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Hyperbaric oxygen therapy is in wide use in human medicine around the world. Although hyperbaric

oxygen therapy is available for veterinary use, it is still significantly underutilised. The physical prin-

ciples, gas laws and physiologic mechanisms by which hyperbaric oxygen therapy is therapeutic,

especially in traumatic injuries and complicated wound care, are discussed. Then, considerations are

offered for the implementation of hyperbaric oxygen therapy in veterinary practices. Finally, a review

of clinical indications for veterinary practices, including a presentation of select literature, is provided.

Applying hyperbaric oxygen therapy in an earlier and more consistent manner could improve short- and

long-term outcomes in complicated wounds. The authors also hope this information may stimulate

interest in the design of future, prospective studies for the various clinical situations described.
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INTRODUCTION

In the past several decades, the field of veterinary trauma and
wound care has progressed and mirrored that of human care. The
use of hyperbaric oxygen therapy (HBOT) has grown in both
human and veterinary trauma facilities. In veterinary and human
medicine, HBOT is frequently employed in the treatment of
necrotizing fasciitis, crush injuries, infected and complicated
wounds, and burns (Goldstein et a/. 2006, Latimer et al. 2018).
HBOT in human medicine is also commonly used for diabetic
non-healing wound care, delayed radiation injuries, ischemia—
reperfusion injuries and disorders, infected abscesses, compli-
cated grafts and flaps, and other medical conditions (Goldstein
et al. 2006, Zhang et al. 2008, Thom 2009, Thom 2011,
Thom 2012, Weaver 2014).

HBOT is in wide use in human medicine around the world.
While the Undersea and Hyperbaric Medical Society (UHMS),
a USA-based organisation for human medicine, has 14 indica-
tions, which are approved and thus reimbursed by third party
payers, Japan has 20 approved indications, Russia has 24 and
China has 60 (Jain 2017). Although HBOT is available for vet-

erinary use, it is still significantly underudilised, in part due to

lack of familiarity with the therapeutic approach, a subjectively
high initial investment in facilities and team training, and in part
due to lack of compelling data from well-designed studies in the
veterinary peer-reviewed literature. However, most veterinary pet
insurance companies cover HBOT, as long as the therapy is pre-
scribed by a licensed veterinarian.

Traumas, especially blunt and/or penetrating wounds, are a
common presentation to veterinary practices, accounting for
up to 30% of emergency visits to primary care veterinary clin-
ics (Saito & Rhoads 2003). Wound care in particular is a com-
mon presentation to small animal practices, with bite wounds,
dehiscence of old wounds and laceration identified as the most
common wound presentations (Kozdr ez al. 2018). This article is
a discussion of the basis for the use of HBOT in traumatic inju-
ries and wound care, and an overview of some of the preliminary
work done to translate this emerging therapeutic into an estab-
lished practice for veterinary medicine.

HBOT has been explored as a therapy since 1960 (Boerema 1959).
HBOT is a treatment in which a patient breathes 100% oxygen
while inside a pressurised chamber. To standardise units of pressure,
atmospheres absolute (ATA) is used to describe the treatment pres-
sure. ATA includes the inherent 1atm pressure at sea level, as well as
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the additional pressure developed inside the chamber. Increasing the
pressure of the environment, including the pressure of inhaled gas,
causes the amount of dissolved oxygen in the blood to increase.

The use of HBOT for wound care is not meant for healthy,
normal tissues. Although it may be helpful in many ways for gen-
eralised healing, it is best applied in situations where healing is
impaired, such as with severe swelling, infection, crush injury,
radiation scars and hypoxic tissue. Hyperbaric oxygen is meant
to be used as an adjunct to the management of issues where there
is chronic oxygen deficiency and the local oxygen tension is not
optimal for healing. Studies that compare normal healthy tissue
healing times to time to healing with the use of hyperbaric oxygen
should not expect to find significant healing differences. Tissue that
is unhealthy, however, with poor oxygen tensions for any reason is

expected to heal better with adjunctive HBOT (Niinikoski 2004).

GAS LAWS AND THE SCIENTIFIC BASIS FOR
HBOT

In a famous “Life Without Blood” experiment in 1960, Dr.
Ite Boerema demonstrated that hyperbaric oxygen alone kept
exsanguinated pigs alive in the absence of haemoglobin (Boer-
ema 1959). This experiment was foundational as early evidence
that physics properties were applicable in vivo with HBOT. The
mechanism of action for this therapy is founded in a number of
gas laws, summarised in Fig. 1 and as follows.

Boyle’s law

Boyle’s law states that the volume of a gas is inversely related
to the pressure and the density is directly related to the pres-
sure (Hardy er a/. 2008). Thus, under an increase in pressure,
the volume of a gas will decrease and the density of the gas will

Physics of HBOT
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increase. As the volume of gas decreases, the oxygen molecules in
the alveolus become more concentrated.

Dalton’s law

Dalton’s law states that in a mixture of non-reacting gases, the
total pressure exerted is equal to the sum of the partial pressures
of the individual gases (Hardy ez /. 2008). In room air, oxygen
is 21% of the gas mixture, which equals 160 mmHg of pressure,
21% of the total 760 mmHg at 1 atm. The rest of the partial pres-
sures are made from nitrogen (78% or 590 mmHg), argon and
other gasses (1% or -8 mmHg).

