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History and Development of Hyperbaric
Medicine

The origin of hyperbaric medicine is derived from the earlier observations of pres-
sure implications and physiological effects of deep-sea diving. In order to extend
the diving time and depth, specialized chambers or barrels had been designed [1].
The first such basic diving apparatus has been documented to be used by Alexander
the Great in 320 B.C. Leonardo Da Vinci made sketches of similar diving equip-
ment which were never materialized. In 1620, a Dutch inventor Cornelius Drebbel
devised a diving bell which can be pressurized up to 1 atmospheric absolute (ATA).
Later, in 1691, Edmund Halley used weighted barrels in the diving bell in order to
replenish air supply during diving [2]. With the advent of modern technology in the
last two centuries, more efficient air compressed chambers and diving suits were
made. However, the exposure to high pressure during deep-sea diving results in a
clinical condition called as decompression sickness and hyperbaric medicine is
found to be effective in its treatment [3]. The development of hyperbaric medicine
till date occurred in the course of nearly four centuries. Hyperbaric medicine or
hyperbaric oxygen therapy (HBOT) was first used in the treatment of tuberculosis
and presently has been approved and found to be effective in the treatment of 14
different clinical conditions [1, 4]. The earlier hyperbaric applications and equip-
ment were designed based on the general observation of physiological effects of
pressure on human body and had less scientific rationale behind the therapeutic
practices. The advancement in understanding of physical laws governing gases and
functioning of respiratory system with respect to oxygen uptake and distribution
enabled physicians to effectively utilize the oxygen pressure effects for therapeutic
purposes (Fig. 1.1).

© The Author(s), under exclusive license to Springer Nature Singapore Pte 1
Ltd. 2023

M. Gupta, I. Somasundaram, Hyperbaric Oxygen Therapy: Principles and

Applications, https://doi.org/10.1007/978-981-99-7278-4_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7278-4_1&domain=pdf
https://doi.org/10.1007/978-981-99-7278-4_1

2 1 History and Development of Hyperbaric Medicine

{ Physiological Application ] [ Clinical Application ]

Angiogenesis upregulation

P& T e

NO, Nrf2, EGF, VEGF, I —
1 Endothelin1, TNF-a, MMP-9

& TIMP-1
£y 5

Anti-microbial property

%,2% - __| Woundhealing /" |

z [ 4 )

®e . W
Neutrophils activation and
l WECs Rolling, TNF-g, IL-6 &
IL-10

Air embolism

\)
=]
h Inflammatory
Immunomodulatory conditions
)3
L Aging
5 < 9 5=

poanyie
Fomnaghi  Basephd

+IL-6, TNF-q, progression of
Th17 to T-reg and expression
of antioxidants

Acute traumatic
Ischemia

Fig. 1.1 HBOT has been used in a wide array of clinical applications by virtue of its ability to
enhance multiple physiological functions like angiogenesis, protection against infection, and aug-
mentation of immune functions

1.1 Brief History of Hyperbaric Medicine

In 1662, a British clergyman and physician Nathaniel Henshaw first utilized atmo-
spheric pressure for therapeutic purpose. Hyperbaric oxygen therapy has been
developed and utilized successfully till date for a large number of medical purposes
(Fig. 1.2). Henshaw first created a closed chamber termed as “domicilium” attached
with a pair of organ bellows. The pressure inside the chamber could be regulated by
a series of valves connected to the bellows. Henshaw’s design allowed for modest
changes in ambient pressure and is utilized for the treatment of chronic ailments
related to respiratory and digestive systems. The design had many major drawbacks
such as retention of metabolic waste gases being an unventilated system and limited
use in therapy due to the compression of ambient atmospheric gases instead of puri-
fied oxygen [1, 5]. Henshaw’s work did not provide any scientific rationale for the
effects of hyperbaric environment on clinical conditions but it led to the foundation
for the development of hyperbaric medicine.
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Fig. 1.2 Historical timeline for the development of hyperbaric medicine

Discovery of oxygen by John Priestly in 1775 had a great impact in the develop-
ment of hyperbaric treatment. There were significant insights given by Lavoisier
and Seguin in 1789 regarding the toxic effects of concentrated oxygen [6, 7]. This
resulted in less inclination toward utilizing compressed oxygen for therapeutic pur-
pose and most workers on hyperbaric therapy suggested application of normobaric
conditions instead of hyperbaric conditions. Beddoes and Watt wrote the first book
on oxygen therapy in 1796 where normobaric conditions were emphasized for treat-
ment [8]. Similarly, Paul Bert, who is considered as the father of pressure physiol-
ogy, explained the scientific basis of oxygen toxicity and advocated normobaric
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conditions for therapeutic use [9]. It was the later works in hyperbaric medicine
which established protocols and identified limitations for the safe use of hyperbaric
medicine. In 1832, a French physician Emile Tabarie made a pneumatic chamber
and gave a detailed account of its working to the French academy of scientists. He
especially documented the therapeutic effects of pressure variations in the treatment
of pulmonary diseases, which formed the basis of modern hyperbaric oxygen ther-
apy [10]. Compressed air was first utilized for the mining purposes by a French
paleontologist and mining engineer named Jacques Triger. Triger designed metal
caissons which can be lowered into the mining grounds and connected with com-
pressors on the surface (Fig. 1.3a). This aided in prolonged underground working
time for mine workers. The workers complained of joint pain and CNS disturbances
upon being subjected again to normal atmospheric pressure. The clinical conditions
that prevailed due to hyperbaric conditions were termed as caisson’s disease at the
time and later identified as decompression sickness [11]. Based on a design by
James Watt, a French physician Junod designed a hyperbaric chamber in 1834.
Junod’s hyperbaric chamber could work in the pressure range of 2—4 ATA and was
utilized in the treatment of various clinical conditions. The procedure was termed by
Junod as “Le baind “aircomprime” (the compressed air bath). Junod attributed the
therapeutic effects of hyperbaric treatment to the “compressed air bath” which
enabled greater circulation of oxygen to internal organs resulting in a feeling of
well-being in patients [10, 12]. Several other significant works in the field of hyper-
baric medicine were carried out in the nineteenth century. Pravaz made the largest
hyperbaric chamber in 1837 with a capacity of 12 patients. It was used for the treat-
ment of a wide range of ailments which included pulmonary diseases, conjunctivi-
tis, deafness, cholera, and rickets [2, 5]. The first mobile hyperbaric operating
theater was developed by Fontaine in 1877 (Fig. 1.3b) [2, 5]. By this time, hyper-
baric therapy gained popularity in Europe but its application in the medical field was
limited due to lack of scientific rationale behind its therapeutic effects.

In the twentieth century, several other workers introduced technical improve-
ments in the design of hyperbaric chamber which expanded its usage with respect to

Fig. 1.3 (a) Triger’s Caisson. (b) Fontaine’s mobile operating room
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efficiency and clinical applications. One such significant contribution in this field
was given by an American physician named Orval J Cunningham. In 1921, during
the final days of World War I, Cunningham made a hyperbaric chamber for the treat-
ing the victims of Spanish influenza epidemic. He observed that the mortality rates
from the disease were higher in the areas of higher altitudes and suggested that
barometric factor is critical for the etiology of disease. Cunningham claimed to be
able to successfully treat patients who were under cyanotic and comatose condi-
tions. Cunningham hyperbaric facility gained popularity and he continued to apply
hyperbaric treatment for diseases such as cancer, diabetes mellitus, hypertension,
and syphilis. He stated that the therapeutic effects of hyperbaric treatment arise
from the hyperoxygenating conditions which aid in curbing down the anaerobic
infections responsible for most of the diseases. It was during this time that the first
major fire incident associated with hyperbaric chamber occurred due to manual
error. Fortunately, all the patients were evacuated in time and there was no loss of
life. Another tragic incident occurred shortly afterwards leading to the death of all
his patients under treatment when there was a mechanical failure resulting in com-
plete loss of compression in the chamber [13]. Such incidents raised questions about
the safety of using hyperbaric treatment and prompted hyperbaric practitioners to
follow strict safety protocols. Cunningham continued his work on hyperbaric medi-
cine and constructed world’s largest hyperbaric facility in Cleveland, Ohio, in 1928.
It consisted of five stories with five rooms each, all dedicated to hyperbaric treat-
ment. Cunningham’s work gained attention of Bureau of investigation of American
Medical Association (AMA), which demanded scientific evidences for his claims
regarding the hyperbaric oxygen therapy. Cunningham failed to provide any major
proof to validate his findings before AMA resulting in the loss of credibility in his
work with hyperbaric medicine [14].

One of the notable works in the field of hyperbaric medicine involved the use of
oxygen under hyperbaric condition and examining the sufficiency of dissolved oxy-
gen in animals (piglets) after replacing the blood with plasma. Boerema et al., in
1959, carried out experiments on piglets by replacing their blood with plasma or
rheomacrodex such that the hemoglobin (Hb) levels were lowered up to 0.4%. The
animals were operated in a pressure chamber at 3 ATA pressure and were supplied
with pure oxygen. The only source of oxygen transport in the absence of Hb was
plasma dissolved oxygen and the animals were restored with blood at the end of the
procedure. The animals recovered successfully and showed no sign of disturbances
over the next few weeks [15].

1.2 HBOT and Radiosensitization

HBOT results in the enhanced dissolution of oxygen in the blood plasma. The phys-
iological effects of HBOT are manifested in the form of increased vasoconstriction
reduction of edema, phagocytosis, anti-inflammation, and increased tissue oxygen-
ation [16, 17]. The virtue of increased tissue oxygenation by administration of
HBOT has been utilized in cancer treatment by radiation therapy. There are usually
two types of clinical practice for the application of HBOT in conjunction with
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radiotherapy. First approach involves administration of HBOT simultaneously or
prior to radiotherapy in order to sensitize the tumor cells to radiation treatment, a
process known as radiosensitization. Usually, there is radiation-induced damage to
the normal healthy tissues in the form of lesions. Second approach of using HBOT
involves treatment and reduction of radiation-induced damage to normal tissues
[18, 19].

Tumor cells have a hypoxic environment which makes them resistant to the
effects of radiotherapy [20]. Administration of HBOT during or prior to radiother-
apy leads to increased levels of oxygen in the tumor cells and sensitizing them to
radiotherapy. Radiosensitization of tumor cells by using HBOT was first used and
reported by Churchill Davidson in 1968 [21]. There are certain other techniques for
the purpose of increasing oxygen pressure in tumor cells such as administration of
red blood cells or administration of radiation sensitizing agents like nitroimidazoles
[22-24]. HBOT promotes enhanced fibroblastic activity and collagen production
leading to extracellular matrix formation and neovascularization [25, 26]. The addi-
tional effects of HBOT in curbing the negative effects of radiotherapy make it a
preferential choice of method for radiosensitization (Fig. 1.4).

HBOT

Tumor Cell

Compounds

E Small molecules }

Radiosensitizer }

\\//

Fig. 1.4 Radiosensitization. Various small molecules, radiosensitizer compounds, and radiosensi-
tizing miRNA or siRNA are utilized to enhance the effect of radiation therapy against tumor cells.
HBOT has been found effective for the same purpose by augmenting the production of free radi-
cals which aid in tumor cell killing in radiation therapy
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1.3  Future Perspectives of HBOT in Therapeutics

Currently, with a much better understanding of the underlying principles of hyper-
baric medicine, it has gained popularity as well as credibility equally among physi-
cians and patients. Also, there are clear scientific evidences in the treatment of a
wide range of clinical conditions and a better understanding of scientific rationale
behind the effects of HBOT. Apart from its applications as a conjunctive therapy in
a large number of ailments, there are various potential benefits of HBOT which are
under study. Its effects in wound healing and regeneration are attributed mainly to
the physiological effects like vascularization, anti-inflammation, etc. But recent
studies have indicated its role in genetic and epigenetic modulation of several cru-
cial genes involved in healing and regeneration. Thus, HBOT shows promise in the
field of regenerative medicine and anti-aging therapies as well. However, more
research and scientific evidences are required to establish HBOT as a regenerative
therapy.
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2.1 Composition of Air

The atmosphere consists of a mixture of 78.08% nitrogen, 21% oxygen, 0.04%
carbon dioxide, and traces of remaining gases [1]. The pressure exerted by the atmo-
spheric gases constitutes the atmospheric pressure which is measured to be 760 mm
of mercury (mmHg). Each component of gas contributes to the pressure in propor-
tion to its volume in the atmosphere, which can be calculated in terms of its partial
pressure as:

Partial pressure of gas = (absolute pressure) X (proportion of total volume of gas).

Thus, the partial pressure of oxygen can be calculated as:

760 (21/100) = 160 mmHg.

Density of a gas is another important factor which is affected by the atmospheric
pressure. Density is the measure of mass per unit volume, i.e. an object of high
density will acquire less volume for a given mass as compared to the object of lower
density. Air density depends upon a number of factors like temperature, pressure,
and humidity [2]. All the atmospheric gases have different relative densities. The
overall air density varies directly with pressure and inversely with temperature.
Higher pressure results in reduction of intermolecular distance of gases, while
increase in temperature has the opposite effect [3].

Water vapors are another important component of atmosphere which contributes
to atmospheric pressure. The water vapor content in atmosphere is variable and
depends on the temperature. Oxygen is a colorless, tasteless, and odorless gas exist-
ing as a diatomic molecule with molecular weight of 32. Oxygen consists of two
unpaired electrons making it highly electronegative. It forms chemical bonds with
nearly all the other elements to form oxides. Oxygen is essential for the existence of
all aerobic life forms. Nitrogen is also a colorless, tasteless, and odorless gas and
exists as a diatomic molecule. It is mostly a non-reactive gas and is insoluble in
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water which leads to bubble formation in blood and tissues during decompression
sickness. Carbon dioxide consists of one carbon atom bonded by each of two oxy-
gen atoms by a double bond. It is a less reactive gas due to its full oxidized state and
shows a high solubility in water. Nearly 1% of dissolved carbon dioxide reacts with
water to form carbonic acid, which readily dissociates into bicarbonate and carbon-
ate ions [4].

2.2 Gas Laws

The physical behavior of gases is governed by a set of laws known as gas laws and
there are several factors which determine the properties of gas in a biological system
such as solubility, temperature, and diffusion.

2.2.1 Henry’s Law

This law was formulated by William Henry in 1803 which relates the solubility of a
gas in liquid medium as a function of pressure and solubility coefficient of the gas.
According to Henry’s law:

Concentration of dissolved gas = Pressure x Solubility Coefficient

Solubility coefficient is specific for every gas or liquid and is inversely propor-
tional to the temperature. The solubility of respiratory gases in plasma or blood, i.e.
0O, and CO, can be calculated at physiological temperature by using Henry’s law.
Oxygen is dissolved at 0.024 ml O,/ml, while CO, is dissolved at 0.5 ml CO,/ml in
plasma [5].

2.2.2 Dalton’s Law

This law was given by John Dalton in 1801 which states that:

“The pressure exerted by a mixture of gases in a given volume is equal to the sum
of pressure exerted by each gas if they alone occupied the same volume.”

It may be represented as:

P

ot =Py +P, + P, P,

Here, P,,P,, P;.... P, represent partial pressure of each individual gas in the mixture.
It can be stated that each gas contributes to the total pressure independently.

Dalton’s law can be used to calculate the partial pressure of individual gases in a

gaseous mixture as a fraction of total pressure exerted. The partial pressure of the

gas can be expressed as a product of total pressure of the gaseous mixture (Pry,) and

the fraction of the gas (F,) [6].
P =P

1 Total

xF,
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The atmosphere comprises a mixture of different gases and the partial pressure
of individual constituent gas varies with elevation in total pressure exerted. Thus,
the gases may exhibit toxicity at an elevated pressure due to the virtue of their
increased partial pressure. This consideration is important in designing the course of
treatment in hyperbaric therapy.

