States in 2014,
while in 2016 there were approximately 40,000 bum-related
hospitalizations in the United States, 30,000 of which were
at specialized burn centers. Work-related burns account for
20—25% of all serious burns.”

This review describes the delayed healing ulcers associated
with rare etiologies such as autoimmune disease including
vasculitis, calcific uremic arteriolopathy (CUA), livedoid
vasculopathy (LV) and pyoderma gangrenosum (PG).

WOUND PATHOPHYSIOLOGY

Chronic wounds are often associated with poor perfusion and
one near-universal characteristic of chronic wounds is that
the wound tissues are pathologically hypoxic.‘-181° Normal
wound healing proceeds through an orderly sequence of
steps involving control of contamination and infection,
resolution of inflammation, regeneration of the connective
tissue matrix, angiogenesis and epithelialization. Several of
these steps are critically dependent upon adequate perfusion
and oxygen availability.

The result of this process is a sustained restoration of
anatomical continuity and functional integrity. Problem
wounds are those that have failed to proceed through this
orderly sequence of events and have therefore failed to
establish an anatomic and functional result. This failure
of wound healing is usually the result of one or more
local wound or systemic host factors inhibiting the normal
tissue response to injury, including persistent infection,
poor perfusion and hypoxia, cellular failure and unrelieved
pressure or recurrent trauma. 18

Not all non-healing wounds are hypoxic but pathological
hypoxia is correlated with impaired wound healing and
increased rates ofwound infection.” Fibroblast replication,
collagen deposition, angiogenesis, resistance to infection
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and intracellular leukocyte bacterial killing are oxygen
sensitive responses essential to normal wound healing.‘
Steep oxygen gradients from the nonnally perfused wound
edge to the hypoxic wound center may also play a role in
stimulating normal wound healing.”

Pressure ulcers are localized injuries to the skin and/or
underlying tissue, usually over a bony prominence, due
to pressure or pressure in combination with shear forces.
Common areas involved are over the sacrum, calcaneus and
ischium. The superficial skin is less susceptible to pressure-
induced damage than deeper tissues, and the external
appearance may underestimate the extent of injury. Pressure
ulcers are typically related to immobility but can also result
from poorly fitting shoes, casts or other medical equipment?‘

STANDARD MANAGEMENT OPTIONS

Many factors are associated with chronic ulceration and a
multidisciplinary approach is required in the assessment of
these patients. The goals are to ascertain the pathogenesis,
make a definitive diagnosis and choose the optimal
treatments to achieve healing within a given time. A correct
diagnosis is essential to avoid inappropriate treatment that
may cause deterioration of the wound, delay in wound
healing, or harm to the patient.‘ The primary determinant
of specific management strategies is the basic etiology of
the wound in question.

The general principle in treating problem wounds is to
simultaneously address the underlying pathology and
institute both systemic and local treatments designed
to improve the local wound environment. A wide range
of therapies are available, including pressure-relieving
mattresses, negative pressure wound therapy, growth factor
therapies and tissue-engineered dermal substitutes.” In
practice, wound management is often a sequential search
for a successful combined approach. HBOT should be one
element of such a combined approach.

RATIONALE FOR HBOT USE

HBOT involves breathing 100% oxygen in a compression
chamber and is designed to increase the serum partial
pressure of oxygen and oxygen diffusion into the target
tissue. HBOT is increasingly used as an adjunctive treatment
in many problem wounds. Regardless of the primary etiology,
a common contributor to delayed healing is hypoperfusion.
Evidence exists to demonstrate that intermittent oxygenation
of these wounds, achievable only during HBOT exposure,
can encourage normalization of wound healing processes
and hasten the healing trajectory.23‘2“

HBOT produces an increase in plasma oxygen content
directly proportional to the increase in alveolar oxygen
tension in accordance with Henry’s Law. This greatly
increases the effective diffusion distance for oxygen down
a steep pressure gradient, making more oxygen available

for cellular metabolism. The availability of oxygen is an
important rate-limiting factor for several aspects of wound
healing.