Breathing 100% oxygen means that the rozal gas pressure is
exerted by the oxygen alone. At sea level, this pressure is equal to
760 mmHg. This is a significant increase compared to air, which
is 160 mmHg of pressure from oxygen.

Graham’s law

Graham’s law describes the diffusion of gases from high pressure
to low pressure (Hardy ez /. 2008). During HBOT, the patient
breathes 100% oxygen and is breathing oxygen at a significantly
higher pressure. For example, during a treatment at 2 ATA, the
pressure from the 100% oxygen gas being inspired is doubled,
from 760 to 1520 mmHg.

Breathing pure oxygen at 2 ATA results in over nine times the
oxygen pressure when compared to breathing ambient air at sea
level. This provokes an increased diffusion of oxygen into the
blood. When the circulating plasma-dissolved oxygen reaches the
tissues, this increased concentration yields increased diffusion of
oxygen into the tissue.

Henry’s law

Henry’s law describes the behaviour of gases when they come into
contact with a liquid, such as blood (Hardy ez /. 2008). Henry’s
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law states that the concentration of gas in a liquid is directly pro-
portional to the solubility and partial pressure of that gas. The
greater the partial pressure of the gas, the greater the number of
gas molecules that will dissolve in the liquid. According to Hen-
ry’s law, oxygen is more soluble in blood when under pressure.

The increased oxygen concentration in pressurised air results
in more oxygen molecules at the interface of the alveoli and the
blood. As a result, more oxygen diffuses from high concentration
to lower concentration, and therefore, more oxygen molecules
diffuse into the arterial blood, as depicted in Fig. 2.

PHYSIOLOGIC MECHANISMS

Wound healing is the process of the body to replace damaged
tissue with living tissue. Wound healing mechanisms have been
studied extensively. The stages of wound healing have been
established to be overlapping phases that are inflammation, pro-
liferation and remodelling. If there is any disruption in these
phases, there will be abnormal wound healing (Wernick & Sta-
wicki 2020).

HBOT plays a key role when there is abnormal wound heal-
ing. There are multiple overlapping and intertwined mechanisms
by which this can occur.

Vasoconstriction and reduced inflammation

Excessive inflammation is a source of prolonged tissue repair and
poor wound healing (Eming ez a/. 2007). It is also an important
contributor to pain. Blood and lymphatic vessel disruption, dila-
tion and widening following damage to tissue result in decreased
blood and lymphatic flow. Increase in blood flow from damaged
tissue (vasogenic) coupled with increased vascular permeability
from cellular injury (cytogenic) leads to tissue swelling/edema
(Scallan & Korthuis 2010). This creates increased local pressure,
further compromising blood flow. If this pressure approaches or
exceeds that in the blood vessels, blood flow will slow or stop

altogether. Swelling contributes to tissue hypoxia by increasing
capillary distances within tissues.

HBOT initiates generalised vasoconstriction of healthy blood
vessels supplying damaged tissues. The hyperoxic environment
leads to increased oxidation of nitric oxide (NO) radicals pro-
duced by the endothelium, thus leading to a loss of the vaso-
relaxant effect (Mihaljevi¢ ez al. 2018). Additional research
has shown that HBOT leads to alterations in other vasodila-
tor compounds, such as prostaglandins, which contribute to
the net vasoconstriction effect. This arteriolar vasoconstriction
leads to an overall decrease in tissue edema and increased tissue
oxygenation. Improved intracellular oxygen tension maintains
mitochondrial and other cellular metabolic functions, which
in turn helps maintain integrity of cell membranes and energy-
dependent mechanisms. With HBOT, there is a reduction of the
vasogenic and cellular fluid shifts that normally result in edema
such as seen in crush injuries, compartmental syndromes, burns,
reperfusion injury and reimplantation situations (Diinnwald
et al. 2018, Gasier er al. 2018, Mihaljevi¢ er al. 2018, Robins
& Wyatt 2020). The benefits are the sum effects of vasocon-
striction and subsequent tissue increase of NO. This decreases
tissue edema and improves oxygenation, decreases inflammation
and cause for further damage, reduces neutrophil adhesion, and
induction of various fibroblasts, and growth factors. The effects
of HBOT may not solely be due to vasoconstriction, but could
also be due to the transient impairment of vasorelaxation, which
recovers 24 hours post-treatment (Mihaljevi¢ ez /. 2018). Any
initial negative effects of vasoconstriction to damaged tissues,
partly contributed to by reduction in NO, are overcome by the
positive aspects of increased oxygenation.