2.2.3 Boyle’s Law

Robert Boyle postulated this law which relates the pressure of a gas to its volume in
a confined space. It states that:

“The pressure exerted by a given quantity of gas is inversely proportional to the
volume of the gas at constant temperature.”

Thus, pxV = k(Constant)

Specific amount of gas at a constant temperature in two different states desig-
nated by 1 and 2 can be related as:

PV, =PV,
Boyle’s law has a practical relevance in hyperbaric treatment as it relates the

confined amount of gas in human body and hyperbaric equipment and governs the
process of compression and decompression [5].

2.2.4 Amonton’s Law/Gay-Lussac’s Law

This law was given by Guillaume Amonton and published in detail by Thomas
Grahamand, thus also known as Graham’s law. It is also known as Gay-Lussac’s law
as he was the first to publish convincing evidence to show the relationship of tem-
perature and pressure for a gas at a constant volume. It provides the relationship
between pressure and temperature of a gas [7]. According to Amonton’s law:

“At a constant volume of gas, the pressure of a given mass of gas varies directly
with the absolute temperature of the gas.”

In other words, the ratio of pressure and absolute temperature of a gas is constant
at a given volume. Mathematically it can be expressed as:

p/ T =K(Constant)orp, /T, =p, /T,

It is important in considering the pressure changes during the compression in
hyperbaric treatment as the temperature variations occur simultaneously.
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2.2.5 Ideal Gas Law

Ideal gas law or universal gas law is a relationship between temperature, pressure,
and volume of a gas and is a combination of Boyle’s law and Amonton’s law [8].
Mathematically it can be stated as:

pxV/T=Constantorp, xV, /T, =p, xV, /T,

2.2.6 Fick’s Law of Gas Diffusion

Law of gas diffusion was derived by Adolf Fick in 1858. It relates the rate of gas
diffusion across a membrane to the partial pressure of the gas [9]. As per Fick’s law:

Rate of diffusion = K x Ax AP/ D.
Here,

K = Constant dependent on temperature and gas type.

A = Surface area of membrane.

AP = Difference in partial pressure of gas on both sides of membrane.

D = Distance over which diffusion occurs (equivalent to membrane thickness).

Fick’s law of diffusion is helpful in understanding the gaseous exchanges within
the body, i.e. oxygen transport in lungs (from alveoli to blood capillaries) and in
tissues (from blood to cells through plasma membrane) [5].

2.2.7 Adiabatic Compression of Gases and Joule-
Thomson Effect

An adiabatic process is defined as a thermodynamic process in which there is no
exchange of heat or matter between the system and the environment [10]. Thus,
there is no change in the temperature of an adiabatic system. Joule—Thomson effect
was postulated by James Prescott Joule and William Thomson, which defines the
temperature changes during the adiabatic compression or decompression of a gas
[11]. When an ideal gas is compressed adiabatically, i.e. without any external cool-
ing, work is done by the gas molecules resulting in increase in the temperature of
gas (Fig. 2.1). Conversely, during adiabatic expansion or decompression, there is a
drop in temperature.

Since hyperbaric oxygen therapy involves the process of compression and
decompression, the changes in temperature need to be carefully monitored and cor-
rected during the whole process of treatment.
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The adiabatic condition

PV'=Constant=K

Leads to the work expression

_K(v;T=V'T)
=7

Pressure

W

y=C,/C,

The ratio of

specific heats
for the gas.

Adiabatic

Volume

Fig.2.1 Graphical representation for adiabatic compression of gases. Adiabatic process is defined
as a process accompanied by neither loss nor gain of heat by the system. During adiabatic com-
pression of gases, work is done by the gases resulting in rise in temperature. Conversely, during
adiabatic expansion, there is a drop in temperature of the system

2.2.8 LaPlace’s Law

Laplace’s law describes the relation between internal pressure of a fluid and the wall
tension and radius of a cylinder or sphere [12]. This law is applicable to the pressure
exerted by blood on the blood vessels and chambers of heart (Fig. 2.2). The law
states that:

“The larger the radius of the vessel, the larger will be the wall tension required to
withstand a given internal fluid pressure.”

Mathematically, Laplace’s law can be expressed as:

Tension (T') = Pressure(P)x Radius(R)/2
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Alveolus B Alveolus A

Cylindrical Vessel P=2T/r P=2T/r
T R P=2x50/2 P=2x50/1
/—\ Wall Tension P= 50 P=100

P (Pressure)

Spherical Vessel
T=PR/2

Fig.2.2 LaPlace’s law. Laplace’s law relates the fluid pressure in a closed circular chamber to the
wall tension and radius of the chamber. It is applicable to the pressure exerted on the alveolus wall
as the small alveoli are likely to experience higher pressure than the larger alveoli under the condi-
tion of same internal pressure

2.3  Oxygen Transport in Normobaric and Oxygen-
Hemoglobin Dissociation Curve

Oxygen is vital to aerobic life form and central to the process of cellular respiration.
The process of respiration involves the intake of air through lungs, its diffusion to
the pulmonary capillaries through alveoli, and transport of oxygen majorly in hemo-
globin bound state to all the tissues for cellular respiration [13]. Carbon dioxide
produced during cellular respiration is carried back to the alveolar space and exhaled
through lungs. The rate of oxygen absorption depends on the alveolar ventilation or
alveolar partial pressure of oxygen (pAQO,). Under normal conditions, the pAO, is
maintained at 104 mmHg, while in case of moderate exercise, it can increase up to
four folds the normal value. The partial pressure of O, in pulmonary capillaries is
40 mmHg which enables the diffusion of O, from alveoli into the pulmonary blood
circulation. The partial pressure of CO, (pCO,) in alveoli depends upon the rate of
cellular respiration and is maintained at 40 mmHg under normal conditions [14, 15].

Around 97% of oxygen is transported from the lungs to different tissues in a
bound state with oxygen carrying pigment hemoglobin, while 3% oxygen is trans-
ported in dissolved state in plasma. One molecule of Hb can bind with 4 oxygen
molecules. The pO, in the tissues is maintained at 20—40 mmHg by gradual release
of O, from Hb in the tissues [16, 17]. Under hyperbaric conditions, the rate of oxy-
gen transport is only mildly affected as the Hb gets readily saturated under normo-
baric conditions due to cooperative binding, i.e. binding of one oxygen molecule
facilitates the subsequent binding of next oxygen molecules [18]. Under this
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condition, around 97% of Hb is already saturated and it requires a very high pO, to
saturate the remaining 3% Hb. Thus, increase in the concentration of inspired oxy-
gen by increase in pressure does not elevate the rate of oxygen transport [19, 20].
The mechanism of oxygen binding and Hb saturation with oxygen can be explained
by oxygen—hemoglobin dissociation curve or oxyhemoglobin curve. The oxygen—
hemoglobin dissociation curve is a sigmoidal curve relating the partial pressure of
oxygen to the percentage oxygen saturation of Hb. The binding affinity of oxygen
to Hb is represented by P50, which is the partial pressure of oxygen at which half of
the binding sites of Hb are saturated or in other words, Hb is 50% saturated. The
P50 value under normal physiological conditions at sea is 26.3 mmHg. The value of
P50 may vary according to the physiological conditions or environmental condi-
tions (Fig. 2.3). Shift in oxygen—hemoglobin dissociation curve toward right signi-
fies increased affinity of oxygen to Hb, while a left shift suggests decreased affinity.
For example, the P50 is increased in anemic conditions to increase the unloading
rate of oxygen from Hb, while it is decreased in case of pulmonary diseases [21, 22].

0, Affinity so

Normal

0, unloading Left Shift

" Right Shift

pCO2 [H*], Temp, DPG
9 pH
= [PO.°] )
& met-Hb 4 pCO2 [H'], Temp, DPG
b CO-Hb pH
2 Fetal-Hb Sulf-Hb
T | L HbSS
® P50
= v0, Affinity so

40, unloading

~27

pO.(mmHg)

Fig 2.3 Oxygen—hemoglobin dissociation curve. Oxygen—hemoglobin dissociation curve is a sig-
moidal shaped curve which represents the cooperative binding of Hb to O,. As the partial pressure
of oxygen increases, the binding of one oxygen molecule increases the affinity of oxyhemoglobin
for O, in adjacent Hb subunits. The affinity of Hb for oxygen increases or decreases under various
conditions resulting in a left or right shift in the oxygen—hemoglobin dissociation curve
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The discovery of oxygen is attributed to Joseph Priestley in 1772, when he reported
the importance of oxygen in combustion as well as in sustenance of life [1]. Oxygen
is an elemental gas which exists in atmosphere as a molecule of dioxygen (O,) and
consists of two unpaired electrons making it highly reactive. In biological system,
oxygen is involved in the oxidation of energy yielding biomolecules (carbohydrates,
lipids, and proteins) and generation of energy in the form of ATP through the pro-
cess of oxidative phosphorylation [2]. As previously discussed, oxygen is majorly
transported in the blood in bound state with hemoglobin and the gaseous exchange
of O,/CO, takes place in lungs and tissues due to differential partial pressures of
both the gases in these sites.

3.1 Bohr Effect and Haldane Effect

The release of both respiratory gases, i.e. O, and CO, in the tissues and lungs,
respectively, depends on the changes in pH of blood due to their binding with Hb. It
can be collectively explained by Bohr—Haldane effect (Fig. 3.1). Bohr effect
describes the property of Hb which aids in the release of O, in the tissues.
Metabolizing tissues release CO, in the vicinity, thereby creating an acidic environ-
ment. The binding of Hb to O, is inversely proportional to acidity and CO, concen-
tration facilitating the release of O, in the tissues [3].

Haldane effect states that under high acidic conditions Hb binds poorly with CO,
to form carbhemoglobin. The binding of O, to Hb in the blood makes Hb a strong
acid. CO, is released from Hb to form carbonic acid which readily dissociates into
CO, and H,O to be released by the lungs [4]. Combined Bohr—Haldane effect
explains the transport and release of O, and CO, and how pH determines their bind-
ing and release [5].
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[ The Bohr-Haldane Effect |

7

CO;

Lungs

Fig. 3.1 Bohr-Haldane effect. Release of respiratory gases, i.e. CO, and O, can be explained by
Bohr and Haldane effect. Oxygen is released in the tissues in response to decreased pH due to
higher CO, concentration (Bohr effect), while CO, is released in lungs for expiration as the affinity
of CO, decreases in the presence of higher oxygen concentration resulting in an increase in pH

3.2 Oxygen Consumption

Oxygen delivered to the tissues is rapidly consumed and the rate of oxygen con-
sumption determines the metabolic sufficiency of tissues. Oxygen consumption is
calculated as the amount of oxygen utilized by the tissues per minute.

Oxygen consumption (VO,) is derived by determining the arterial oxygen con-
tent (Ca0,), venous oxygen content (CvO,), and cardiac output, i.e. amount of
blood pumped by heart in 1 min (CO) [6, 7].

VO, = COx(Ca0, —CvO0, )

Oxygen consumption rate is dependent on various extrinsic factors such as exer-
cise, trauma, inflammation, and hypothermic conditions.

3.3  Oxygen Debt

Aerobic respiration requires a constant supply of oxygen to fulfill the energy
requirements of the body. During periods of intense physical activity like strenuous
exercise, there is an increased oxygen demand creating a deficit for oxygen [8].
Under these conditions, anaerobic respiration in the form of lactic acid pathway
takes place. There is an accumulation of lactic acid in the muscles which needs to
be catabolized into water and carbon dioxide once body comes to a resting state.
The additional oxygen or oxygen debt is required for the purpose to restore the state
of homeostasis [9]. There are numerous factors upon which oxygen delivery is
dependent such as cardiac output, pulmonary gas exchange, oxygen carrying capac-
ity of blood, and rate of oxygen take up by the tissues [10]. During the conditions of
oxygen debt, the protective mechanisms in response to cellular stress are triggered.
Oxygen debt may be created in surgical and critically ill patients due to hypoxic
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conditions. This results in hormonal and metabolic changes affecting the morbidity
and mortality of patients. The increased oxygen demand needs to be fulfilled by
clinical interventions [11]. HBOT has proved to be beneficial for reducing this oxy-
gen deficit and provides oxygen sufficiency to reduce cellular stress.

3.4 Oxidative Phosphorylation and Electron
Transport Chain

In the tissues, majority of oxygen is utilized in the mitochondria for the transduction
of energy. Mitochondria is a double membraned organelle consisting of energy
transduction machinery in the form of multiprotein transmembrane complexes. The
high energy substrate in the form of acetyl coenzyme A (acetyl CoA) is derived
from the initial breakdown of biomolecules. Acetyl CoA leads to the production of
NADH and FADH, through Krebs cycle [12]. NADH and FADH, enter the process
of oxidative phosphorylation which involves electron and proton (H*) transport
across the inner mitochondrial membrane through five multiprotein complexes
named from complex I to V. These five complexes form the electron transport chain
(ETC) and the complex I, III, and IV are involved in the translocation of H* in the
intramembrane space generating an electrochemical gradient and proton motive
force (Fig. 3.2). This proton motive force is utilized by complex V for the synthesis
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Fig. 3.2 Electron transport chain and oxidative phosphorylation. The energy transduction path-
way in cells consists of 4 multiprotein complexes (complex [-IV) and ATP synthase in the inner
mitochondrial layer. NADH and FADH, are formed in the mitochondrial lumen which undergoes
oxidative phosphorylation generating electrons and protons. Transport of two electrons takes place
via each complex with simultaneous transfer of protons in the inter-membrane space. Oxygen acts
as the final electron acceptor. The proton motive force generated by the electron transfer is utilized
by ATP synthase to generate ATP
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of ATP from ADP and inorganic phosphate (Pi). The final electron acceptor in the
electron transport chain is molecular oxygen. Complex IV (also known as Cytc
oxidase) transfers 4 electrons and 4 H* to oxygen to form a molecule of water (H,O)
[13-15].

3.5 Reactive Oxygen Species and Oxidative Damage

The electrons generated in the electron transport chain are destined to be taken up
by oxygen. However, there is always a partial leakage of electrons from ETC. This
leads to the production of partially reduced oxygen species known as reactive oxy-
gen species (ROS), namely superoxide radical, hydroxy radical, and hydrogen per-
oxide [16]. ROS are extremely reactive and have deleterious effects on
polyunsaturated fatty acids, nucleic acids, and proteins. One of the most prominent
effects of ROS is lipid peroxidation which causes functional and structural damage
to the lipid bilayer membranes of cells affecting the functions of membrane associ-
ated proteins, channels, and receptors [17, 18]. ROS are produced even in normal
physiological conditions but are neutralized by the defense mechanism consisting
of cellular enzymes such as superoxide dismutase, glutathione peroxidase, and cata-
lase [19]. Apart from these enzymes, several other non-enzymatic anti-oxidant mol-
ecules such as tocopherol, ascorbic acid, and beta-carotene facilitate the elimination
of toxic ROS species [20, 21].