Local hypoperfusion and hypoxia may also be the result
of an interaction between vascular endothelium damaged
by trauma, infection or hypoxia and circulating leucocytes.
Neutrophils are activated by damaged endothelium and
chemo-attraction results in microvascular plugging and
hypoperfusion. In a series of elegant experiments, Thom
has clearly demonstrated that HBOT (and not normobaric
oxygen) inhibits the adherence and sequestration of
neutrophils by inhibiting B2 integrin function while also
inducing antioxidant enzymes and anti-inflammatory
proteins.25‘2"

Neutrophils, fibroblasts and macrophages are all dependent
upon oxygen to achieve specific inflammatory or repair
functions. Both improved leukocyte-mediated bacterial
killing and antibiotic potentiation have been demonstrated.23~24
In addition, high oxygen tensions inhibit the production
of a range of bacterial toxins, allowing increased host
resistance to infection.” Hyperoxia increases synthesis
of reactive species derived from inducible Nitric Oxide
Synthase (iNOS) and myeloperoxidase, leading to excessive
S-nitrosylation of cytoskeletal [3 actin.”

Importantly, HBOT does not reduce neutrophil viability and
functions such as degranulation and phagocytosis remain
intact.“ A separate anti-inflammatory pathway for HBOT
involves impaired pro-inflammatory cytokine production
by monocyte-macrophages and has been shown in animal
models and humans.” This may be the basis for reduced
levels of circulating pro-inflammatory cytokines under
stress conditions.” The molecular mechanism is unknown,
but could be related to HBOT-mediated enhancement of
haemeoxygenase-1 and heat shock proteins (e.g. HSP 70).”

Control of healing has been described as taking place via
'waves‘ of reactive oxygen species (ROS), lactate and nitric
oxide (NO) production. In chronic, non-healing wounds
HBOT has been shown to produce a persistent increase in
NO in wound fluid associated with increased granulation
tissue formation and wound closure?" ROS appear to be
among the most important signals that control the healing
process. Oxidative stress plays a positive role during
angiogenesis and involves hypoxia-inducible factor (HIF)
and vascular endothelial growth factor (VEGF) signaling.
The full picture is emerging, but recent studies have
identified several pathways that are VEGF-independent.“

As well as the above, HBOT has been associated with
a suite of other effects that may play an important role
in stimulating wound healing. HBOT and lipoic acid
supplementation can downregulate an existing chronic
inflammatory state, changing the protease/anti-protease
levels within the wound microenvironment. A concomitant
decrease in matrix metalloproteinase-9 expression, together
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Figure 1
Flow diagram. Literature analysis, between January 2002 and
March 2016, for Hyperbaric Oxygen Therapy in the treatment of
refractory wounds of rare etiology. Seven publications have been
included with different treatment of 63 individuals from three rare
etiologies for chronic wounds: non-healing vasculitic ulcers that
had not improved following immunosuppressive therapy, patients
with calcific uremic arteriolopathy (CUA), livedoid vasculopathy

(LV) and pyoderma gangrenosum (PG)
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with increased levels of platelet derived growth factor
contribute significantly to acceleration of the dermal wound
repair process.”

HBOT also produces a transient increase in basic fibroblast
growth factor production by fibroblasts and may inhibits
transforming growth factor beta-1 production. Daily HBOT
(202.6 kPa, 2 atmospheres absolute pressure (atm abs))
selectively stimulates fibroblast proliferation after seven
days. Lower or higher levels of HBOT do not appear to
have this effect.”

Finally, HBOT augments the release of stem/progenitor
Cell (SPCs) from bone marrow through a NO dependent
mechanism associated with the wound repair process.“
The population of CD34 haematopoietic progenitor cells
in peripheral circulation doubled in response to a single
HBOT exposure at 202.6 kPa and increased eight-fold
over the course of 20 treatments.“ The net result of these
mechanisms is improved local host immune response,
clearance of infection, enhanced tissue growth, angiogenesis
and a positive healing trajectory.

EVIDENCE REVIEW OF HBOT USE

Our review of HBOT in ulcers of rare etiology assessed
the evidence from January 2002 to March 2016 and was
originally undertaken for the tenth ECHM European
Consensus Conference on Hyperbaric Medicine in Lille
(France)? We undertook a Medline search using appropriate
MeSH terms finding a total of 284, but after elimination of
those investigating wound etiologies reviewed elsewhere,
studies not relevant to HBOT, reviews or guidelines and
duplicates, we were left with four case series and three
case reports.36*‘3 These include differing treatment of 63

individuals with non-healing vasculitic ulcers that had not
improved following immunosuppressive therapy, in patients
with CUA, LV, and PG3°*‘3 (see Figure 1).