During the inflammatory process post-injury, cytokines and
chemokines are released to regulate the body’s response to the
insult. Chronic inflammation, however, may ensue, which leads
to non-healing wounds and scar tissue formation, among other
complications. Interruptions to the pro-inflammatory cytokine
response show promise in addressing complicated and non-heal-
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ing wounds. /7 vivo and in vitro studies show that patients with an
elevated inflammatory response who undergo successive HBOT
sessions will yield reduced proinflammatory cytokine levels, as
compared to pre-treatment (Weisz ez al. 1997, Benson ez al. 2003,
Thom 2012, Benkd ez al. 2019). In a rat skeletal muscle injury
model, 2.5 atm absolute for 2 hours/day after injury demon-
strated reduced early lower limb volume and muscle wet weight
in contused muscles and promoted muscle isometric strength a
week after injury. HBOT suppressed the elevation of circulat-
ing macrophages in the acute phase and then accelerated macro-
phage invasion into the contused muscle thereafter. The number
of proliferating and differentiating satellite cells and the amount
of regenerated muscle fibres also increased, suggesting decreased
inflammation and improved healing (Oyaizu ez al. 2018).
Another consequence of the excessive inflammatory response is
the adhesion of white blood cells (leukocytes) to the vasculature.
This adhesion causes injury to the microvasculature, including the
degradation of the basement membrane and cytotoxicity to the cells
of the vessel wall. This ultimately leads to leakage of fluid out of
the vasculature (edema) and reduced protection of the vessel walls
(Granger 2010). The influence of HBOT on a hyperinflammatory
response is multifactorial, including reducing levels of inflammatory
cytokines and reducing cellular vasculature wall adhesions and resul-
tant implications of leaky vasculature. HBOT decreases inflamma-
tion by decreasing inflammatory cytokines that result in the cascade
of neutrophil rolling, activation, adhesion and transmigration into
tissues by impairing sythesis of Cyclic guanosine monophosphate
(cGMP), a secondary messenger affecting cell growth and division, in
activated leukocytes. High oxygen concentration results in reduced
expression of endothelial adhesion molecules and increases NO pro-
duction, which also inhibits neutrophil adhesion. HBOT causes
the production of reactive nitrogen species (RNS), which impairs
B2 integrin function. Impaired P2 integrin function decreases neu-
trophil adhesion to the vascular endothelium, while maintaining
immune function (Atochin ez 2/. 2000, Kihara ez 2/. 2005).

HBOT enhances the function of leukocytes

White blood cells use oxygen-independent and oxygen-depen-
dent mechanisms to kill microorganisms. HBOT’s effects on
neutrophil activity result in decreased inflammation within
damaged tissue and increased bactericidal capabilities. In tissues
where oxygen tensions fall below 30 to 40 mmHg, leukocytes
lose their effectiveness against Gram-positive and Gram-negative
organisms, allowing bacteria to flourish (Goldman 2009, Lam
et al. 2017). HBOT improves phagocytosis impaired by hypoxia.
HBOT enhances granulocyte production of antimicrobial agents
such as free radicals and reactive/toxic oxygen species. Phagocy-
tosis of pathogens results in an “oxidative burst” comprised of
oxygen radicals such as hydroxyl radicals, peroxides, and super-
oxides to kill microorganisms. The oxidative burst increases the
oxygen consumption of the leukocyte 30 times; therefore, pro-
duction of these oxygen radicals requires an oxygen-rich environ-
ment, which is restored with HBOT. Anaerobic bacteria are very
susceptible because they have poor defences against free radicals
and other toxic oxygen species created by neutrophils in that
environment (Cimsit ez 2/. 2009, Thom 2009).
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Macrophages, like neutrophils, are affected by tissue oxygen
tension. In hypoxic conditions, macrophages are unable to scav-
enge effectively or produce peroxides. Hypoxia induces mac-
rophages to produce the inflammatory cytokines TNF-alpha,
IL-1, IL-8 and intracellular adhesion molecule-1, which decrease
response to infection (Tazzyman ez al. 2014). HBOT increases
oxygen to normal levels so that macrophages can function nor-
mally.

Direct antibacterial and antifungal effects of HBOT
Tissue contamination often compromises healing. This can be
due to infection with single or multiple pathogens, fungi or
opportunistic introduced bacteria. Hyper-oxygenated tissue
produces a toxic environment for bacterial and fungal growth
(Kahle & Cooper 2017, Sanford er al. 2018). Increased super-
oxide levels, both intra- and extracellularly, lead to increased
production of hydrogen peroxide and other toxic oxygen radi-
cals, all of which impair microbial and fungal metabolic reac-
tions (Semenza 2001, Schroedl ez 2/. 2002). HBOT has been
used as an adjunct therapeutic in infection control in both fungal
and bacterial infections, in species such as Aspergillus fumiga-
tus, Rhinocerebral mucormycosis, Candida albicans, Clostridium
difficile, and Clostridium perfringens, among others (Demello
et al. 1973, Gudewicz & Davis 1987, Couch & Mader 1988,
Bitterman 2007, Kaide & Khandelwal 2008, Tragiannidis 2009,
Dhingra & Cramer 2018). C. perfringens, in particular, is an
anaerobe easily killed in the hyperbaric environment (Mathieu
& Wattel 20006).

HBOT has direct bacteriostatic and bactericidal effects against
Gram-positive, Gram-negative aerobic and anaerobic microor-
ganisms, equal to some antibiotics. Anaerobic microorganisms
cannot survive the amount of reactive oxygen species (ROS)/
oxygen-based free radicals created in hyperoxic environments
because they lack the superoxide dismutase (the superoxide
degrading enzyme) and catalase (the hydrogen-peroxide degrad-
ing enzyme) (Fridovich 1973). Free radicals oxidise proteins and
membrane lipids, damage DNA and inhibit metabolic functions
(protein and nucleic acid synthesis) needed for bacterial growth
and so are lethal for microorganisms that lack protection from
them (particularly anaerobes).

When HBOT is utilised in the early course of infection with
appropriate antibiotics and surgical attention, many of the del-
eterious effects of bacterial endotoxin release are minimised
(Vishwanath 2012). HBOT, combined with proper surgical
debridement and antibiotics, greatly enhances healing and speeds
clearing of infection.