3.6 Physiology of Oxygen Utilization in HBOT

The physiological effects of hyperbaric treatment arise by the virtue of increased
barometric pressure as well as enhanced oxygen bioavailability. Under hyperbaric
conditions, oxygen dissolved in plasma can be as high as 6% as opposed to 3% as
in normobaric condition [22]. The increased fraction of dissolved oxygen is more
readily available through diffusion as compared to oxygen in the Hb bound form.
Hyperbaric oxygen also results in the saturation Hb in the venous blood. However,
it does not affect the CO, transport in venous blood as majority of CO, is trans-
ported as H,COs/HCO;™ to be excreted via the lungs [23]. One of the major attri-
butes of hyperbaric treatment is the increase in the arterial partial pressure of oxygen
(pa0O,) as the total inspired content of oxygen gets increased. This results in the
higher availability of oxygen to the tissues. Under such state the difference between
arterial and venous oxygen partial pressure can reach up to 350 mm Hg [24]. The
oxygen consumption rate of tissues increases significantly but the rate is dependent
on various other factors. The oxygen requirement of tissues varies according to their
energy requirement and so the oxygen consumption varies accordingly. For exam-
ple, the oxygen consumption of cardiac muscles is higher than the skeletal muscles,
while the oxygen requirement of skeletal muscles is higher than that of skin tissues
[25]. Also, there is a compensatory effect in response to increased oxygen partial
pressure in the form of vasoconstriction. Vasoconstriction leads to the reduction in
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the blood flow to the tissues ensuring optimum tissue oxygenation. There is a
decline in cardiac output initiated by vasoconstriction and baroreceptor mediated
mechanism [26]. There are various other physiological functions affected by hyper-
baric treatment and which are of therapeutic significance. HBOT is known to
enhance fibrinolytic activity by decreasing the levels of plasminogen activator
inhibitor-I (PAI-I) while increasing the levels of euglobulin fibrinolytic activity
(EFA) and tissue type plasminogen activator (t-PA). It is notable that PAI-I level
decreases during initial compression, while increase in EFA and t-PA takes place
shortly after the decompression [27]. HBOT also has a rejuvenating effect in tissues
under stress due to factors including oxidative stress and hypoxia. The higher frac-
tion of dissolved oxygen in plasma aids in increasing the availability of oxygen to
the hypoxic tissues or to the cells under stress conditions [28]. Overall, HBOT helps
to enhance the availability of oxygen to all the tissues and the fulfillment of oxygen
requirement generates secondary responses leading to therapeutic results.

3.7 Nutraceuticals as an Accessory to HBOT

HBOT is recommended in clinical conditions when no signs of improvement are
observed in the course of conventional treatment strategies. Administration of
HBOT aids in a wide array of functions at physiological as well as cellular level by
virtue of increased bioavailability of oxygen to the cells and tissues. HBOT exerts
its effect on aspects of wound healing such as reduction of edema and inflammation
in addition to augmenting processes of regeneration like angiogenesis, mobilization
of stem cells, and extracellular matrix (ECM) deposition [22, 26, 29, 30]. Studies
have shown that the beneficial effects of HBOT can be optimized when combined
with accessory factors such as utilization of antibiotics and nutraceutical products.

Nutraceutical is a term representing the products derived from food sources with
a therapeutic value apart from their nutritional benefits [31]. The term was first
coined in 1989 by Stephen DeFelice, founder and chairman of the foundation for
innovation in medicine, Cranford New Jersey. On the basis of source of nutraceuti-
cal products and their pharmacological composition, they may be classified into
four different categories: dietary supplements, medicinal foods, functional foods,
and farmaceuticals (farm derived products) [32]. The role of nutraceuticals is mainly
considered as preventive medicine aimed to improve the physiological state of the
individual. They have the ability to enhance the inherent protective mechanisms of
body such as regenerative power, anti-oxidant defense mechanism, immune func-
tions, and gene expression [33-36]. Nutraceuticals aid in the maintenance of physi-
ological integrity, protection against infections, and postponing the process of
biological aging.

Nutritional supplements play an important role in effective wound healing dur-
ing the course of HBOT as well as during the recovery after treatment. Patients
suffering from non-healing wounds are adversely affected by the conditions of
insufficient nutritional intake [37]. The process of recovery requires regeneration of
new tissues which need to be sufficed by providing proper nutritional elements [38].
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Nutritional elements which majorly constitute the part of nutraceuticals include
polyunsaturated fatty acids, amino acids, keto acids, vitamins, and mineral which
plays a key role in improved recovery and well-being of patient undergoing treat-
ment and shown to have enhanced the benefits of HBOT [39].
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Physiological Effects of Elevated 4
Barometric Pressure

Changes in atmospheric pressure result in changes in physiological functions in
order to maintain the homeostasis in the body (Fig. 4.1). In natural conditions, an
individual is subjected to an elevated ambient pressure when descending below the
surface of the sea. It has been determined that a vertical column of 33 ft. or 10 m
corresponds to 760 mm Hg pressure equivalent to 1 ATA. Thus, a descend of 10 m
in the sea subjects the individual to 2 ATA pressure (corresponding to 1 ATA of air
pressure and 1 ATA of pressure exerted by water) [1]. The physiological changes
accompanied by the elevation in pressure depend on various factors such as total
amount of pressure, duration of elevated pressure, activity level of individual, tem-
perature, rate of descend, and mixture of gases inspired during the course of ele-
vated pressure.

4.1 Effect of Increased Pressure on Physiological Functions
4.1.1 Effects on Hematological Functions

One of the major effects of pressure is development of diuresis and fluid loss result-
ing in hemoconcentration. The levels of Hb, plasma protein, hematocrit, and choles-
terol are found to be slightly increased due to the fluid loss. There is impairment in
the sense of thirst in hyperbaric conditions which can worsen the effect of fluid loss.
Pressure induced diuresis occurs mainly due to the inhibition of anti-diuretic hor-
mone (ADH) release affecting the hydrostatic action of ADH on renal tubules [2].
Also, the tubular reabsorption of Na* ions is inhibited which decreases its active
transcapillary movement. There is a steep rise in the concentration of fibrinogen,
neutrophil count, and platelet count after exposure to hyperbaric environment. This
is usually observed in sea divers where environmental factors such as cold water
also contribute to this effect [3]. However, the values gradually return to normal
upon returning to normobaric conditions.
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Fig. 4.1 Effect of increased pressure on different physiological functions. Elevation in the baro-
metric pressure affects the hypothalamus—pituitary adrenal axis and sympathetic adrenomedullary
axis through stress response. Changes in pressure result in modulation of various physiological
functions in order to maintain homeostasis

4.1.2 Changes in Cardiovascular and Skeletal System

Elevation in the atmospheric pressure can interfere with the electrical activity of
muscle cells including cardiac muscles. The effects are manifested in the form of
mild arrhythmia due to changes in the excitation—contraction coupling. The eleva-
tion in pressure results in decreased myocyte excitability and causes conductional
instability. However, the extent of conductional instability due to hyperbaric envi-
ronment has negligible physiological consequences. There is an increase in cardiac
contraction with an increase in the left ventricular pressure. The divers exposed to
high atmospheric pressure develop circulating gas bubbles resulting in right
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ventricular overload and impaired ventricular diastolic performance. The elevation
in pressure has also been associated with bradycardia. The overall effect of changes
in the cardiac functions leads to a decrease in the cardiac output of the individual [4].

There is a generalized vasoconstriction of blood vessels in response to
HBOT. Hyperbaric conditions result in an increased production of nitric oxide in the
endothelium leading to reduced vasodilation. Function of sympathetic nervous sys-
tem is also altered in response to elevated pressure promoting vasoconstriction. The
partial decrease in blood flow due to vasoconstriction is responsible for the thera-
peutic effects of HBOT in tissue edema. The cardiovascular implications of HBOT
are primarily dependent on the baroreflex mediated mechanism. The state of vaso-
constriction triggers baroreflex mechanism via vagal parasympathetic system result-
ing in bradycardia [5, 6].

Blood flow to the skeletal system is found to be reduced under hyperbaric condi-
tions due to the formation of nitrogen bubbles. The head of femur is mostly affected
after prolonged exposure to pressurized air giving rise to dysbaric osteonecrosis
characterized by ischemia and subsequent infarction of bone [7].

4.1.3 Effect on Respiratory System

The changes associated with respiratory system upon exposure to hyperbaric condi-
tions are mainly due to altered affinity of Hb to oxygen. This leads to hyperventila-
tion and increased retention of CO, in the tissues [8]. The inspiratory and expiratory
volumes are affected under pressure where compression leads to hypercapnia, while
decompression results in hypocapnia. Due to the increased density of inspired air
under pressure there is higher airway resistance and it requires more energy to
breathe properly. There is a loss of elasticity of lung tissues upon prolonged expo-
sure to high pressure [9]. However, secondary factors other than hyperoxic condi-
tions are more responsible for the effect. The peripheral oxygen receptors are also
affected in their function under prolonged hyperoxic conditions as seen in deep-sea
divers [10].

4.1.4 Effect of Other Atmospheric Gases
on Physiological Functions

Apart from oxygen, all other atmospheric gases such as nitrogen, helium, and car-
bon dioxide behave differently under the conditions of high atmospheric pressure.
According to Dalton’s law, each gas exerts pressure according to the fraction of that
gas present in the atmosphere, which is represented by its partial pressure. Breathing
compressed air may result in symptoms similar to alcohol intoxication. The narcotic
effects arise due to the presence of less soluble nitrogen gas in the air and its dif-
ferential lipid solubility when inhaled under pressure. The major symptoms of nitro-
gen induced narcosis include impaired mental ability, decline in cognitive functions,
state of euphoria, and impairment in decision making capability. Narcosis resulted
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due to the increased CO, retention in the tissues and hypoventilating conditions.
However, the mechanism may be similar to the effect of conventional anaesthetics
like nitrous oxide which interfere with the functions of ion channel receptors. The
possible disruption of ion channel receptors may lead to neurochemical changes
producing the symptoms of narcosis. Helium is less soluble in blood than nitrogen
and has a higher diffusion rate. It also has a low fat solubility at normal temperature
and pressure. At higher atmospheric pressure, the fat solubility of helium increases
affecting mainly the CNS. It has a stimulatory effect on the nervous system and
found to be neuroprotective and cardioprotective. However, the mechanism of
action of helium and possible effect of elevated pressure on biological system is not
clearly understood. Carbon dioxide intoxication may occur under conditions of
elevated partial pressure of CO, or insufficient expiration of produced CO,. The
patient may experience agitation, headache, and palpitation under CO, intoxication.
CO, narcosis is the condition of CO, intoxication at partial pressure of CO, more
than 6 kPa where patient undergoes tachycardia, experiences air hunger, and may
lose consciousness.

4.1.5 Effect on Neurological and Endocrine Functions

Various neuropsychological implications have been associated with the exposure of
hyperbaric pressure. At a pressure of 10—13 ATA, decline in motor and neurological
functions has been observed. There is an impairment of long-term memory, while
short-term memory remains unaffected at high pressure [11]. The neurological
impairments may arise due to the complications of decompression sickness but
there is no direct evidence for their connection. Middle aged divers are found to
develop brain lesions as detected by magnetic resonance imaging (MRI). Most of
the effects are temporary and disappear over time [12]. Most divers, when exposed
to prolonged period of high pressure develop high pressure neurological syndrome
(HPNS). It is associated with a range of neurological symptoms such as tremors,
myoclonus, dysmetria, hyper-reflexia, sleep disorders, opsoclonus, and convul-
sions. Several neuropsychiatric manifestations may also appear in the form of mem-
ory impairment, psychoses, and cognitive dysfunctions [13, 14].

Changes in endocrine functions may also be manifested under the influence of
hyperbaric conditions. There is an increase in the circulating levels of dopamine,
epinephrine, and norepinephrine while a decrease in the levels of ADH without any
change in aldosterone secretion. The male reproductive hormones levels are also
affected as oligozoospermia has been reported in deep-sea divers. The metabolic
functions of individual under hyperbaric condition are affected since the levels of
hormones like insulin and thyroxine are altered. The levels of insulin and angioten-
sin I are increased, while thyroxine levels are decreased in the blood. Apart from
this, atrial natriuretic factor (ANF) levels are elevated which is responsible for the
diuretic effect of hyperbaric environment [15, 16].
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4.2 Pressure Considerations in HBOT

HBOT requires a careful consideration of multiple factors depending upon the treat-
ment requirements, risks involved, and patient’s response to treatment. The treat-
ment conditions of HBOT are modulated according to the type of ailment as well as
level of severity. The level of pressure and the duration for which the pressure is
administered are highly critical in HBOT. The ill-effects of hyperbaric conditions
usually develop at a very high pressure as observed in sea divers who may experi-
ence pressure as high as more than 10 ATA for a prolonged time period in non-
standard conditions [17-19]. In a hyperbaric chamber, the air pressure is increased
to a moderate level (2-3 ATA) and treatment is provided in regular intervals instead
of exposing the patients to high pressure for long durations. Also, the patients are
usually given 100% oxygen which rules out the narcotic effects of other atmospheric
gases. The controlled conditions and designing of HBOT modules for treatment
ensure the therapeutic utilization of hyperbaric environment while minimizing the
side effects of high pressure and hyperoxia.
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Hyperbaric Chambers: Design
and Function

The practice of HBOT requires subjecting the patient’s entire body to an environ-
ment of elevated pressure and inspiration of 100% oxygen for a specific period of
time depending on the treatment. The treatment is provided to the patients in spe-
cially designed chambers to maintain the pressure higher than the atmospheric pres-
sure. The conditions inside the hyperbaric chambers can be regulated as per the
requirements of treatment. The hyperbaric chambers can be classified according to
the capacity to accommodate the number of patients and their basic design (Fig. 5.1).
Hyperbaric chambers designed to accommodate a single patient are called mono-
place chambers, while the hyperbaric chambers with a capacity to accommodate a
larger number of patients are called multiplace chambers. The choice of hyperbaric
chamber for treatment depends upon the clinical indications and required hyper-
baric treatment protocols. The indications may be chronic and urgent or may be
elective which would require different approaches to administer hyperbaric
treatment.

5.1 Monoplace Chambers

Monoplace chambers are typically made up of clear acrylic material filled with
oxygen where a patient can lie in a semi-recumbent or beach chair position. They
are lighter in weight and can be easily installed into existing space. The chamber is
filled with 100% oxygen and connected with ports and tubing in order to allow
monitoring of physiological parameters and intravenous (IV) supply of fluids or
medicine to the patients [1-3]. The patients are usually provided with a mask or
hood for intermittent breathing of normal air during the treatment. The mechanism
of oxygen supply in a monoplace chamber can be of two types:

1. Constant purging mechanism: Oxygen is constantly supplied to the chamber
at a specific fixed rate and removed from an outlet to the external environment.
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Fig.5.1 (a and b) Monoplace and multiplace hyperbaric chambers

2. Recycling mechanism: The gases excreted in the chamber environment are
recycled by removing unwanted CO, and water vapors and supplied back to the
chamber.

5.1.1 Advantages of Monoplace Chambers

1. Patients can be treated in an isolated environment minimizing the risk of
infection.

2. Asthe patients stay in the chamber, individual personalized intensive care can be
provided without the need to transfer the patient and interrupting the medical
treatment.

3. Face mask is not compulsory as the whole chamber environment is saturated
with oxygen under pressure. There is less risk of oxygen leakage and the setup
is comfortable for the patient.
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4. It is easier to observe and monitor the patient during the course of treatment.

Decompression procedure is not required.

6. Itis economical in terms of space as well as cost and can be easily installed any-
where in the medical facility.

7. The number of operators required to handle the equipment is less.

9]

5.1.2 Drawbacks

Higher risk of fire hazard due to completely oxygen filled environment.
Medical personnel cannot have direct access to the patient.

Physical therapy cannot be conducted due to limited space.

For the patients with decompression sickness, it is difficult to provide “air-brake”
due to inaccessibility to the patient.

e

5.2 Multiplace Chambers

Multiplace chambers are specially engineered rooms designed to accommodate a
large number of patients (as many as 20 patients). The patients are provided with
masks or hoods to receive the supply of 100% oxygen under pressure. Multiplace
chambers are spacious and allow medical personnel or caregiver to attend to the
patients. Multiple patients can co-occupy the space in a multiplace chamber where
specific treatment protocols can be implemented for each individual patient. There
are comprehensive monitoring systems to supervise the patient’s physiological
parameters as well as to check the composition and flow of oxygen given to the
patients. The external atmosphere of a multiplace chamber is kept under normobaric
conditions with constant maintenance of temperature and humidity [2—4].

5.2.1 Advantages of Multiplace Chambers

1. Multiplace hyperbaric chambers allow simultaneous treatment of large number
of patients at a given time.

2. Lower risk of fire hazard.

3. Multiplace chambers can accommodate medical personnel as well as specific
medical equipment for the treatment and care of the patients.