In general, positive responses were reported with the use
of HBOT. In the first case series 11 patients with end-stage
renal disease and dialyzed for an average of 163 (SD 84)
months had treatment for distal ulcers with an average of
40 sessions at 2.5 atm abs (for details see Table 2). Two
patients could not be evaluated (one patient interrupted
HBOT after 10 sessions, one patient died due to ventricular
arrhythmia after eight sessions). Eight completely healed
and survived to 1-year follow up, with no recurrence of
skin lesions. One deteriorated leading to foot amputation.“
In the second case series reporting 35 patients with severe,
non-healing, vasculitic wounds not improved following
immunosuppressive therapy, 20 sessions of HBOT at
2 atm abs were associated with complete healing in 28 (78%),
partial healing in four (1 1.4%), no improvement in 3 (8.6%).37
In the third case series, an average of 28 sessions of HBOT
at 2 atm abs was associated with healing in 1 1 of 12 patients
with wounds due to CUA in end-stage renal failure.3**”

In the first case report, in a 43-year-old patient presented with
deteriorating CUA two years after kidney transplantation.
The authors started iloprost (a synthetic analogue of
prostacyclin PG12 used as a vasodilator) and HBOT at 2.5
atm abs for a total of 19 sessions. The wounds became clean
and there was no further necrosis. Transcutaneous oxygen
pressure (PtcO2) around the wounds improved from 18 to 25
mmHg. Two large wounds were then covered with cultivated
autologous skin cells (keratinocytes and fibroblasts) to
further enhance epithelialization. Seven months later the
wounds were healed and remained so the four-year follow-up
period. The authors recommended robust trials in a larger
sample of patients to verify these findings.“

In the second case report, two patients with LV were treated
with HBOT at 2.5 atm abs for 10 and 17 daily sessions
respectively with wound healing and pain relief for recurrent
multiple non-healing ulcers involving the feet and anklesf“

In the third case report a refractory vasculitic toe wound, in a
14-year-old girl suffering from systemic lupus erythematosus
(SLE), was treated with HBOT at 2.6 atm abs for 16 sessions
with subsequent healing of that wound.”

Finally, in the fourth case report a 15 year-old girl with PG
affecting the inguinal and suprapubic region and the right
upper limb was treated with HBOT at 2.5 atm abs for 10
sessions with complete healing and relief of pain.“

While we have made every effort to locate further
unpublished data, it is very likely this review is subject to
a positive publication bias, with generally favorable cases
more likely to be reported.
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PATIENT SELECTIONANDTREATMENT PROTOCOLS
FOR HBOT

Assessment

HBOT is unlikely to accelerate tissue repair in wounds with
normal oxygen tensions and it is essential to demonstrate
reversible tissue hypoxia in the absence of surgically
improvable arterial or venous disease before considering
the use of HBOT.“-45

Transcutaneous oximetry (TCOM) is a simple non-invasive
diagnostic technique that provides an objective assessment
of local tissue perfusion and oxygenation. It can be used for
serial assessment of the soft tissue envelope surrounding the
problem wound. The role of TCOM in predicting wound
healing remains a work in progress and the poor quality
of the available clinical studies limits the interpretations
of the available evidence.4“r‘” Almost all data is obtained
from patients with DFUs and the applicability to other
wounds has not yet been systematically assessed. Currently,
TCOM is a tool that will help predict if hypoxia is a factor
contributing to poor wound healing in diabetic ulcers. In
principle, a low transcutaneous oxygen (PICOZ < 40 mmHg)
while breathing air must show an adequate response to either
or both of normobaric oxygen and HBOT administration.“
The thresholds for what constitutes an adequate response is a
matter of some controversy. While low PICOZ values breathing
air confirmwound hypoxia, they do not predict outcome with
HBOT. A PLCOZ > 200 mmHg breathing HBO (253.3 kPa or
2.5 atm abs) is the best single discriminator between success
and failure of HBOT (74% reliable).“8 Clinical practice
guidelines are provided to use the available data to assist
in identifying which patients will not heal spontaneously.“

CURRENT PROTOCOLS

The evidence to support HBOT is clearly very sparse for the
target wounds in this review. No robust dose-finding trials
exist for HBOT, therefore many different protocols are used
for delivery of oxygen in clinical practice. Hammarlund
and Sundberg used a treatment session of 243.1 kPa (or
2.4 atm abs) for 90 minutes, five days a week to a total of
30 sessions over six weeks.” With some minor variations,
this is a common schedule for chronic wound management,
although in some countries a schedule employing
202.6 kPa (or 2 atm abs) pressure is more common.

HBOT is associated with some risk of adverse effects
including barotrauma to ears, sinuses and lungs, temporary
worsening of short-sightedness, claustrophobia and oxygen
toxicity.5 Although serious adverse events are rare, HBOT
cannot be regarded as an entirely benign intervention.