Indirect antibacterial and antifungal effects of
HBOT

Several classes of antibiotics require oxygen for transport over cel-
lular membranes. Therefore, antibiotic potency can be enhanced
in a hyper-oxygenated environment. Specifically, HBOT aids
in the penetration and efficacy of aminoglycosides, fluoroqui-
nolones, Amphotericin B and the antimetabolites/sulfonamides
trimethoprim, sulfamethoxazole and sulfasoxazole (Vishwa-
nath 2012). Though this synergy can be utilised to encourage
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recovery, HBOT can also be used alone, in the instance of antibi-
otic-resistant bacteria (Goerger ez al. 2016).

Increased distance of oxygen diffusion

HBOT causes vasoconstriction while simultaneously increas-
ing the oxygen available to deprived injured tissues. In vascular
circulation, oxygen travels through capillary walls and diffuses
into the surrounding tissue beyond capillary walls. The delivery
of oxygen to damaged cells is essential for healing (Strauss 2002,
Buettner 2007). During HBOT at 3 ATA, it has been estimated
that oxygen can diffuse up to four times the distance from capil-
laries, as compared to ambient conditions, affording increased
oxygenation to damaged tissue, and enhanced cellular repair
(Krogh 1919). Paired with the neovascularisation effects of
hyperbaric oxygen, the increased oxygen diffusion radius has
significant implications for wound healing. The combined ben-
efits of increased oxygen partial pressure, oxygen tissue diffusion,
reduction of edema, and decreased inflammation outweigh con-
cerns for reduced blood flow due to arteriolar vasoconstriction.

Reduction of ROS in ischemia/reperfusion injury
Ischemia/reperfusion injury occurs in many disease states when
the restoration of blood flow to tissues causes dangerous vascu-
lar and tissue damage, further impairing blood flow and heal-
ing. Ischemia reperfusion (IR) injuries are a common source of
debilitation and potential death — usually as a result of major
trauma and the associated shock, resuscitation or stroke (Francis
& Baynosa 2017). IR injury can occur in a variety of tissues,
from inciting events such as cranial trauma, stroke, carbon mon-
oxide toxicity, muscular trauma and compartment syndrome,
aortic thromboembolism, intestinal obstruction, gastric dilata-
tion—volvulus and pancreatitis.

Ischemia is a prolonged period of interrupted blood flow to
tissue, which results in poor oxygenation. Due to the lack of
oxygen supply, cells transition to anaerobic metabolism, which
yields increased lactate levels, decreased ATP levels and reduced
ATP-dependent ion transport in the cell. As ions build up, cells
swell and eventually burst. During reperfusion, the restoration of
blood flow actually leads to progressive vascular damage and an
expanding area of poor blood flow. This resultant tissue damage
is referred to as IR injury.

The return in blood flow causes neutrophil adhesion to the
venules, oxygen radical production and venule damage. It also
causes the release of vasoactive agents that produce arteriolar
vasoconstriction leading to a second episode of ischemia and tis-
sue hypoxia. The increase in the number of ROS causes dam-
age to proteins and DNA and contributes to the inflammatory
response (Francis & Baynosa 2017). This inflammatory response
causes the release of cytokines and may lead to eventual cell
death. It also restarts the activity of ATP-dependent ion pumps,
which go into overdrive, causing calcium ion overload, apoptosis
and cellular death (Yellon 2007). This response can cause cellular
death for days after the reperfusion, which results in extensive,
lasting tissue damage (Zhao ez al. 2000).

HBOT is effective in reducing the effects of IR injuries by
tempering the initial tissue hypoxia, decreasing neutrophil adhe-
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sion to the venules, reducing ROS activity and producing an
anti-inflammatory effect (Buettner 2007, UHMS 2014). HBOT
protects tissues from the harmful effects of toxic oxygen radicals
or ROS by providing enough oxygen for the re-perfused tissues
to generate NO to bind the ROS. HBOT also antagonises lipid
peroxidation of cell membranes from toxic oxygen radicals by
preventing the conversion of endothelial xanthine dehydrogenase
to xanthine oxidase, an essential step required for lipid peroxida-
tion.

HBOT also interferes with the neutrophil adhesion associ-
ated with IR injury by inhibiting beta-2-integrin (CD18) expres-
sion via a reduction in cGMP levels (Francis & Baynosa 2017).
The increase prevalence of NO also interferes with neutrophil
endothelial adhesion, also via inhibition of CD18. The benefit of
HBOT in IR injury is largely mediated by the presence of NO
and the subsequent effects on beta-2-integrin.

Neovascularisation

Destruction or injury of tissues results in damage of the sup-
porting blood vessels. Neovascularisation is important to wound
healing, as the vasculature is the conduit for incoming nutrients
and the removal of waste products, debris and foreign microor-
ganisms. HBOT helps create collateral blood flow by increased
angiogenesis (new vessel growth budding from existing intact
vessels) and vasculogenesis (when bone marrow-derived endothe-
lial precursor cells populate the tissue and differentiate and grow
into new vessels) (Niinikoski 2004).

Elevated cellular oxygen (O,) leads to an increase in ROS and
RNS in the tissue (Thom 2009). These contribute to growth
factor synthesis, including vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF), and fibroblast
growth factor (FGF), which promote angiogenesis and neovas-
cularisation.

One of these RNS is NO, which is known to play a particu-
lar role in enhancing VEGF-induced endothelial cell growth and
angiogenesis by regulating extracellular kinases involved in the
process (Parenti ez al. 1998, Fukumura ez al. 2001).