4. Physical therapy can be easily provided to the patients.

5. Atmospheric pressures up to 6ATA can be attained in multiplace chambers in
case of treatment of specific conditions that require higher pressures such as air
embolism and decompression sickness.
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5.2.2 Drawbacks

1. One of the major disadvantages of multiplace chambers is lack of patients’ isola-
tion subjecting to higher risks of infection and difficulty in providing emergency
treatment.

2. Requires high capital, technical expertise, and operating staff.

3. Increased risk of barotrauma during pressurization and decompression.

Hyperbaric chambers can also be classified as soft or hard hyperbaric chambers
based on their composition. Soft hyperbaric chambers are made of a soft polymeric
material like polypropylene and can be sealed with a zipper. The atmospheric pres-
sure and oxygen levels can only be moderately raised up to 1.3 ATA and 24% O2
level, respectively. These are primarily suited for mountain climbers and divers [5,
6]. Hard hyperbaric chambers are hard-shelled chambers that can achieve higher
atmospheric pressures and 100% oxygen levels.

5.3  Safety Measures and Other Considerations
for Hyperbaric Facility

The performance and working of hyperbaric facility should be according to the
appropriate safety norms for safe and effective administration of hyperbaric oxygen
therapy. It is mandatory for hyperbaric centers to follow the norms according to
European Code of Good Practice for Hyperbaric Oxygen Therapy. It covers the
safety of patients, staff, third parties as well as infrastructure of hyperbaric facility.
Following are the major considerations of European Code of Good Practice
for HBOT:

5.3.1 Staffing Requirements for Hyperbaric Facility

Hyperbaric facilities should have the following trained staff suited for various
aspects of HBOT:

1. Medical director responsible for approval and operation of all the functions in
the facility

2. Hyperbaric physician with basic medical qualification and certificate in hyper-

baric medicine course

Supervisor to oversee all the operations

Hyperbaric safety manager to ensure safe practice in the facility

5. Hyperbaric technicians (chamber operator, technicians responsible for repair
and maintenance of equipment)

6. Hyperbaric nursing staff (nurse and attendants for direct patient care)

7. Record keeping staff for proper documentation of all the relevant data.

W
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5.3.2 Risk Management and Risk Assessment

Risk assessment involves careful examination of potential hazards in the facility and
to ensure that proper precautions and safety measures are in place in order to mini-
mize or avoid injury or harm to patients and staff. This requires proper documenta-
tion of procedures, operational conditions (pressure, electrical connections, hygiene,
etc.), equipment maintenance logs, and assessment of other factors such as manual
errors. The process of risk assessment can be generic but certain specific factors
need to be considered for an individual hyperbaric facility.

5.3.3 Procedures

Proper operating manuals for equipment as well as standard operating procedures
(SOPs) for various HBOT treatment protocols should always be available to the
relevant operating staff. The protocols must have a clear and detailed mention of all
operating procedures, emergency protocols, and contingency plans in case of emer-
gency. Apart from this, records pertaining to maintenance of equipment, patient
records, records regarding safety, and technical aspects in the facility should always
be available to easily track down any discrepancy or technical difficulties.

5.3.4 Patient Safety

Various factors which directly affect patients such as quality of gas, environmental
conditions in the chamber, breathing system and apparatus, etc., should have a
proper monitoring system and periodical working and maintenance logs of equip-
ment should be kept to avoid any potential hazard to patient safety.

5.3.5 Fire Safety

Proper measures for fire safety should be practiced in the hyperbaric facility.
Operational conditions of 1000% oxygen pose a fire hazard, thus additional vigi-
lance and precautionary measures are required in a hyperbaric facility. The electri-
cal connections to the equipment should be of appropriate standard for use in HBOT
facility. Use of potential fire hazards like combustible liquids, gases, pressurized
cans, spark generating devices, electrostatic generating materials (clothes or any
material with electrostatic properties) should be avoided at all costs. Staff should be
trained in case of potential fire to ensure their own safety as well as the safety of
patients. Patients should be clearly advised about the potential fire hazards. Fire
drills and training should be periodically carried out in the hyperbaric center.
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6.1 Importance of Transcutaneous Oximetry in HBOT

HBOT administration in various clinical conditions depends on the alleviation of
low oxygen tension in the affected region with the manifestations of direct and indi-
rect therapeutic effects. The overall oxygen availability to all the tissues in the body
is enhanced during the procedure of HBOT and reflects the health of patient under
observation (Fig. 6.1). Thus, it is important to assess the levels of transcutaneous
oxygen tension (TcPO,) during the procedure as it reflects the efficiency of HBOT. It
is especially beneficial to monitor the transcutaneous oxygen levels in case of treat-
ment of wound healing where local oxygen tension in wounds determines the effec-
tiveness of wound healing under hyperbaric conditions.

Transcutaneous oximetry (TCOM) is a technique to measure the oxygen released
from capillaries to the tissues and provides information about the efficacy of oxygen
delivery to the tissues. It is a non-invasive and reliable diagnostic method used to
determine the oxygenation in the periwound region, i.e. at the edge of wound
(Fig. 6.2) [1, 2].

Hypoxic conditions prevail in the wounded tissues and the surrounding region
which interferes with the proper healing of wound. HBOT helps in relieving tissue
hypoxia and ischemia and improves the conditions of healing. Transcutaneous
oximetry is also employed as criteria for selection of patients for HBOT [3, 4]. It is
widely used in medical applications other than HBOT such as pediatric intensive
care units, plastic surgery, vascular surgery, and orthopedic surgery [5].
Transcutaneous oximetry device uses a Clark type polarographic oxygen electrode
placed on skin. The electrode is heated up to 43.5 °C which triggers vasodilation of
capillaries underneath skin and gives measurement of oxygen partial pressure of the
region (Fig. 6.3) [6].

Under the conditions of hypoxic wounds, the pO, becomes less than 40 mmHg.
The patients with pO, less than 40 mmHg can be considered as potential candidates
for HBOT. Under hyperbaric conditions the pO, in the periwound region usually
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Fig.6.1 (a) Circulatory system (red) and lymphatic system (green) under normal condition. O, is
transported only by red blood cells. (b) Oxygenation in the body under hyperbaric condition. All
body fluids carry O2 and saturate the body with oxygen. (¢) The oxygen molecules become smaller
and closely packed under hyperbaric pressure resulting in higher solubility in body fluids

reaches above 200 mmHg [7, 8]. Attainment of higher pO, greatly increases the suc-
cess rate of hyperbaric treatment. There are various factors which may interfere
with the measurement of TcPO, such as edema, acute infection, presence of scar
tissue, inflammation, and sclerosis. Thus, a reference TcPO, reading for the upper
thoracic region is also taken along with the measurement of the site of interest
[9, 10].

6.2  Algorithms and Considerations in the Measurement
of Transcutaneous Oxygen Tension

There are various factors that need to be considered for the application of transcuta-
neous oximetry in effective management of HBOT procedure. TCOM is a proce-
dure for mapping the oxygen tension of the periwound site. Thus, multiple
periwound sites are assessed by TCOM in order to draw a suitable clinical
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Fig. 6.3 Working of a transcutaneous oximeter

conclusion [11]. The measurements are taken in a warm and comfortable room with
patients rested in a supine or recumbent position (Fig. 6.4). The operating tempera-
ture of thermistor used in TCOM device is kept at 45 °C. Patients are usually sub-
jected to 100% oxygen under normobaric conditions first to access the variation in
their pO, before initiating the HBOT. This is called as normobaric oxygen chal-
lenge test.
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The value of TcPO, under normobaric conditions helps the physician to deter-
mine the incidences of arterial insufficiency or diffusion barriers [12, 13]. Following
conclusions can be made on the basis of values of TcPO, while providing the
patients with 100% oxygen under normobaric conditions:

e If the value of TcPO, is less than 30 mmHg after intaking 100% oxygen for
10 min, it suggests possibility of severe arterial disease.

e If the value of TcPO, is more than 30 mmHg but less than 100 mmHg after intak-
ing 100% oxygen for 10 min, it suggests the occurrence of oxygen diffusion
barrier as a result of various conditions such as edema, dehydration, vasocon-
striction, inflammation, or microvascular damage.

The decision for applying suitable protocol for HBOT depends on other clinical
findings as well as patient history along with the conclusions drawn from TCOM
(Fig. 6.5).
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HBOT has found its place as a therapeutic strategy for a large number of medical
conditions. There are irrefutable evidences that support the utilization of HBOT as
a standard for treatment in clinical conditions including decompression illness, gas
embolism, and carbon monoxide poisoning. Undersea and hyperbaric medical soci-
ety (UHMS) has approved the use of HBOT for 14 different medical conditions [1].
HBOT is employed as an auxiliary treatment therapy in conjunction with surgery
and other clinical interventions for most of the indications and showed an enhanced
improvement in these conditions. The range of pathologies include orthopedic, neu-
rological, cardiovascular, gastrointestinal as well as chronic and infective wounds
[2-7]. Although HBOT has proved to be beneficial in conditions such as diabetic
foot ulcers, ischemic stroke, and multiple sclerosis, further studies with proper con-
trol are required to establish HBOT as a standard mode of treatment in these clinical
conditions.

7.1 Air or Gas Embolism
7.1.1 Complications of Gas or Air Embolism

Air or gas embolism is the occurrence of air bubbles in the arterial or venous circu-
lation (Fig. 7.1). It is a life-threatening condition which may lead to serious morbid-
ity or mortality. The presence of air bubbles in the vascular system can cause tissue
deformation and vessel occlusion affecting tissue perfusion and oxygenation [8].
The presence of gas bubbles in blood also leads to biochemical effects in the form
of leukocytes activation, disbalance in homeostasis, and endothelial damage [9, 10].
The contact of gas bubbles with endothelial cells leads to mechanical damage which
in turn initiates the opening of transient receptor potential vanilloid (TRPV) ion
channels. The opening of TRPV channels allows calcium ion entry, mitochondrial
dysfunction, and cell death [11, 12]. Damage to vascular endothelium results in the

© The Author(s), under exclusive license to Springer Nature Singapore Pte 43
Ltd. 2023

M. Gupta, I. Somasundaram, Hyperbaric Oxygen Therapy: Principles and

Applications, https://doi.org/10.1007/978-981-99-7278-4_7

7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-7278-4_7&domain=pdf
https://doi.org/10.1007/978-981-99-7278-4_7

44 7 Evaluating the Recommended Indications of HBOT

“ ~ Air embolism

Fig. 7.1 Air embolism. Air embolism is characterized by the presence of gas bubbles in the blood
stream leading to the obstruction in blood flow and clumping of blood cells

release of vasoactive substances which severely affects lungs and brain. The injury
may be caused due to intracardiac “vapor lock” which results in hypotension or due
to circulatory arrest and direct arterial occlusion [13].

Arterial gas embolism (AGE) is well studied in cases of pulmonary barotrauma
(PBT) that occurs during pulmonary barotrauma free ascent after compressed gas
breathing in submarine escape training [14, 15]. AGE may also occur due to
mechanical ventilation, blast injury in or out of water, penetrating chest trauma and
medical procedures such as chest tube placement and bronchoscopy [16]. PBT
results from gas expansion in the lung cavity during ascent. The clinical manifesta-
tions of PBT may occur in the form of local pulmonary injury, pneumomediasti-
num, pneumothorax, and AGE [8]. Gas bubbles introduced in the pulmonary
capillaries enters through left atrium toward ventricle and eventually distributed
throughout the vascular system via aorta. The bubbles are passed into the systemic
circulation where it causes the occlusion of small and medium sized arteries [17-19].

Venous gas embolism (VGE) is caused by the entry of gas bubbles in the sys-
temic venous system [20]. VGE primarily occurs during invasive diagnostic and
surgical procedures. Usually, gas trapped in the pulmonary capillaries do not cause
any clinical symptoms but large amount of trapped gas may lead to dyspnea, cough-
ing, and pulmonary edema [21]. VGE may also lead to the occurrence of AGE as the
bubbles can enter left atrium and ventricle via atrial septal defect or patent foramen
ovale [22]. The pathophysiology of VGE is dependent on the volume of trapped gas
in the vascular system and the rate of gas accumulation. Rapid accumulation of gas
may cause increase in the right pulmonary artery pressure and right ventricular
strain [23]. Pulmonary circulation along with the architecture of alveolar interface
enables dissipation of intravascular gases. VGE occurs when there is a rapid intro-
duction of large volumes of gases in the pulmonary blood circulation leading to
strain in the right ventricular outflow in addition to increased pulmonary artery pres-
sure and reduced venous return [23, 24]. The clinical manifestations of VGE affects
pulmonary, cardiovascular, and neurological system. Cardiac output is reduced dur-
ing VGE leading to right ventricular failure of insufficiency which in turn result in
cerebral hypoperfusion and altered neurological state [25].
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7.1.2 Management of air or Gas Embolism by HBOT

The physiological rationale of HBOT for the treatment of gas embolism lies in uti-
lizing the hyperbaric conditions with 100% O, or O,/He mixture to restore the blood
flow and provide proper oxygenation to the ischemic tissues [26]. The elevation in
the ambient pressure aids in reducing the volume of gas bubbles in the blood circu-
lation. There is an increase in the dissolved plasma oxygen content under hyperoxic
conditions during treatment. This helps in adequate oxygen supply to ischemic tis-
sues and buffers the damage to endothelial vasculature due to gas embolism. Under
hyperbaric environment, a diffusion gradient is built enabling trapped oxygen and
nitrogen to diffuse out of bubbles. Pulmonary and cerebral edema caused due to gas
embolism is relieved by vasoconstrictive effect of HBOT [27]. HBOT inhibits the
adherence of neutrophils to the post-capillary venule endothelium by antagonizing
the p,-integrin system, thus protecting against reperfusion injury [28].

HBOT is recommended for patients with AGE showing neurological manifesta-
tions. Most of the symptoms in patients with AGE resolve after the initial adminis-
tration of oxygen. However, HBOT is carried out even in the absence of symptoms
to resolve the effects of deleterious effects caused due to AGE. The clinical manage-
ment of AGE using HBOT involves holding the patient in lateral decubitus position
or supine position and maintaining a high oxygen concentration using supplemental
oxygen. Blood pressure is monitored and maintained during the procedure and
hypotensive conditions are treated actively [29, 30]. In case of AGE caused due to
PBT, pneumothorax may develop [31, 32]. Thus, it is advisable to treat the patient
after chest tube placement in a monoplace chamber. However, multiplace chamber
is more preferable due to the ease of monitoring the patient during HBOT. AGE
with coexisting pneumomediastinum usually resolves during HBOT and does not
require additional therapeutical intervention. HBOT for the treatment of gas embo-
lism is usually carried out at 2.82 ATA at 100% O,. Earlier treatment strategy as per
the U.S. navy Table 6A recommends 6 ATA pressure for 30 minutes but studies have
shown that there is no additional effect of using 6 ATA pressure in comparison to
using 2.82 ATA pressure. The treatment regimen for gas embolism requires 5—10
HBOT sessions based on the response to treatment. HBOT sessions may be repeated
daily or twice in a day if the neurological symptoms persist even after the normal
course of therapy [29, 33]. Additionally, various medications can be given in adjunc-
tion to HBOT to improve the response to the treatment. For example, Lidocaine is
given as an anti-arrthythmic and local anaesthetic agent due to its neuroprotective
effects [34]. Similarly, heparin, low molecular weight dextran, corticosteroids and
aspirin helps to relieve the secondary symptoms of AGE associated physiological
dysfunctions [35].
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7.2  Carbon Monoxide (CO) Poisoning

Carbon monoxide is produced in the environment by incomplete combustion of
carbon containing materials. CO is endogenously produced in the body by heme
oxygenase and functions as a signaling molecule [36]. Exogenous CO exposure to
an individual results in symptoms such as unconsciousness, neurological deficits,
metabolic acidosis, severe headache, etc. (Fig. 7.2) [37]. Symptoms of CO poison-
ing are non-specific and variable which often leads to its misdiagnosis as some other
ailment. Prolonged exposure to CO affects the normal physiological functions and
can prove to be fatal. The primary physiological effect of CO poisoning occurs in
the form of impairment in the oxygen carrying capacity of blood leading to tissue
hypoxia and its related clinical conditions [38]. However, there are other more direct
effects of CO, which are highly toxic to the physiological functioning of body. CO
is taken up by lungs and enters the blood circulation where it combines with Hb to
form carboxyhemoglobin (COHD). Formation of COHDb affects the oxygen carrying
capacity of blood and creates hypoxic stress throughout the tissues [39, 40]. CO also
binds with hemoproteins such as cytochrome oxidase in mitochondria. Cytochrome
oxidase is a part of electron transport chain in mitochondria and its binding with CO
affects the energy transduction pathway and promotes the production of reactive
oxygen species [41]. CO cause platelets-neutrophil aggregation which leads to vas-
cular and tissue damage [42].