COST IMPACT OF HBOT

The cost of wound care has been estimated at 2.5—3.9
million € per 100,000 individuals.“ A typical course of

treatment with standard wound care for six to eight weeks
may cost €1,744 (USD 2,000) per week, with an estimated
€10,463 to €13,951 (USD l2,000—16,000) for dressings
alone; €1,308 (USD 1,500) in materials and supplies, €436
(USD 500) in fees to the hospital or wound care center.
Among patients with partial foot amputation wounds up
to the trans-metatarsal level with evidence of adequate
perfusion, fulfilling 8 weeks of treatment, the average
weekly total cost for patient treated by negative pressure
wound therapy is €2,994 (USD 3,338) compared to
€4,353 (USD 4,853) for standard moist wound therapy.”

Our best estimate is that approximately ll.5 wounds
per 100 thousand inhabitants are related to rare etiology
such as systemic connective tissue disorders (vasculitis)
and CUA."*“ This suggests that in Europe’s 28 member
countries (2018), there is an average of 59,000 patients at
any one time suffering from a vasculitis-related wound and
the corresponding costs for these wounds are likely to be
€522 million per year.°-125‘ Of these wounds, 31.3% have a
healing time of l2 months or longer, and over 24 months for
16.4%.” The average cost per wound (healing time average
cost) for a patient with 2 or more comorbidities is €3,900.
The longer the wound healing time, the higher the treatment
cost, that is up to the average cost of €13,800 per wound
with a healing time of 24 months or longer.” Assuming
that HBOT maintains the wound healing trajectory within
average times (l5 weeks, 107 days; SD 150), based on the
Fife 2012 data, we can claim that HBOT could lead to an
average healing cost saving of €9,900 (€l3,800—€3,900) per
each refractory wound of rare etiology treated by HBOT as
part of a multidisciplinary treatment plan.

The high cost ofwound care has stimulated the development
of combined care models designed to diagnose and treat
such wounds efficiently in the primary care and outpatient
setting, with care escalating to inpatient when required.
HBOT administered in an outpatient hyperbaric and wound
care center may significantly reduce the number and cost of
inappropriate admissions.“

Caring for a patient with chronic ulceration is complex and
necessitates multidisciplinary collaboration to achieve the
goal ofproviding comprehensive wound care. The combined
use ofHBOT with other advanced wound healing modalities
may be a useful synergy in the armamentarium of wound
healing. Niezgoda reported improvements in treatment
of compromised post-surgical and arterial wounds. The
combination of negative pressure wound therapy and HBOT
produced results better than when either was used alone.“

Unfortunately, there is little direct evidence on the cost-
effectiveness ofHBOT in the treatment of acute and chronic
wounds.“ Although there is some evidence suggesting
effectiveness, none of the studies in this review measured
utilities or expressed their health outcomes as QALYs.
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The lack of available evidence on economic endpoints is
striking, given the fact that HBOT is widely applied in the
problem wounds settings and is reimbursed by insurance
companies in Europe and the USA for the treatment of
chronic wounds.“ Further studies should include economic
outcomes in large clinical studies of strong methodological
quality to make recommendations on the cost-effectiveness
of applying HBOT in wound care.

While the gold standard for evidence will remain large, well-
constructed RCTs, there is an important supportive role for
epidemiological studies and clinical registries to confirm and
quantify benefit.” To this end, we believe the initiation of a
European register of wounds would be a valuable advance
in improving our knowledge about in general wound
management and the use of HBOT in particular.

Conclusions

Based on the case series and case reports available, from
January 2002 to March 2016, HBOT may be effective in
ulcers exhibiting delayed healing and associated with rare
etiologies such as vasculitis, CUA, LV and PG. Assessment
for HBOT should be recommended for problem wounds,
especially those that have failed to respond to more than
four weeks of comprehensive wound care or when healing
is not predicted within four to six weeks of standard of care.

In clinical practice, physicians should set clear clinical
targets and rigorously measure patient-based outcomes
to better understand the impact of adding HBOT to any
established wound care regimen. In assessing patients for
treatment, physicians should provide documentation of
vascular screening and evidence that appropriate action has
been taken to optimize vascular flow prior to the institution
ofHBOT. TCOM is a useful tool to predict whether hypoxia
is contributory to delayed wound healing.

Trials of high methodological rigor are required to properly
establish the place of HBOT in the therapeutic pathways
of these wounds. These trials should include common
agreed HBOT protocols and a robust cost-utility analysis.
While waiting for the completion of appropriate RCTs, we
recommend the establishment of comprehensive wound
registries to improve clinical practice.
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