Hypoxia-inducible factors (HIFs) are stimulated under
hypoxic conditions during oxidative stress. Free radicals are nec-
essary for HIF expression (Semenza 2001, Schroedl ez al. 2002).
Therefore, the reactive species generated during HBOT enhance
the synthesis and downstream effects of HIF, which includes gene
regulation to enhance neovascularisation.

Stem cell induction/promotion properties
Though there are pharmaceutical options for increasing stem
cell levels in the body such as erythropoiesis-stimulating agents
(erythropoietin, darbepoetin) and colony-stimulating factors
(CGFs) such as granulocyte CSF (G-CSF), one of the most excit-
ing effects of HBOT is the increased mobilisation of stem cells in
circulation of patients. This finding could explain much of what
has been seen in the physiologic activity of HBOT.

A single 2-hour exposure to HBOT at 2 ATA doubles circu-
lating CD34+ progenitor stem cells (primordial cells targeted to

salvage and restore damaged structures); and at approximately
40hours of HBOT circulating CD34+ cells increase eightfold
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(800%) (Thom et al. 2006). This groundbreaking study offers
a new, safe, therapeutic option for stem cell proliferation with
litele risk of side effects, as the pharmaceutical options might
have. This was demonstrated to be particularly useful in diabetic
patients where increases in stem cells were directly correlated to
improved refractory lower extremity neuropathic ulcers. NO syn-
thase activity was found to be acutely increased in patient’s plate-
lets following HBOT and remains elevated for at least 20 hours.
HBOT-aided healing may be due to increased vasculogenic stem
cell mobilisation to skin wounds.

In vitro studies reveal an increase in MSCs in response to
HBOT (Shyu e# al. 2008, Dhar er al. 2012). Stem progenitor
cells (SPCs) are necessary for the stimulation of angiogenesis.
Certain conditions, including diabetes and radiation in human
medicine, reduce SPC mobilisation (Thom 2012). However,
HBOT has also been shown to increase SPC mobilisation via the
production of NO. Stimulation of bone marrow-derived mesen-
chymal stem cells (MSCs) is dependent on ROS concentrations.
SPCs also play a role in the activity of HIFs, which then recruit
growth factors involved in neovascularisation and vasculogenesis
(Milovanova ez al. 2008, Milovanova ez 2/. 2009).

Pain medication

Although pain medication is not technically a part of wound
healing, time to function and alleviation of pain in the process is
very important. In veterinary medicine, quality of life is deemed
more important than the length of time a pet lives; therefore,
reducing pain is considered extremely important when managing
any patient. Hyperbaric oxygen can be a component of a multi-
modal pain control plan. There is increasing evidence for HBOT
as an effective adjunctive treatment for management of neuro-
pathic pain (Zhao er al. 2014, Han ez al. 2017). Early studies in
rodents indicate that HBOT could inhibit the mTOR pathway
and induce autophagic flux, which is known to reduce neuro-
pathic pain (Marinelli ez al. 2014, Yong-Da et al. 2017). Pain
associated with the spinal nerve ligation (SPL) model and with
chronic constriction injury in rats models has been mediated by
HBOT. It has also been shown as efficacious in managing pain in
an arthritis model, decreasing joint pain (Wilson ez /. 2007). A
study done in mice suggests that HBOT causes a NO mediated
effect on opioid receptors resulting in a lasting antinociceptive
response (Chung ez a/. 2010).

In addition to the above possible mechanisms for reduction
of pain, using hyperbaric oxygen will decrease the previously dis-
cussed inflammation-associated swelling, edema and infection,
which also influence pain.

Longer-term effects (days to weeks)

Effects of HBOT are prolonged after HBOT sessions end and
tissue oxygen levels return to pretreatment values. Gas and tis-
sue levels of O, rapidly return to baseline after HBOT. However,
some effects of the treatment, especially after many successive
treatments, are lasting. A number of days following injury, there
is migration of fibroblasts (cells responsible for collagen produc-
tion) into the areas of damage (Niinikoski 2004). These cells
then divide and replicate producing large amounts of collagen
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a connective tissue that acts as the building block for the heal-
ing of tissue and wounds. Then, new capillaries can grow into
this matrix. Likewise, the effects of osteogenesis, angiogenesis
and neovascularisation are lasting effects in the healing tissue and
bone.

DELIVERING HBOT TO VETERINARY PATIENTS

HBOT is emerging as an effective and valuable tool in the care
of veterinary patients, especially as an adjunctive therapy to
presently standard-of-care protocols for conditions such as isch-
emia—reperfusion injury and complicated wounds (Braswell &
Crowe 2012). Delivering HBOT to veterinary patients requires
intimate familiarity with the hyperbaric oxygen equipment and
safety guidelines (Lyman 2015). Although this is not a techni-
cally difficult procedure, there are many safety principles and
guidelines that must be followed. This is not within the scope of
this manuscript; however, its importance cannot be emphasised
enough.