CO has a 200-fold higher affinity for Hb as compared to oxygen [43]. Binding of
CO to Hb reduces the arterial content of oxygen and interferes with the release of
oxygen to the tissues. The impaired oxygen binding with Hb is reflected in the oxy-
hemoglobin dissociation curve which shows a left shift indicating a decline in the
partial pressure of oxygen in the venous blood (Fig. 7.3) [44]. This suggests that
oxygen availability to tissues reduces during CO poisoning. The pathological effects
of CO are imparted by its binding to hemoproteins involved in key cellular func-
tions. Competitive binding of CO to key hemoproteins affect their normal physio-
logical functions. For example, nitric oxide free radical (NO) plays an important
role in cell-to-cell communication and other metabolic functions by acting as an
intracellular signaling molecule. CO competes with ‘NO for the intracellular sites
and increases the steady state level of ‘NO [45]. The slow dissociation constant of
CO affects the overall kinetics of such reactions. Another important aspect of CO
poisoning occurs in the form of platelet-neutrophil aggregation in an ‘NO dependent
mechanism. The production of ‘NO increases in response to CO poisoning which in
turn generates peroxynitrite (ONOQO™) species. Peroxynitrite promotes platelet-
neutrophil aggregation by activating platelet adhesion molecules [42].

One of the most adverse effects of CO poisoning is the perturbation of mitochon-
drial respiration and impairment of energy transduction mechanism. CO can bind
with the terminal enzyme of electron transport chain; cytochrome oxidase (CCO) in
its reduced state and inhibits the production of ATP disrupting cellular respiration
[41]. Additionally, the disruption of cellular respiration is associated with genera-
tion of ROS which contributes to cellular stress and apoptosis [46]. CO poisoning
also promotes neuronal excitotoxicity by stimulating excitatory neurotransmitters
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Fig. 7.2 Symptoms of CO poisoning. CO poisoning affects the oxygen carrying function of Hb
leading to various symptoms manifesting as dizziness, headache, vomiting, labored breathing,
weakness, and loss of consciousness
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causing neuronal cell death [47]. Heart and brain are the most affected organs due
to cessation of cellular respiration and cellular stress caused by CO poisoning. CO
poisoning leads to hypoxic and ischemic stress impairing cardiac and neuronal
functions [48, 49]. Prolonged exposure to CO also leads to lipid peroxidation and
initiation of inflammatory response causing cellular stress and cytotoxicity [49].

7.2.1 HBOT as a Treatment Strategy for CO Poisoning

Most of the symptoms of CO poisoning mimics other ailments, thus proper diagno-
sis followed by proper preliminary treatment is required to minimize the toxic
effects. The standard management strategy for countering CO poisoning involves
clinical intervention to support airway and circulation. The key strategy is to pro-
vide supplemental oxygen which aids in COHbD dissociation as well as re-stablishing
adequate tissue oxygenation. Additionally, in order to counter the excitotoxicity
induced neuronal deficit, N-methyl D-aspartate (NMDA) antagonists and calcium
channels blockers aids in preventing CO poisoning mediated neuronal death
[50, 51].

HBOT has been investigated for its efficacy against CO poisoning in many con-
trolled clinical trials. HBOT is more effective in promoting the dissociation of
COHD and tissue oxygenation as compared to providing supplemental oxygen at
normobaric pressure. Patients affected by CO poisoning and showing clinical symp-
toms in the form of unconsciousness, neurological problems, cardiovascular dys-
function, and severe acidosis should be immediately treated by providing
supplemental oxygen. It is reasonable to access the levels of COHb in the blood and
patients with COHb more than 25% should be referred for treatment using HBOT
[52]. Usually, a single HBOT session is required to reverse the effects of CO poison-
ing. However, multiple HBOT sessions can be carried out if required to improve the
condition. HBOT treatment protocol for CO poisoning involves an initial
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compression to 3 ATA which is then reduced to 2 ATA and held for 140 min. This
can be followed by two HBOT sessions at 2 ATA for 90 min in an interval of 612 h.
Conversely, an initial compression of 2.8 ATA followed by administrating 2 ATA
pressure for 120 min can be utilized for the treatment. In this case, further HBOT
sessions are not required [53-55]. Administration HBOT promotes rapid clearance
of CO from blood and tissues maintaining the adequate oxygen levels. The energy
transduction system is restored by enhancing the rate of CO dissociation with cyto-
chrome oxidase which helps to preserve the ATP production through cellular metab-
olism. The oxidative stress caused by the hypoxic conditions is countered by HBOT
treatment by upregulation of anti-oxidant enzymes as well as induction of heat
shock proteins. Platelet-neutrophil adhesion is inhibited by reduction in myeloper-
oxidase activity. HBOT provides proper tissue oxygenation which helps to prevent
adverse effects of CO poisoning such as lipid peroxidation, inflammation, and tissue
necrosis. The prevention of apoptosis and cellular stress helps in the recovery of
patients undergoing cardiac and neuronal dysfunctions and ensuring adequate oxy-
genation to cardiac and neuronal cells [56-58].

7.3 Central Retinal Artery Occlusion (CRAO)

7.3.1 Pathophysiology of Central Retinal Artery
Occlusion (CRAO)

Central retinal artery occlusion (CRAO) is a condition of sudden vision loss due to
occlusion in the blood supply to the retina (Fig. 7.4). The vision loss is usually
caused because of obstruction in the retinal or choroidal blood circulation. The loss
of vision is painless and the extent of outcome is dependent on the type of occlu-
sion, i.e., embolus, thrombosis, vasopasm or arteritis. The patients of CRAO often
shows retina with a pale appearance due to edema and opacity of nerve fibers and
ganglion cell layers [59, 60]. The central retinal artery branches into numerous
branches which serves the inner retinal layers. The opthalmic artery gives rise to
anterior and posterior ciliary arteries. The long posterior ciliary arteries supply
blood to choroid and outer retinal layers while the anterior ciliary arteries serve
extra-ocular muscles and anastomose with posterior ciliary vessels to complete the
arterial circle of iris. Cilioretinal arteries supplies blood to the retinal region respon-
sible for central vision area, i.e., macula [61, 62]. The presence of cilioretinal arter-
ies in CRAO can save the central vision but the peripheral vision is severely affected.
In case of CRAO, the choroidal vessels can supply oxygen to inner retinal layers via
diffusion and loss of vision occurs if the retinal tissues are irreparably damaged due
to higher degree of occlusion [63]. In most cases of CRAO, natural spontaneous
recanalization can occur. The degree of occlusion varies in the patients of CRAO
which may result in spontaneous recanalization or recovery by supplying oxygen at
normobaric pressure [64]. In other cases, an adequate partial pressure of oxygen is
required to initiate recanalization and to keep the retinal tissues viable.
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Fig.7.4 Central Retinal Artery Occlusion. Central Retinal Artery Occlusion is characterized by a
painless sudden loss of vision due to blockage of blood flow in one eye. Appearance of cherry red
spot can be observed due to retinal edema and thrombus formation

The rate of oxygen consumption of retinal tissues is higher than any other body
tissue which makes it highly susceptible to ischemic shock [65]. It is critical to
restore oxygen supply to the retinal tissues in order to prevent irreversible damage
due to ischemia. Studies carried out on rhesus monkeys after imparting retinal
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occlusion showed that permanent damage to the retinal tissues occurs if the blood
supply is obstructed for more than 105 minutes while recovery is possible if the time
duration for occlusion is less than 97 minutes [66]. Treatment strategy for CRAO by
using oxygen supplementation either under hyperbaric or normobaric conditions is
focussed on ensuring the viability of inner retinal tissues until recanalization and
restoration of central retinal artery is achieved.

7.3.2 HBOT in Treatment of CRAO—Strategies and Clinical
Evidences for its Effectiveness

The patients should be subjected to the treatment within 24 h of onset of CRAO
symptoms because of the sensitive nature of retinal tissues. Treatment beyond this
time interval may not be responsive since irreversible damage could occur due to
ischemia [67]. The primary treatment strategy involves providing supplemental
oxygen to maintain the viability of retinal tissues so that eventually central retinal
artery blood supply can be restored. Thrombolytic agents have been used to dissolve
embolus or thrombus with limited success [68, 69]. In most of the cases of CRAO,
supplemental oxygen can be provided at normobaric pressure to reverse retinal isch-
emia. There has been a report of a patient with acute vision loss in one eye with
findings of CRAO. Initially, the vison was reported to be 20/400 which was improved
to 20/25 after administering supplemental oxygen at normal pressure. After discon-
tinuation of supplemental oxygen, the vision immediately returned to 20/400. The
patient was kept for 18 hours on supplemental oxygen during which the central reti-
nal artery recanalized and no decline in vision was observed after discontinuation of
supplemental oxygen [70]. In another similar case with two patients, significant
improvement and restoration of vision was observed after administration of supple-
mental oxygen at 1 ATA. The vision improved in one patient from 4/200 to 20/70
after 4 h of providing supplemental oxygen while in the second patient vision was
restored to 20/200 after having no light perception after 3 h of supplementing oxy-
gen. The condition of improved vision was maintained in both patients after with-
drawal of supplemental oxygen [71]. The key factor for the management of CRAO
by supplemental oxygen is promptness of treatment. The time factor may vary
according to the type of occlusion as well as presence or absence of cilioretinal
arteries which aids in keeping retinal tissues viable until recanalization is estab-
lished. Usually, carbon dioxide is mixed with oxygen to reduce the effect of vaso-
constriction due to hyperoxia. However, if choroidal blood circulation is retained,
100% oxygen can be provided since choroidal blood circulation remains unaffected
by increased oxygen tension [72, 73]. In another report where both the central reti-
nal artery and temporal posterior ciliary artery was occluded as reported in angiog-
raphy, the patient was presented after 5 h of visual loss and had minimal light
perception. The patient was given carbogen for 10 min every hour around the clock
in addition to ocular massage, anterior chamber paracentesis, timolol, and acetazol-
amide. There was no significant vision improvement after the course of treatment.
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However, spontaneous recovery of vision occurred after 96 h from the onset of
vision loss [74].

There have been many cases where HBOT is found to be successful in the treat-
ment of CRAO when patients were presented shortly after the onset of symptoms:

(a) Vision improvement in patient treated 90 min after the onset of visual loss was
observed after first 10 min of HBOT with subsequent improvement to 20/70
following 5 days of two 90 min HBOT treatments at 2.5 ATA daily for 5 days.

(b) Another patient presented 40 min after visual loss and improved from hand
motion to 20/20 after 12 treatments at 2.5 ATA in 9 days.

(c) In another case, the patient presented 4 h after the onset symptoms received 10
HBOT treatments at 2.5 ATA for 90 min each, with gradual improvement from
finger-counting vision to visual acuity to 20/30 level.

HBOT is suggested for CRAO when providing supplemental oxygen at normo-
baric pressure fails to restore the vision. Successful treatment of CRAO by using
hyperbaric treatment has been well documented. Treatment of CRAO by HBOT for
16 patients demonstrated significant improvement in 11 patients. In the remaining
patients with no improvement, four patients were delayed for more than 24 h in
starting the therapy. The patients were treated at 2.0 ATA pressure with 100% oxy-
gen for a duration of 90 minutes initially for 2-3 days. The treatment frequency was
reduced to one session per day until clinical plateau is reached [75]. In another study
for HBOT intervention in CRAO, 17 patients were divided into four groups based
on the time at which their treatment was initiated from the onset of symptoms of
CRAO. It was found that HBOT was most effective when the treatment is adminis-
tered within 8 h from the onset of symptoms of CRAO [76].In a matched control
study of treatment with HBOT, 35 patients treated with HBOT were compared for
outcome with 37 patients treated under normobaric conditions. The group of patients
with HBOT were given oxygen at 2.8 ATA for 90 min twice a day initially for 3 days
and reduced to 1 session per day after further improvement was not observed. There
was improvement in vision of 82% patients in the HBOT group as compared to
29.7% in normobaric group [77]. The current reports and findings regarding the
treatment of CRAO with HBOT suggests that utilizing hyperbaric conditions instead
of normobaric conditions has additional effects in reducing the apoptotic state in
ischemic retina and effectively maintaining its viable state.

7.4 Idiopathic Sudden Sensorineural Hearing Loss (ISSHL)
7.4.1 Idiopathic Sudden Sensorineural Hearing Loss (ISSHL)

Idiopathic sudden sensorineural hearing loss (ISSHL) or sudden deafness implies a
sudden loss of hearing ability or rapidly progressive hypoacusis which is mostly
unilateral and, in some cases, an immediate cophosis. The hearing impairment
results in a loss of at least 30 dB which occurs usually within 3 days. The clinical



7.4 ldiopathic Sudden Sensorineural Hearing Loss (ISSHL) 53

Semicircular canals

Auricle
= ——

Tympanic
membrane Y

Oval window

f_ Vestibular nerve

- Cochlear nerve

Cochlea
Malignant otitis

A externa
\ Round window

[~ Malleus /
Earossicles— Incus ——/
| Stapes — S i
L >tap ~——Eustachian tube
External ear Middle ear Inner ear

Fig. 7.5 Idiopathic sudden sensorineural hearing loss. ISSNHL is a unilateral sudden loss of hear-
ing over 30 dB at least three contiguous frequencies and usually accompanied by tinnitus
and vertigo

manifestations of ISSHL includes unilateral hearing loss, aural fullness, tinnitus,
and vertigo (Fig. 7.5). The condition of hearing loss is termed as “idiopathic” since
the cause of hearing loss upon clinical and laboratory investigation cannot be identi-
fied [78, 79].

The hearing loss in ISSHL occurs due to damage to cochlea. The clear cause of
cochlear damage and onset of ISSHL could be determined in only 20% of cases
[80]. The etiology of ISSHL can be attributed to one of the following factors:

* Vascular—Thrombosis or embolus of arteria labyrinthi can lead to hearing loss
due to reduced oxygen partial pressure in the inner ear [81].

e Viral—Viral infections such as mumps, rubella, and varicella can cause ISSHL
as a result of viremia leading to edema in the intima of inner ear [82].

* Round window rupture—Physical trauma to the inner ear or increase in the inter-
cranial pressure which can cause rupture of ear round window may lead to
ISSHL [83].

* Auto-immune disorders—Auto-immune diseases such as lupus erythematosus,
Cogan’s syndrome, Buerger’s disease, etc. may lead to cochlear inflammation
which in turn can cause ISSHL [84].

The hearing loss in ISSHL is mostly unilateral and its manifestation may be
related to pre-existing medical conditions such as diabetes, hypertension, dyslipid-
emia, and arteriosclerosis [80]. The diagnostic examination for ISSHL includes
neurological vestibular and otoscopic examinations in addition to tuning fork test as
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Fig. 7.6 Audiograms recorded for the patients of ISSHL

a method to exclude conductive hypoacusis. Audiometric tests such as tonal audi-
ometry, tympanometry, and speech discrimination are also carried out to confirm
the hearing loss and to determine the extent of impairment (Fig. 7.6) [85, 86].

The treatment plan for ISSHL depends majorly on the methods to reduce the
inflammation of inner ear. However, due to the lack of etiological insight of the
condition it is troublesome to design specific therapeutic strategy against
ISSHL. Wide range of therapeutic agents have been suggested for the treatment of
ISSHL such as vasodilators, hemodilution agents, steroids, metabolic activators,
anti-viral drugs, vitamins, and HBOT. Corticosteroids are immediately given to the
patients suffering from ISSHL beginning with 1 mg/kg/day over a period of
2-3 weeks. It is difficult to establish the effectiveness of therapeutic interventions as
the outcome is mostly similar to the spontaneous recovery rate in most cases
[87-89].

Cochlear activity is directly affected by the rate of oxygen consumption as the
stria vascularis and the organ of corti have a high metabolic activity requiring high
oxygen demand. It is observed that the perilymphatic oxygen tension decreases in
patients with ISSHL. As a result, the sensory neuroepithilium suffers damage due to
anoxia or resulting edema which increases the labyrinthine fluid pressure [90, 91].
Administration of supplemental oxygen has been reported to alleviate the symp-
toms of ISSHL restoring the cochlear function. The metabolic demand of intra-
cochlear region can be met by increased output of pentose phosphate pathway
during oxygen administration. HBOT helps in increasing the perilymphatic oxygen
pressure resulting in increased amount of available dissolved oxygen and vasocon-
striction of cochlear arteries which leads to reduced edema [91]. With improved
oxygenation of inner ear, the transmembrane potential and ATP synthesis is restored
as well as the electrophysiological function in the labyrinth is maintained by activa-
tion of Na*/K* pump restoring the ionic balance. Improved electrical activity in the
cochlea is observed after the administration of HBOT. The metabolic functions of
cochlea are restored after HBOT by promoting the aerobic oxidation in the stria
vascularis and glycolytic anaerobic respiration in the organ of corti. Oxygen inhala-
tion under hyperbaric conditions aids in increasing oxygen tension in perilymphatic
fluid and decreasing the hematocrit and blood viscosity. HBOT helps against
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hypoxic conditions in the cochlear region and restores the functional state of cochlea
[92-94].

7.4.2 Evaluation of HBOT as a Treatment Strategy for ISSHL

HBOT has been tested for the treatment of ISSHL and showed significant improve-
ment in the condition by increasing intra-cochlear oxygen tension and oxidative
metabolism. The recommended protocol for HBOT against ISSHL is providing
patients with 100% oxygen at 2-2.5 ATA for 90 minutes per day. The overall treat-
ment regime can be carried out for 10-20 sessions [95, 96]. Meazza et al. reported
the efficacy of two cycles of 15 HBOT sessions after 8 days from the onset of
ISSHL [97]. Aslan et al. evaluated the effectiveness of HBOT in 50 patients divided
into two groups of 25 each. The first group was treated with betahistidine hydro-
chloride, 1 mg/kg/day of prednisone and daily stellate ganglion block with lido-
caine. The second group received HBOT at 2.4 ATA for 90 minutes for 20 sessions
in addition to the same treatment. The mean hearing ability was improved signifi-
cantly for the second group (37.90 = 24.0 dB in HBOT group as compared to
20.0 £ 19.6 dB in first group) but the patients older than 60 years showed no addi-
tional outcomes [98]. Similar results were reported by Racic et al. in a study on 115
patients. First group of 51 patients received HBOT alone at 2.8 ATA for 60 minutes
twice daily while the second group of 64 patients were given intravenous pentoxy-
fylline. The mean hearing ability in HBOT group (46.35 + 18.58 dB) was found to
be higher as compared to pentoxifylline group (21.48 + 13.15 dB). Persistent out-
comes were reported in both the groups after following up 9 months later [99]. In
another study by Fattori et al., two groups of patients treated in an early stage of
ISSHL (within 48 hours) showed significant statistical difference in HBOT group as
compared to group of patients that were given vasodilator in terms of mean global
hearing gain [100].

7.5 Wound Healing
7.5.1 Physiology of Wound Healing

Wound consists of loss of integrity of intact tissue structures as a result of damage
from mechanical, physical, thermal or chemical source. Wound healing is an inter-
play of various processes which work in coordination to repair the damaged tissues.
Local environment factors and systemic factors also influence the process of wound
healing [101, 102]. Non-healing wounds are a major concern to public health as
traditional surgical procedures may not suffice to solve the problem and most of the
patients suffering from non-healing wounds are not surgical candidates. In case of
non-healing wounds such as diabetic ulcers, the process of wound closure is often
countered by a high rate of wound dehiscence [103, 104]. Various non-surgical
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modes of treatment are under development to deal with the problem of non-
healing wounds.

The process of wound healing involves interaction of multiple cell types and
biochemical functions. Upon injury to the tissues, platelets and fibrin are localized
to the site of wound. This is followed by the movement of fibroblasts, microphages,
endothelial cells, and smooth muscle cells to the wound site. Cytokines are released
to promote the cellular growth and production of extracellular matrix. Dead and
necrotizing tissues are engulfed and cleared off by phagocytic cells. This is fol-
lowed by the production of collagen and angiogenesis. The wound site is replen-
ished with new cells until the wound is completely healed [101, 102].

Oxygen plays an important role in the process of wound healing. It is involved in
various signaling pathways and acts as a cofactor in enzymatic processes.
Additionally, leucocyte mediated killing of bacterial cells and collagen formation
requires oxygen. The metabolic rate of cells in the wound healing site increases
significantly as higher rate of cellular respiration and oxidative clearance of con-
taminants increases the oxygen demand of these tissues [105, 106]. Hypoxic condi-
tions in case of lower extremities ulcer leads to impaired wound healing process and
providing supplemental oxygen at higher pressures aids in augmenting the process
of wound healing [107].

Wound healing process has four distinguished phases as hemostasis, inflamma-
tion, proliferation, and remodeling (Fig. 7.7). All of the above phases are intermin-
gled and interdependent [ 108, 109]. Non-healing wound results from the interruption
in any of the phases of wound healing due to impairment in the tissue repair. Initially,
ROS mediated vasoconstrictions of vessels at the site of injury helps in reducing the
blood flow to the wound and initiates platelet and thrombin activation create blood
clot. This results in reduction in local perfusion and platelet degranulation releasing
various chemical signals such as platelet derived growth factor (PDGF), transform-
ing growth factor-f (TGF-p), epidermal growth factor (EGF), and insulin like
growth factor-1 (IGF-1). Mast cells migrate to the wound site and releases bradyki-
nin, complement factors, and histamine resulting in perturbation of microcircula-
tion. ROS release also mediates the mobilization of neutrophils to the wound for
protection against bacterial infection. ROS stimulates endothelial cell division,
keratinocyte division, fibroblast division as well as migration to the site of injury to
promote angiogenesis and ECM formation. Cytotoxic cells such as neutrophils and
macrophages act against microbial infections by utilizing ROS mediated phagocy-
tosis. Increased uptake of oxygen by these cells leads to a respiratory burst where
ROS production is upregulated through NADPH dependent pathway [101, 110,
111]. Thus, in order to maintain microenvironment for effective wound healing
adequate supply of oxygen is critical. Lower partial pressure of oxygen results in a
reduced rate of mitochondrial energy production creating hypoxic conditions which
negatively affects the process of wound healing. Macrophages and lymphocytes
also release lactate and various growth factors like IGF-1, interleukin 1, interleukin
2, TGF-f, and vascular endothelial growth factor (VEGF) to promote endothelial
cell division and inflammation. Neutrophils and macrophages releases proteases
such as elastase, collagenase, metalloproteinase, and metalloelastase to degrade the
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Fig. 7.7 Phases of wound healing. The process of wound healing consists of orchestration of
complex phases with characteristic cellular and molecular events. The phases of wound healing
include bleeding and hemostasis, inflammation, proliferation, and remodeling. Hemostasis
involves cessation of bleeding and formation of thrombus and fibrin mesh after the injury.
Inflammation phase prepares the wound bed and mainly focuses on the removal of cellular debris
and bacteria from the site of wound. Proliferation phase involves filling of wound bed with granu-
lation tissue and migration of epithelial cells and proliferative fibroblasts for covering the wound.
In the maturation phase strengthening and reorganization of collagen fibers help in increasing the
tensile strength of scar tissues to complete the healing process

damaged ECM [112]. The microenvironment of the wound site becomes acidic due
to an increased production of lactate [113]. The oxygen is mainly utilized in the
production of ROS and lactate which generates hypoxic conditions. Hypoxia acts as
a signal to repair the damaged tissues but also leads to higher risk of infection and
creates poor healing conditions [114].

The proliferative phase begins after 4 days of injury and consists of granulation,
new tissue formation, and epithelization. Angiogenesis (generation of new vessels
from pre-existing vessels) and vasculogenesis (formation of new blood vessels from
endothelial precursor cells) occurs to replace the damaged vasculature at the wound
site. Neovascularization occurs in response to oxidative stress, hypoxia, and high
lactate concentrations [108]. Tissue hypoxia triggers the release of VEGF which in
turn stimulates the release of endothelial precursor cells (EPC) form the bone mar-
row. EPC undergoes differentiation under the influence of various growth factors to
create new blood vessels [115]. Lactate, hypoxia, and growth factors also stimulate
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the production of collagen and both the process of neovascularization and ECM
production occurs simultaneously since new blood vessels requires mature collagen
matrix to form their network [116]. Epithelization is initiated by the migration of
epithelial cells to the wound site and their replication in the wound bed and along
the edges of the wound [117]. Maturation and remodeling of healing wound help in
strengthening of newly formed tissues. Fibroblast migration to the matrix assists in
matrix remodeling to bear the mechanical stress. During this period of remodeling,
collage synthesis continues and fibroblasts differentiate into myofibroblasts in
response to TGF-f. Myofibroblasts are contractile in nature and provides matrix
strength and promotes minimization of scar size [118, 119].

7.5.2 Hyperbaric Oxygen Therapy as an Adjunctive Treatment
for Wound Healing

Damage to the vascular structure in wounds and edema as a result of inflammatory
response affects the supply of blood to the site of injury. This results in tissue
hypoxia which interferes with the process of wound healing [120]. Initial hypoxic
conditions are required as it acts as signal to the immune cells to act on the site of
injury [114]. However, if the hypoxic conditions are prolonged, there is a higher risk
of infection and adverse effect on later phases of wound healing. Thus, the partial
pressure of oxygen in the healing tissues needs to be adequate for proper wound
healing.

Oxygen delivery to the tissues depends on the volume of blood supply and
depends on diffusion. Thus, if the arterial partial pressure of oxygen is high, avail-
ability of oxygen to the tissues also increases. In this scenario, the levels of Hb does
not act as a limiting factor. HBOT is beneficial in this condition as it elevates the
arterial and capillary oxygen tension as the overall amount of oxygen in the blood
is raised during HBOT [6]. Under normobaric conditions the partial pressure of
oxygen in the blood is limited to the content of oxygen in the atmospheric gases as
per Henry’s law. HBOT enables the increase in the partial pressure of blood oxygen
to a comparatively higher levels as the total dissolvable oxygen levels are increased
(Fig. 7.8). HBOT is advised as an adjunct therapy to accelerate the process of wound
healing and it is especially beneficial in the treatment of problem wounds or non-
healing wounds. The recommended conditions for HBOT administration include
subjecting the patients to 2-2.5 ATA pressure with 100% for 90 minutes continued
for 1040 sessions [121-123].

HBOT affects the process of wound healing at multiple levels as it improves tis-
sue oxygenation (Fig. 7.9). Hyperoxic conditions leads to vasoconstriction which
results in decreased in flow of blood to the site of injury. As a result of this, tissue
edema is remarkably reduced [121]. Higher availability of oxygen to the tissues
improves cellular metabolism and ATP production for the critical functions of the
healing tissues. Immune cells like neutrophils and macrophages require higher
amount of oxygen to generate ROS to exert their cytotoxic effects against microbial
infection.
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Fig. 7.8 Comparison of wound healing in (a) Normobaric condition and (b) Hyperbaric condi-
tion. Normal wound healing requires a minimum oxygen gradient of 50-60 mm Hg for healing to
take place while the oxygen gradient during hyperbaric oxygenation can be as high as 350 mm Hg

HBOT provides adequate oxygen which aids their ability to perform bactericidal
and bacteriostatic functions [124, 125]. HBOT also helps neovascularization and
collagen formation as both these processes are oxygen dependent and under excess
oxygen availability there is an enhancement in these functions. Collagen synthesis
involves hydroxylation which is an oxygen dependent process [126]. It is also found
that HBOT improves the effectiveness of certain antibiotics such as cefazolin [127].
HBOT enhances the secretion of growth factors such as bFGF, PDGF, and TGF-f1
[128]. EPCs are mobilized form the bone marrow to the site of injury to generate
new blood vessels. HBOT stimulates their mobilization via eNOS dependent path-
way [115].
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7.6  Arterial Insufficiency—Diabetic Foot Ulcers
and Problem Wound

7.6.1 Problem Wounds or Non-healing Wounds

The occurrence of long-term non-healing wounds poses a great challenge to the
healthcare system as they constitute “problem wounds” which tend to persist and
fails to heal within a reasonable time frame [129]. Treatment of problem wounds
requires specific nursing care, frequent hospitalization visits, and medical attention.
Diabetic foot ulcers, radiation, cold, and thermal burns are some of the examples of
wounds which do not heal easily. As discussed earlier, wound healing is a complex
multi-step process and each phase of wound healing requires interplay of many fac-
tors [101]. In case of non-healing wounds, one or more phases of wound healing are
impaired. Various processes such as ability to fight infections, regeneration of new
cells, and tissues or deposition of extracellular matrix may get affected which ham-

pers the normal wound healing process.
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Wound healing requires an array of complex processes such as establishment of
homeostasis, inflammatory response, mobilization of immune cells and mesenchy-
mal cells, angiogenesis and collagen formation [101, 109]. There may be multiple
factors involved in the occurrence of non-healing wounds which could be intrinsic
or extrinsic. Two of the most common factors that affect the normal healing of
wound are infection and ischemia. If the wound is infected, there is an elevated
inflammatory response associated with tissue edema. Inflammatory conditions and
edema lead to hypoxia which in turn interferes with wound healing. The inflamma-
tory phase gets prolonged to combat infection which delays the healing process.
Ischemia occurs due to damage to blood vessels and tissue edema. This also results
in hypoxic conditions decreasing the availability of oxygen to the healing tissues.
The oxygen requirement of tissues at the wound site is higher than the normal tis-
sues as they are actively metabolizing in order to regenerate and heal [130-132].
Additionally, phagocytic cells require excess amount of oxygen to fight infection by
generating higher quantities of ROS. There are other processes like fibroblast pro-
liferation which is dependent on the presence of oxygen. Collagen synthesis also
requires oxygen for the hydroxylation of lysine and proline to provide tensile
strength to the synthesized collagen. Angiogenesis, on the other hand, relies on
hypoxic conditions but the maturation of newly formed blood vessels also requires
normal levels of oxygen [105, 106]. Direct assessment of oxygen availability to the
periwound skin and an indirect oxygen measurement of periwound microcirculation
can be carried out by measuring transcutaneous oxygen tension (TcPO,) [133].

Large numbers of primary pathological condition can lead to non-healing wound
or problem wound. This includes venous or arterial insufficiency, diabetes, and
pressure induced wounds. The common etiological factors in occurrence of non-
healing wounds in all these conditions comprises of tissue hypoperfusion, ischemia,
hypoxia, and infection [134]. Ulcers of lower extremities and resulting amputations
from diabetic ulcers is a serious problem in diabetic patients and the resulting
wounds of non-healing nature need to be managed for proper healing [134]. Control
of infection in the wound, surgical debridement, enabling vascular sufficiency and
extremity offloading are some of the measures to manage diabetic foot ulcers [135].
Adjunctive therapeutical interventions are required for an effective diabetic foot
ulcer management.