In most veterinary clinical situations, HBOT utilises 100%
oxygen. The duration of treatment and the level of pressure
(ATA) chosen are variables at the discretion of the prescriber who
is planning treatment. The decisions on duration and pressure
may be based upon multiple factors, including prior published
studies, facility standards of care, the patient’s unique clinical
situation and the clinician’s experience. Clinical considerations
include medical history, current patient status, medications (e.g.
potential enhancement of narcotic effects, corticosteroids, che-
motherapeutics) or confounding restrictions (presence of pulmo-
nary bulla, significant hypothermia, severe middle ear disease,
concern regarding seizures, ongoing need for critical monitoring
and treatments). It is common for initial treatment plans to be
revised in response to changing circumstances and patient fac-
tors. Treatment plans would normally include a selected ATA,
time to reach pressure, duration time at pressure, time to return
to normobaric pressure and an initial schedule of anywhere from
1 to 30 treatments depending upon the diagnoses and circum-
stances (Shmalberg ez al. 2015). Treatment plans are commonly
once or twice daily for 50 to 90 minutes. Common treatment
pressures are usually within a range of 1.3 to 2.8 ATA (Shmalberg
et al. 2015). Treatment number and frequency will vary tremen-
dously based on the cases at hand, owners’ financial and time
constraints and the schedule of the facility.

Class C chambers, as designated for veterinary use, are the
equivalent of Class B human monoplace chambers. Fig. 3 dem-
onstrates the placement of two veterinary patients in a Class C
chamber. This affords the animal patient a comfortable contained
environment for delivery of hyperbaric oxygen. Animal HBOT
chambers have a variety of features that address monitoring and
safety of the patient. Features such as view ports or transparent
acrylic walls allow for continual patient monitoring and visualisa-
tion. An intercom system allows for verbal communication that
might be calming for a patient during treatment. Most chambers
come with digital displays, which give continuous information
on chamber gas content (percent of O, and CO,), humidity and
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FIG 3. Placement of two veterinary patients within a Class C chamber

temperature inside the chamber. They also allow for the adjust-
ment of CO, level via adjustments of the oxygen flow rate. For
larger patients who exhale higher volumes of CO,, this becomes
important. Passive addition of moisture in the chambers (e.g.
water trays, wet towels) can be used to maintain humidity.

Some chambers are large enough to house large dogs, includ-
ing Great Danes and Newfoundlands. Most chambers can
house multiple smaller animals (via separation acrylic chambers)
when the same treatment regimen is to be employed in multiple
patients. If needed, intravenous medications and fluids can be
given during treatments in some chambers.

Thousands of HBOT treatments are conducted each day
around the world in both human and veterinary medical prac-
tice. Very few accidents have occurred in the history of hyper-
baric medicine, and these are preventable with proper machine
housing and maintenance. In the USA, several organisations have
provided safety guidelines for chamber design, maintenance, edu-
cation, training and facilities. In the 2019 version of the National
Fire Protection Association’s publication of NFPA 150 — Fire and
Life Safety in Animal Housing Facilities Code, a section was
added that addresses hyperbaric chambers (NFPA 2019).

Given the risk of pure oxygen gas line hyperbaric chambers are
grounded to dissipate static, humidity levels are monitored dur-
ing treatments, and strict protocols for the materials permitted
within the chamber must be enforced via protocols and operator
training. Pre-treatment procedures include thorough equipment
and patient inspection. Adherence to proper preparation and
treatment methods is the goal to ensure patient and operational

safety.

CLINICAL USES IN VETERINARY PRACTICE

In veterinary medicine, scientific evaluation of HBOT is
scarce; therefore, applications and protocols are largely adopted
from human studies and anecdotal reports from user experi-
ences. HBOT has been successfully used in veterinary practice
as adjunctive treatment of traumatic, acute and/or emergency
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situations, including necrotizing fasciitis, thermal burns, crush
injuries, carbon monoxide poisoning, enhanced healing of com-
plicated wounds, gas gangrene, intracranial abscess, compro-
mised skin flaps and grafts and radiation injury (Edwards 2010a,
Edwards 2010b, Geiser 2016, Birnie et al 2018, Latimer
et al. 2018). HBOT has been used to treat humans and animals
for acute brain and spinal injuries, situations of neuropraxic
trauma and post-concussive brain trauma, aortic thromboembo-
lisms and fibrocartilaginous embolisms (FCEs).

Ischemia reperfusion injury

As discussed above, the return in blood flow and subsequent re-
oxygenation to ischemic tissue can cause tissue damage. Treat-
ment of IR Injury is a common indication in human medicine,
and these types of injuries encompass a number of the UHMS-
supported indications for HBOT (Weaver 2014). At this time,
there are several published studies to likewise support the treat-
ment of IR injuries in a veterinary practice with HBOT.

A study was performed in 80 rabbits with spinal cord IR
injury. Following HBOT, the animals were assessed for neu-
rological function and histopathology. The treatment group
had statistically significantly improved neurological function
and histopathological scores, as compared to control (Ilhan
et al. 2013).

IR injury can lead to liver damage, due to the excess neutrophils
in circulation. In another study of hind limb IR injury, rabbits
were given 90-minute hyperbaric oxygen treatments (Lukiswanto
et al. 2017). In this study, histopathological improvements were
observed, including fewer necrotic lesions, and less inflammation
at the site of injury (Lukiswanto ez a/. 2017). Further, the HBOT
was protective of hepatocyte function, as evidenced by reduced
necrotic lesions, lower ALT enzymatic values and portal inflam-
mation in the treatment groups (Lukiswanto ez a/. 2017).