Ischemia, infection, and sensory neuropathy are the major factors responsible for
the pathology of diabetic foot ulcer. Ischemia results in weakening of local defence
mechanisms against infection due to the lack of oxygen and nutrient supply through
blood. TcPO, value of 30 mm Hg is considered as a critical threshold for predicting
the severity of diabetic foot ulcer. Ischemic and neuropathic conditions often pro-
mote infection of wound [136]. The severity of infection can be graded from a mild
localized infection to necrotizing fasciitis. Wagner Grading System is widely used
for the classification of diabetic foot ulcers on the basis of extent of infection
(Table 7.1) [137]. Apart from tissue injury, bone and joint healing are important fac-
tor for the proper healing of wound.
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Table 7.1 Wagner grading system for diabetic foot ulcers

Grade O | Intact skin
Grade 1 | Superficial without penetration deeper layers
Grade 2 | Deeper reaching tendon, bone or joint capsule

Grade 3 | Deeper with abscess, osteomyelitis or tendonitis extending to those structures
Grade 4 | Gangrene of some portion of the toe, toes /forefoot

Grade 5 | Gangrene involving whole foot or enough of the foot that no local procedures are
possible

7.6.2 HBOT for the Treatment of Non-healing Wounds

Since hypoxia is one of the major governing factors in the etiology of non-healing
wound, oxygen supplementation under enhanced pressure conditions proves to be
beneficial in the treatment of non-healing wound (Fig. 7.10). TcPO2 value is often
considered as a criterion to assess the periwound hypoxia. HBOT helps in elevating
the arterial partial pressure of oxygen (PaO,). The rate of oxygen consumption by
the tissues, capillary blood flow, inter-capillary distance, and arterial oxygen pres-
sure determines the capillary oxygen pressure. The overall tissue oxygenation is
enhanced promoting the conditions for wound healing [138, 139]. The inter-
capillary distance is increased in wound site due to edema and the ischemic condi-
tions are prevailed due to vascular damage. HBOT has been used in promoting the
healing of different types of wounds and holds importance especially in non-healing
wounds. In the initial stages of healing hypoxia helps in initiating the process of
wound healing. However, later stages are predominantly governed by the higher
oxygen requirement for immunological, inflammatory, and regenerative functions
[105]. HBOT affects the systemic delivery of oxygen and enhances its diffusion
gradient in subcutaneous tissues up to 10-20 times the normal value promoting
hyperoxygenation. The major hyperoxic effect of HBOT comes from the increased
amount of plasma dissolved oxygen which gets readily diffused to the hypoxic sites.
There is a marked improvement in the function of leucocytes, reduction in edema,
enhanced angiogenesis, upregulated fibroblast activity, formation of granulation tis-
sues, and accelerated collagen synthesis under the influence of HBOT [140-143].
Additionally, for the regeneration of new tissues, there is an increased mobilization
of stem cells from the bone marrow under hyperoxic conditions [144]. HBOT facili-
tates the delivery of oxygen to the hypoxic tissues during early stages of healing
which helps in reducing the adherence of neutrophils and excess release of ROS
[145]. This helps in the decrease of tissue necrosis and keeps the tissues viable dur-
ing the course of healing.

Available evidences regarding the use of HBOT in the treatment of non-healing
wounds suggests its potential as an adjunctive treatment strategy. This is according
to the requirements for American hyperbaric association (AHA) class 1 based on
level A evidence of positive randomized trials. The treatment protocols for HBOT
vary as per the type of hyperbaric chamber to be used as well as severity of the con-
dition. HBOT for non-healing wounds is recommended at 2-2.5 ATA of 100%
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Fig. 7.10 Effect of HBOT on diabetic foot from day 1 to day 30

oxygen for 90-120 min [146, 147]. Other medical interventions in the form of intra-
venous antibiotics, surgical procedures and measures to control diabetic conditions
may be required along with HBOT [148]. Treatment of problem wounds requires
monitoring and management of other comorbidities which usually affects the nor-
mal process of wound healing. HBOT sessions are advised to be carried out twice a
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day until the condition of the patient stabilizes; after which HBOT can be adminis-
tered once a day.

7.7  Chronic Wounds
7.7.1 Management of Chronic Wounds

Management of chronic wounds is complex and requires various considerations
with respect to patient care. It demands meticulous assessment, interventions to
manage physiological and social factors, and continuous evaluation and assessment
of outcomes. The type of interventions needs to be comprehensively planned on the
basis of careful evaluation of physiology of wound and contributing pathophysiol-
ogy. Chronic wound management is based upon the understanding of psychologi-
cal, social, and behavioral aspects of the patient as well as possible ramifications of
chronic wound. Various complications may arise regarding pain management, psy-
chological discomfort, and financial limitations, which must be taken into account
[149]. There are other factors such as functional assessment, nutritional status,
immunocompetence, and possible requirement of assistive devices which need to be
monitored along with the regular laboratory and clinical assessment.

7.7.2 Assessment of Chronic Wound and Wound Environment

Careful assessment of chronic wound is essential to determine the course of action
for treatment and to make correct diagnosis. Detailed examination includes measur-
ing the dimensions, depth, and anatomical features of wound and periwound area.
Wound assessment reveals the type of chronic wound in the form of pressure ulcer,
arterial or venous ulcer, diabetic neuropathic foot ulcer, soft tissue necrosis, post-
radiation wound or osteoradionecrosis [150]. The progress of healing should also be
carefully and regularly checked. Healing wound is indicated by the contraction of
wound edges and the formation of granular tissues. In the early stages of healing,
small localized granulation area can be observed which are addressed as islands.
Changes in color, consistency, adherence to wound bed also gives an indication of
extent of healing [151]. Epithelization of wound edge which appears as pearly with
a mounded, pale pink or white is indicative of healing wound while its absence sug-
gests poor healing. Characteristic appearance of periwound tissue is also considered
as indications of wound healing. There are various clinical studies and imaging
techniques that are employed to assess the nature of chronic wound such as color
Doppler, pulse volume recording, ankle brachial indices, tissue biopsy, wound cul-
ture, transcutaneous oximetry, and X-rays [152, 153].

Both the microscopic and macroscopic environment of wound gives an account
of the progress of wound healing. General appearance of the wound in terms of its
texture, consistency, color, and odor constitutes the macroscopic features while the
presence of epithelial and immune cells, released proteases and cytokines,
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microbial load in the wound are primarily considered as microscopic features [154].
The general criteria for proper healing condition are to keep the wound clean, moist,
and protected. Local or topical agents may be used to maintain the clean and moist
condition of wound. The micro- and macroenvironment of the wound should not be
negatively affected by these agents. Similarly wound dressing should maintain the
moisture, support the healing microenvironment, and protect the wound and peri-
wound tissues. Infected state of wound should be managed by using different treat-
ment options in the form of topical antibiotics, sharp debridement, systemic
antibiotics and using wound dressings with biologically active silver. There may be
other factors which may alter the healing state of wound such as age of patient,
comorbidities, other injuries, and nutritional status [155].

7.7.3 HBOT for the Management of Chronic Wounds

Management of chronic wound often requires a combinative approach comprising
of systemic treatment to improve local wound environment and therapeutic strate-
gies to treat underlying pathological conditions. HBOT is often considered as an
adjunctive treatment strategy which aids greatly in reinforcing healing conditions
for wounds. HBOT has been used as a treatment modality against chronic wounds
for nearly 40 years and has shown significant effects in healing of wounds [156].
Typical HBOT involves pressure administration of 2-2.5 ATA for a period of
60-120 min once or twice in a day. The course of treatment is carried out for
15-30 days depending upon the improvement in the condition of the patient [157].

The process of wound healing is known to be dependent on the presence of oxy-
gen. Oxygen plays an important role in a myriad of functions pertaining to wound
healing [105]. In the microenvironment of the wound, hypoxic conditions prevail
due to vascular damage and edema. In case of acute wound, initial hypoxic condi-
tion is beneficial which promote low pH and high lactate concentration to facilitate
anti-microbial functions and triggering pathways to mobilize specific cells to the
wound area [114]. However, in chronic wound conditions, hypoxia leads to poor
regional perfusion to wound hampering the healing process (Fig. 7.11). HBOT
administration enables high arterial oxygen partial pressure allowing adequate per-
fusion to the wound. Hyperoxygenated state is achieved by HBOT which promotes
various functions involved in wound healing such as vasoconstriction, fibroblast
activation, anti-microbial action, anti-inflammatory effect, release of growth fac-
tors, collagen formation and deposition, reduced leucocyte chemotaxis, and enhance
the action of antibiotics [57, 119, 126, 127, 141, 142].

Due to the toxicity of oxygen to the tissues, hyperoxygenated conditions can
only be sustained for short period of time and the treatment strategy involves inter-
mittent hyperoxic-hypoxic conditions. The repeated cycles of hyperoxic-hypoxic
condition create hyperoxia-hypoxia paradox and enable favorable environment for
the processes of wound healing dependent either on higher or normal oxygen
demand (Fig. 7.12). Clinical evidences suggest that such intermittent exposure is
beneficial in wound healing. Adequate oxygen tension persists even after the
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Fig. 7.12 Molecular mechanisms involved in cellular responses to various oxygen levels.
Intermittent hypoxic conditions created during the course of HBOT result in the upregulation of
genes involved in functions such as angiogenesis and energy transduction pathways. Additionally,
anti-oxidant enzymes are activated in response to elevated ROS levels under hyperoxic cycle,
which remains active long after the levels of ROS comes down during hypoxia

withdrawal from hyperbaric conditions and thus therapeutic effects are retained for
longer period of time [158].

7.8  Gas Gangrene or Clostridial Myonecrosis
7.8.1 Etiology and Clinical Complications of Gas Gangrene

Gas gangrene or clostridial myonecrosis is a life-threatening infection of muscles
mainly caused by anaerobic bacteria Clostridium perfringens and related species of
clostridia. It is a progressive and highly invasive infection with the characteristics of
extensive edema, cell necrosis, toxemia, and production of gas as waste product.
Gas bubbles are formed in the blisters within the infected area as the infection pro-
gresses [159, 160]. Treatment of gas gangrene involves high doses of antibiotics and
surgically removing the infected tissues. Clostridium, being an anaerobe, resides in
the extensively damaged tissues and wounds which are poorly vascularized and
have low oxygen levels. Soft tissue infection by clostridium may develop in hours
but sometimes takes days to develop. Gas gangrene is characterized by the presence
of swollen wound with bronze, gray or purple discoloration and putrid fluid dis-
charge. Patients develop fever along with increased heart rate, rapid breathing, and
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suffer pain at the site of infection [161]. Gas gangrene is diagnosed by biopsy of
tissue sample and culture examination of fluids from the wound [161].

The causative organism for gas gangrene is a gram positive, spore forming,
encapsulated, non-motile bacilli of genus clostridium. There are more than 150 spe-
cies of clostridium, of which some species are toxogenic such as C perfringens,
C. septicum, and C. novyi. Some other species of clostridium are only proteolytic
such as C. histolyticum, C. bifermentans, C. sporogenes. C. fallax, which do not
cause gas gangrene [162]. C. perfringens is responsible for the majority of cases of
gas gangrene. Gas gangrene is induced by the presence of clostridial spores in the
wounds with extensive soft tissue damage and tissue necrosis. This makes the
wounded area poorly oxygenated favoring the development of clostridial spores
into vegetative form. Infection by clostridium species shows pathogenicity by
releasing a wide variety of exotoxins. There are more than 20 exotoxins, of which
nine toxins have been identified to cause local and systemic changes leading to
development of gas gangrene. These comprises of alpha-toxin, theta-toxin, kappa-
toxin, mu-toxin, nu-toxin, fibrinolysin, neuraminidase, “circulating factor” and
“bursting factor” [163, 164]. The major toxin released by clostridium responsible
for tissue damage is oxygen stable lecithinase alpha-toxin. Alpha-toxin acts on
platelets and polymorphonuclear leucocytes leading to extensive capillary damage.
All other toxins work together to facilitate the spreading of infection by causing
damage too healthy tissue. The combined effect of all exotoxins leads to various
clinical conditions such as hemolysis, jaundice, hemoglobinurea, tissue necrosis
and exerts damage to organs systems in the form of renal failure, cardiotoxicity, and
neurological dysfunction. The rate of toxin production by clostridium is high and
spreads rapidly from the infected area to the healthy tissues. Anti-toxin is produced
in response to released toxin but proves to be ineffective against rapid production of
alpha-toxin and patient usually succumbs to death before active immunity can
develop [164, 165].

The patients of gas gangrene requires extensive care and treatment as there is
100% mortality rate in patients suffering from gas gangrene if left untreated [166].
Even one out of four patients treated for gas gangrene succumbs to death. The treat-
ment strategy against gas gangrene requires stabilizing the conditions of patient by
providing blood transfusion to make up the hemolytic damage. High doses of anti-
biotics are required to curb further infection. Mostly penicillin is used for the treat-
ment but other antibiotics may also be given in combination depending on other
overlying infections [166, 167]. Also, clinical data suggests that using penicillin as
a sole antibiotic does not affect toxin production and does not improve the survival
rate in patients. Other antibiotics such as rifampicin, tetracycline, chloramphenicol,
metronidazole, and clindamycin are targeted to inhibit protein production which
aids in blocking the progress of infection by lowering alpha-toxin activity [168,
169]. Surgical removal of damaged and necrotic tissue is required as clostridium
infections sets in rapidly in the presence of dead and decaying tissues.
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7.8.2 HBOT as an Adjunctive Treatment for Gas Gangrene

HBOT was first employed as a treatment strategy against gas gangrene in 1960
[170]. Further clinical studies and research led to discovering the effectiveness of
HBOT in improving the state of the patients with gas gangrene. Unsworth and Sharp
reported an account of HBOT utilization for treatment of 73 gas gangrene patients
over a period of 11 years in Australia and Papua New Guinea. As per the report,
there were a total of seven deaths corresponding to 9.6% of mortality rate [171].
Similarly, Rudge reported a cumulative mortality rate of 23% in a review of 20 dif-
ferent clinical trials involving a total of 1200 gas gangrene patients treated with
HBOT [172]. One of the important aspects of using HBOT is its ability to inhibit
production of alpha-toxin. HBOT enables increase in the oxygen levels in the
infected area and it has been reported that toxin production can be inhibited at
60 mm Hg or higher oxygen tension. However, the toxins already produced by the
clostridium are not affected by HBOT [173, 174]. There are other additional bene-
fits of HBOT which are also evident in its application for healing of non-infectious
wounds as well. Hyperoxygenated state in the wound area leads to vasoconstriction
reducing edema and allowing perfusion of ischemic and hypoxic tissues [174].
Relieving the hypoxic state diminishes clostridial growth and eliminates the acidic
environment favorable for toxin production.

Hyperoxygenation also has a bactericidal effect as well as reduce the rate of
germination of clostridial spores. HBOT promotes production of free radicals and
ROS to induce bacterial killing and clearance [175]. Activation of immune cells and
enhanced phagocytosis has also been reported under hyperbaric conditions in a
large number of studies [127]. It should be noted that the necrotic dead tissues are
not penetrated by oxygen or antibiotics due to the lack of any vasculature or connec-
tion. Such tissues need to be removed surgically prior to the therapy for better
improvement. For the treatment of gas gangrene patient by HBOT, oxygen at
2.5-3.0 ATA pressure is sustained for 90 minutes with a break of 5 min after every
30 min. In the first 24 h of the treatment, three HBOT sessions are carried out, which
is reduced to twice daily for the upcoming 2-5 days of treatment. The treatment is
carried out until there is a clear demarcation of wounds and patients shows no sign
of clinical toxicity (Fig. 7.13) [173, 176].