Another study was conducted in 32 rats after 60 minutes
of acute mesenteric ischemia, followed by reperfusion (Agik-
sari et al. 2019). The study was intended to assess the potential
benefic of HBOT on the healing process of the rats’ intestinal
mucosa. The HBOT treatment results showed that both pre- and
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post-ischemia-induced lesion size was lessened and that there
was increased cell viability via reduction in caspase-3, increased

CD34 stem cells and increased VEGE

Venomous/infected bite wounds

A particularly relevant application of HBOT in veterinary prac-
tice is in the healing of complicated or necrotizing bite wounds.
A number of studies demonstrate improved vascularisation and
epithelialisation, increased tissue oxygen and a reduction of bac-
teria in venomous bite wounds (e.g. both spider and snake bites)
following a course of HBOT.

A randomised study was conducted in rabbits, which had been
injected with brown recluse venom. The rabbits were treated
daily or twice daily for 7 days at 2 ATA for 60-minute sessions.
Treatments were initiated 3 days after envenomation to simulate
the lag time between bite and initiation of clinical intervention.
The pretreatment wounds were observed to be swollen, red,
and ischemic. In some cases, the wounds exhibited rashes and/
or cutaneous ulcer formation. In the treatment group, which
received twice daily HBOT, a histological evaluation of tissue
excised from the wounds revealed re-epithelialisation (Strain
et al. 1991). Conversely, necrotic cavities and excess inflamma-
tion were observed in both the control group and the group with
only one treatment per day. In this particular clinical scenario,
there were benefits to wound healing from a twice daily treat-
ment regimen following venomous bites. Additionally, histologi-
cal evaluations performed on day 24 indicated that the effects
of the HBOT between groups were still discernible more than
2 weeks after the final treatment.

Complicated and necrotizing wounds

Chronic, persistent wounds can exhibit an excess inflammatory
response, which inhibits healing. HBOT stimulates a downregu-
lation of this excess inflammatory response, in order to create
a more conducive environment for the development of healthy
tissue (Thom 2009). HBOT has been shown to downregulate
pro-inflammatory cytokines, mediators for the body’s immune
response, and to upregulate several growth factors such as vas-
cular endothelial cell growth factor (VEGEF), a signalling mol-
ecule that stimulates angiogenesis, the development of new blood
vessels (Butler 2006, Thom 2009). Healthy granulation tissue
is promoted via increased NO levels in wound fluid following
HBOT (Boykin ez al. 2007). This effect is added to other posi-
tive effects of HBOT in complicated wounds via positive effects
of angiogenesis, moderated inflammatory responses, decreased
edema and antimicrobial responses.

For example, necrotizing soft-tissue infections, gangrene and
need for enhancement of healing in problem wounds, such as
diabetic foot ulcers, are all common indications for HBOT in
humans (Weaver 2014). The mechanism behind these indica-
tions entails the reduction of edema, leukocyte adhesion, hypoxia
and methane accumulation in the necrotizing or infected tissue.
As discussed above, the antimicrobial properties of HBOT are
an additional benefit to the therapy. HBOT can also enhance
antibiotic distribution within infected tissue, as some antibiotics
require oxygen for transport across cellular membranes.
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Several studies in mammals have demonstrated improved vas-
cularisation and blood flow in complicated wounds after succes-
sive HBOT. In a study of rats, laser Doppler flowmetry (LDF)
was used to measure blood flow in healing soft tissue. Not only
did perfusion increase during the treatments, elevated perfusion
was observed weeks after the cessation of therapy, indicating that
the treatments had lasting effects in tissue oxygenation (Klemetti
et al. 2005).

HBOT is recommended as an adjunctive tool concurrent with
debridement, antibiotics and other standard-of-care components
of complicated and necrotizing wound management.

Graft survival

HBOT has shown particular efficacy in wound healing in
instances where skin and bone grafting or tissue transplantation
were required (Al-Waili ez 2/. 2006). HBOT initially enhances
graft survival by decreasing the hypoxia and effects of ischemia as
described above. Then HBOT has been shown to bolster fibro-
blast function, and augment collagen synthesis (Baynosa & Zam-
boni 2012).

HBOT has been studied in wound grafting in both dogs and
cats (Smith ez al. 1995, Kerwin ez al. 2000). In a study of bone
grafting for ulnar defects in 12 mature cats, six cats were treated
at 2 ATA for 90 minutes once per day for 14 days. The control
group did not receive HBOT. HBOT was shown to increase
median percentage of bone formation in the treatment group,
as compared to control (Kerwin ez al. 2000). The bones were
marked with fluorescent labels. At 5weeks, the treatment group
showed more distance between fluorescent labels than did the
control group, indicating increased bone formation.

Thermal burns

Burns, either from sun exposure, scalding liquids, steam, flames,
hot gasses or hot metal, can result in complicated, necrotic
wounds, resistant to healing. HBOT has been successfully
employed in wound healing for thermal burns in a number of
species (Weaver 2014). A combination of antibiotics, debride-
ment and HBOT is supported in literature (Frank ez a/. 2015).
HBOT use in burn wound management is founded in its ability
to attenuate infection, to enhance neovascularisation and colla-
gen synthesis via the recruitment of growth factors, to stimulate
ROS and RNS production, to reduce edema and to enhance
oxygen delivery to ischemic tissue (Dinar er a/. 2008, Choud-
hury 2018).

Bone injuries

HBOT is a well-established therapies for crush injuries, bony
necrosis, osteomyelitis and open fractures in human medicine
(Weaver 2014). Likewise, there have been a number of studies
conducted to assess the utility of HBOT in osteogenesis, bone
healing and bone graft survival for veterinary use cases. HBOT
increases osteoclast and osteoblast production, proliferation, dif-
ferentiation and activity. Bone healing, as well as resorption of
necrotic bone by osteoclasts, is enhanced with HBOT. A recent
study in mice suggests that the proliferative effects of HBOT
on osteoblasts may contribute to the recruitment of osteo-
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blasts at fracture sites and during digit regeneration (Sammarco
et al. 2015).

In a randomised study of 48 rabbits with open tibial fractures,
HBOT was shown to reduce the inflammatory response and to
promote osteocyte proliferation and subsequently, to promote
fracture healing with a statistically significant difference (Chen
et al. 2017). The rabbits were treated daily for 2 weeks at 2 ATA
for 50 minutes. The HBOT group exhibited a reduced inflam-
matory reaction and reperfusion injury and promoted osteocytic
proliferation and fracture healing (Chen e a/. 2017).

Another study of HBOT influence on bone healing involved
a bone segment transplantation surgery model for cleft palate
repair in six beagle dogs. This randomised small study assessing
distraction osteogenesis had three patients treated with HBOT
for 20days and the other three dogs randomised to a control
group (Kudoh 2008). The researchers monitored blood flow
throughout the course of therapy, and the dogs were sacrificed
on day 100. Blood flow recovered 30 days sooner in the HBOT
group, and bone mineral density was statistically significantly
higher in the HBOT group, as compared to control. Addition-
ally, more bone had developed in the treatment group than in the
control group. This may then have positive implications for the
value of HBOT as adjunctive support for healing of various crush
injuries and other types of fractures (Kudoh 2008).

Mechanical trauma and haemorrhagic shock

Large studies have been conducted in dogs on the effects of
HBOT in severe mechanical trauma and haemorrhagic shock. In
one study of 80 dogs, 4 to 5, fifty-minute HBOT sessions were
shown to enhance the chances of survival (Magomedov 1990).

oy

In another study of 56 dogs with haemorrhagic and traumatic
shock, the patients were treated at 2 ATA for 1 hour. It was
shown that early intervention with HBOT improves chances of
survival, while delayed time to treatment did not show signifi-
cant improvements in survival (Sherman ez /. 1989). This study
demonstrates the value of timely HBOT in patients with haem-
orrhagic shock.

REAL-WORLD EXPERIENCE

In our veterinary practice in Commack, New York, HBOT is
utilised for a wide diversity of the conditions mentioned above.
Fig. 4 contains a series of pre-treatment and post-treatment
images from practice, depicting the treatment of (A/B) osteomy-
elitis and cellulitis; (C/D) closed airway following a sting and
(E/F) edema following plasma transfusion.

CONCLUSION

HBOT shows promise in the management of a number of ani-
mal species for treatment of traumatic or complicated wounds,
ischemia-reperfusion injury, burns, venomous or infected bites,
concussive and crush injuries, compromised surgical graft and
flap healing, among a multitude of other similar conditions.
The rationales described have included improved wound heal-
ing, management of infection via toxic oxygen rich environment
for anaerobic and microaerophilic organisms, inhibition of some
bacterial mechanisms of resistance to antibiotics, augmenting

(F)

FIG 4. (A) 5-year-old female dachshund presented with 2-year-old non-healing osteomyelitis and cellulitis. Hyperbaric oxygen therapy (HBOT) was
prescribed daily for 5days and every other day for an additional 10 days. Each hyperbaric oxygen treatment was 15 minutes to reach 2 ATA pressure,
1 hour at 2 ATA and 15 minutes to return to normal atmospheric pressure (1 ATA). (B) After a surgical repair and 15 one-hour HBOT sessions, wound
edges moved inward, tissue healing was observed and patient has no inflammation and no pain. (C) 2-year-old male Labrador retriever presented
with completely closed airway from a sting reaction. (D) Following a tracheostomy and a single 1-hour HBOT treatment at 2 ATA, the patient’s airway
became patent, and inflammation and swelling were reduced. (E) 6-year-old boxer presented with post-op edema following plasma transfusion for
necrotizing pancreatitis. (F) After 1 hour of HBOT as the only medical intervention, immediate reduction in facial swelling was observed
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angiogenesis and neovascularisation, fibrogenesis and reducing
inflammation.

HBOT is intended to be an adjunctive treatment concurrently
applied with traditional medical and surgical approaches. Hyper-
baric oxygen is unlikely to significantly help in natural healing
of healthy, uncompromised tissues (Mutluoglu ez al. 2016).
Studies measuring the healing speed of healthy tissue would not
likely show improvement using HBOT. Rather, HBOT is most
indicated in complicated situations of wound healing, such as
when oxygen levels in the tissue are compromised by infection,
ischemia—reperfusion injury, severe swelling, necrosis or other
sources of oxygen depletion.

Applying HBOT in an earlier and more consistent manner
could improve short- and long-term outcomes of the above situ-
ations by reducing the need for more invasive or additional pro-
cedures, reducing length of stay (LOS) in the hospital, reducing
long-term care and possibly reducing drug requirements.

The authors also hope this information may stimulate inter-
est in the design of future, prospective studies for the various
clinical situations described. Such studies need to be designed
propetly, with adequate power to generate statistical significance
and meaningful recommendations to other providers.
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