7.9 Necrotizing Soft Tissue Infections

7.9.1 Necrotizing Soft Tissue Infections—Complications
and Treatment Strategies

Necrotizing soft tissue infections arise from ulcers or wounds affecting the deep
fascia of skin and soft tissues (Fig. 7.14). It is characterized by the progression of
infection into ischemic dermal necrosis involving the dermal blood vessels in the
fascial layers [177]. There may be variations in the causative organism and site of
infection but it is essentially a presence of necrotizing infection in one of the layers
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Fig.7.13 Effect of HBOT on erythema gangrenosum

comprising the soft tissue, i.e., dermis, superficial fascia, deep fascia, muscles, or
subcutaneous tissues [178]. The clinical manifestations of necrotizing soft tissue
infection involve erythema, edema, fever and tachycardia. Pain is associated with
the infection and hemorrhagic bullae, necrosis, sepsis, and subcutaneous production
of gas develops as infection progresses. As the infection progresses from deep fascia
to other planes of skin, dermal necrosis and other signs of spreading infection can
be observed [179, 180].

On the basis of the initial site of infection, necrotizing soft tissue infection can be
classified as myonecrosis and subcutaneous tissue infection. Subcutaneous tissue
infection can be further distinguished as necrotizing fasciitis, involving infection of
deep fascia, subcutaneous tissues, and superficial fascia and cellulitis, which
involves superficial fascia and subcutaneous tissues but not deep fascial layer [181].
The common features of all these infections are its widespread nature and release of
cloudy serous exudate. The wounded tissue is pale and necrotic with infiltration by
leucocytes. Tissue necrosis occurs primarily due to extensive thrombosis in the
small vessels of infected area. Due to the effect on smaller blood vessels, the wound
area is poorly vascularized and hypoxic. The hypoxic conditions lead to lowering in
oxidation-reduction potential and pH which in turn promotes growth of variety of
strict and facultative anaerobic microbes. Local hypoxia within the infected area is
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Fig.7.14 Necrotizing soft
tissue infection.
Necrotizing soft tissue
infections are the lethal
infections affecting the
layers comprising soft
tissue compartment, i.e.,
dermis, subcutaneous
tissues, superficial fascia or
muscles

also associated with decreased perfusion and ischemia. Endothelial adherence of
accumulated leucocytes affects immune function and substrate oxidation in the
vicinity of wound. This leads to accumulation of hydrogen and methane gases
within the tissues [181-183].

Necrotizing soft tissue infections are clinically classified on the basis of anatomi-
cal levels of dermal layers. However, as the infection progresses to later stages, it is
difficult to differentiate these infections from each other. Microbiological examina-
tion of infectious species by microbial culture and gram stain provides more clear
information about the type of necrotizing soft tissue infection [184, 185]. In most of
the cases of necrotizing soft tissue infection, Group A, C or G beta-hemolytic
Streptococci can be isolated from the infected tissue. Streptococcal infection is
associated with infection from one or two other species of microbes in half of the
cases. Infection from Group A beta-hemolytic streptococci releases toxins and
cause ischemia, platelets, and neutrophil co-aggregation which affects blood flow to
the infection site. Polymicrobial infection has been reported in most necrotizing soft
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tissue infections involving species of Enterobacteriaceae and various species of
anaerobic microbes [186, 187].

Depending upon the clinical distinction and modes through which the infection
sets in, there are two major clinical entities of necrotizing soft tissue infections—
necrotizing fasciitis and anaerobic cellulitis. Necrotizing fasciitis is an infection of
superficial and deep fascia which advances to develop into dermal necrosis after
dermal blood vessels spanning through fascial layers are involved [188, 189]. It was
initially termed as hemolytic streptococcal gangrene by Meleney in 1924 and the
causative organism is often referred as “flesh eating bacteria” [190]. There are vari-
ous factors which pose as a risk for the development of necrotizing fasciitis such as
traumatic breaks in skin, insect bites, lacerations, deep abrasions, and puncture
wounds. It occurs majorly in the lower extremities but any site in the body can be
affected [191]. On the other hand, anaerobic cellulitis is the infection of the subcu-
taneous tissues and develops slowly than necrotizing fasciitis. The deeper fascia
remains unaffected as the infection lies only in the superficial third upper layer.
Anaerobic cellulitis is often caused during thoracic or abdominal surgeries. The
causative organisms responsible for infection are a plethora of species such as
Staphylococci, Pseudomonas, Proteus, etc. along with anaerobic non-hemolytic
Streptococci [192, 193].

7.9.2 Use of HBOT against Necrotizing Soft Tissue Infections

Necrotizing soft tissue infections are life-threatening and need to be managed before
its progression toward healthy tissues. Upon detection of infection, parenteral anti-
biotics are given to the patient. Penicillin G is a widely used antibiotic of choice due
to its broad spectrum of action against Group A Streptococci and other anaerobic
bacterial species such as Clostridium and Fusobacterium. However, with the preva-
lence of penicillin G resistant species, other broad spectrum antibiotics or combina-
tion of antibiotics are preferred such Rifampicin, Chloramphenicol, macrolides, and
imidazole derivatives [194]. Surgical intervention involves the removal of necrotic
tissues from the infection site in all the layers of soft tissues. Depending on the
extent of infection, sometimes radical surgery involving amputation need to be car-
ried out to check the spreading of infection and to save patients’ life [195, 196].
Based on the large number of experimental and clinical studies, the jury of
European committee for hyperbaric medicine (ECHM) consensus conference in
1994 and 2004 recommended HBOT against anaerobic soft tissue infection [197].
HBOT employs the effects of oxygen in hyperbaric conditions to fight against the
infection. The rationale for the use of HBOT relies on the direct effect of oxygen on
anaerobic bacteria and its beneficial properties to enhance the natural immune sys-
tem and facilitating the action of antibiotics [198]. HBOT is used as an adjunctive
therapy to standard wound care regime. Thus, debridement of necrotic tissues,
removal of abscess and administration of antibiotics is continued during the course
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of HBOT. Additionally, antibiotics which blocks protein synthesis such as clindamy-
cin and linezolid are used to inhibit the production of exotoxins [199]. HBOT has
proved to be highly effective in improving the condition in necrotizing soft tissue
infections (Fig. 7.15). HBOT is administered at 2-2-5 ATA pressure for 90 minutes
using 100% oxygen twice a day for initial few days until no signs of necrosis are
observed. In case of diagnosis of clostridial myonecrosis, HBOT is administered at
2.8-3.0 ATA pressure following the protocol of three sessions in first 24 hours until
the patient is stable. In order to monitor the effects of HBOT, partial pressure of
oxygen in the infected area and bacterial clearance from the wound are regularly
monitored [200, 201].

Fig. 7.15 Effect of HBOT on necrotizing fasciitis
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7.10 Refractory Osteomyelitis
7.10.1 Refractory Osteomyelitis

Osteomyelitis is an inflammatory condition of bone which arises due to infection
from bacteria or mycobacteria. There is an occurrence of ischemia and hypoxia in
the affected region of bone tissue and the condition could be acute, subacute or
chronic [202, 203]. Chronic osteomyelitis is defined as a bone infection that persists
for a period of over 6 months with histological and radiological evidences of infec-
tion. Refractory osteomyelitis is the case of chronic osteomyelitis which fails to
heal and persists even after surgical, antibiotic or other appropriate interventions
(Fig. 7.16). The consequences of refractory osteomyelitis may be severe and the
limb salvage may not always be possible [204]. Management of osteomyelitis and
patient care requires weeks of hospitalization and subsequent treatment plan. The
infection from bones has a tendency to spread into adjacent tissues and organs
resulting in multiple organ failure and death [205]. Presence of predisposing condi-
tions such as diabetes mellitus and peripheral vascular disease increases the risk of
contracting osteomyelitis [206]. In many cases patients with chronic non-healing
wounds may develop underlying osteomyelitis due to the presence of persis-
tent wound.

Infection may arise in osteomyelitis as a result of hematogenous spread or direct
infection of bones. The most common organisms responsible for hematogenous
spread in infants and children are Staphylococcus and Streptococcus while S. aureus
is commonly found in case of adults [204, 207]. Chronic refractory osteomyelitis
develops as the infectious condition shows no response to culture directed antibiotic
treatment and surgical debridement. Although 70-80% of primary osteomyelitis
cases are cured by surgical intervention and antibiotic therapy, there is still 20-30%

Causes:

Infection following a trauma, fracture
\ repair, spread of infection from a
distant site in body or other sources.
a . Causative organism include
T Microabscess staphyloccus aureus, streptococcus

e pyogeneses, haemophilius, salmonella,
v Pus Filled etc.
v Abscess
4 Symptoms:
/ ' Raised Pain, fever, swelling, localized redness,
[ Periosteum an open wound with drainage of pus,
/ formation of a tract from the bone to
the skin

Fig.7.16 Cause and symptoms of refractory osteomyelitis. Refractory osteomyelitis is character-
ized by infection that occur after acute osteomyelitis fails to respond to ongoing treatment regime.
The infection may be caused after trauma or fracture leading to the formation of abscess in the
affected bone tissue
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recurrence rate where treatment strategies were not effective. Patients, that are
immunocompromised, have pre-existing conditions, inadequate debridement, poor
vasculature or poor soft tissue reconstruction can benefit from HBOT as an adjunc-
tive treatment [208-210].

7.10.2 Clinical Management of Refractory Osteomyelitis

Surgical intervention involves draining of abscess, foreign body removal, debride-
ment of sequestrum and enabling normal vascularization and obliteration of dead
spaces formed due to debridement. There may be requirement of radical resection
of bones, disarticulation of joints or amputation of affected extremity [211]. Apart
from these, appropriate antibiotic course is required to check the growth of microbes
after surgery. If there is an absence of infection after the initial treatment, recon-
structive surgery and soft tissue reconstruction can be planned. However, recurrence
rates are still high even after surgical intervention and antibiotic treatment demand-
ing the need of adjunctive therapeutic strategies such as HBOT. There are no ran-
domized clinical trials to study the effects of HBOT against refractory osteomyelitis.
However, non-randomized trials and studies on animal models suggest the effec-
tiveness of HBOT in improving the condition in refractory osteomyelitis. Clinical
studies have shown that bone oxygen tension is reduced in osteomyelitis [2, 209,
210]. Thus, it is beneficial to elevate the oxygen content in affected bone to facilitate
the microbial killing as well as to improve the antibiotics availability and stimula-
tion of osteogenesis.

7.10.3 Cierny-Mader Classification of Osteomyelitis
Different stages of osteomyelitis and advice to utilize HBOT as an adjunctive treat-

ment has been elaborated in Cierny-Mader classification system (Fig. 7.17;
Table 7.2). It gives an account of patient classification as normal host, compromised

Stage I: Stage II: Stage Il Stage IV:
Medullary Superficial Localized Diffuse

®®® O
cEe) CEE) D) D)

Fig.7.17 Cierny-Mader classification of osteomyelitis
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Table 7.2 Cierny-Mader classification of chronic osteomyelitis

Anatomical type Physiological classification

Stage 1 Medullary osteomyelitis A Host Normal Host

Stage 2 Superficial osteomyelitis BS Host Systemic compromise

Stage 3 Localized osteomyelitis BL Host Local compromise

Stage 4 Diffuse osteomyelitis BSL Host Systemic and Local compromise
C Host Treatment worse than disease

host or patients for whom treatment is worse than disease [212]. Cierny-Mader clas-
sification of chronic osteomyelitis patients is based on their anatomical and physi-
ological parameters. The patients in stages 3B and 4B are considered ideal candidates
for HBOT. Osteomyelitic patients with pre-existing conditions such as diabetes
mellitus, peripheral vascular disease or extensive soft tissue scarring can have
potential benefit from HBOT. Similarly, improved outcomes are expected in case of
immunocompromised patients as well as patients with poor or inadequate debride-
ment, poor soft tissue reconstruction and poor vascularity [213, 214].

7.10.4 Treatment of Refractory Osteomyelitis by HBOT

Pathophysiology of refractory osteomyelitis demonstrates local edema, necrosis,
and hypoxia with decreased blood flow. The hypoxic condition promotes the infec-
tious state of osteomyelitic bone [215, 216]. Intramedullary partial pressure of oxy-
gen below 30 mm Hg gives an indication of osteomyelitis [217]. Hypoxic conditions
arise primarily due to three main factors—oxygen consumption by microbes,
diminished local perfusion due to edema, and oxygen consumption by inflamma-
tory cells. Oxygen is a critical factor for healing of wounds as it is involved in mul-
tiple functions related to immunological functions and tissue regeneration. Reversal
of hypoxic conditions into hyperoxic conditions by administration of oxygen under
hyperbaric conditions aids in relieving the pathological state in refractory osteomy-
elitis [218]. Under hyperoxic conditions, there is an increased mobilization of fibro-
blasts at the site of injury. Fibroblasts produce collagen in an oxygen dependent
manner, which deposits as the extracellular matrix in the healing wound. Fibroblasts-
like mesenchymal cells differentiate into osteoblasts to regenerate immature fibril-
lar bone structure which eventually gets replaced by mature lamellar bone upon
healing. Hyperoxic conditions promote the differentiation of mesenchymal cells
into osseous tissues while hypoxic conditions promote formation of cartilage [23,
219, 220, 125]. Thus, availability of oxygen is essential for mineralization and
regeneration of bones to heal from refractory osteomyelitis. The cellular defense
mechanism is also dependent on the availability of oxygen as polymorphonuclear
leucocytes and phagocytes require oxygen to generate oxygen free radicals for their
bactericidal function [221, 222]. HBOT helps in raising the oxygen tension in the
ischemic and hypoxic tissues enhancing the neovascularization around the healthy
bone tissues. Neovascularization enables infiltration of immune cells, antibodies,
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and antibiotics to the affected area to facilitate healing [223]. The osteoclast activity
is enhanced in the presence of oxygen and helps to remove the bony debris [224].
The recommended course of HBOT for the treatment of refractory osteomyelitis is
administration of 2-3 ATA of 100% oxygen for 90—120 minutes twice or thrice until
the conditions are improved [2, 209, 210].

Various reports are available on the improved conditions in refractory osteomy-
elitis upon administration of HBOT. HBOT is an important therapeutic intervention
especially in case of post-traumatic osteomyelitis due to bone fracture (Fig. 7.18).
In order to acquire maximum benefit from HBOT, it is essential to follow an aggres-
sive surgical regime, bone debridement, and antibiotic treatment. Osteomyelitis
adjacent to the central nervous system or other vital organs requires extensive surgi-
cal debridement and antibiotic therapy prior to the administration of HBOT as it
significantly affects the morbidity and mortality if the infection spreads to the sensi-
tive regions. The course of antibiotics and HBOT are usually continued until the
surgically debrided bones are properly revascularized and there are no signs of
infection.

7.11  Malignant Otitis Externa
7.11.1 Malignant Otitis Externa

Malignant otitis externa (MOE) is an infection of external auditory canal with
higher susceptibility in immunosuppressed individuals and patients with diabetes
mellitus [225]. The major causative organism responsible for the infection is
Pseudomonas aeruginosa which can be isolated from the aural discharge. The ori-
gin of the infection can also be fungal with Aspergillus fumigatus being the major
causative organism [226, 227]. The infection may result in the osteomyelitis of the
temporal bone which can be invasive. MOE may lead to other serious complications
involving nerves which could have fatal consequences. It is reported in all age
groups but is found to be more common in older patients. The course of treatment

Fig.7.18 Effect of HBOT on osteomyelitis
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for MOE consists of surgical debridement and extensive antibiotic intervention
[228, 229]. Anti-pseudomonal medicines such as quinolone can be administered as
an oral and topical agent [230]. The mortality rate from MOE has been reduced
from 50% to 10-20% with the administration of better and aggressive treatment
regimens [231, 232].

The infection in MOE causes bone erosions involving the base of skull through
fascial planes and venous sinuses and can spread to surrounding tissues toward cra-
nial nerves and intracranial region (Fig. 7.19) [233]. The biopsy of external auditory
canal shows ulceration and epithelium loss due to infection. Inflammation is evident
in the dense fibrous tissues with reactive changes in the form of mild to prominent
hyperplasia [234]. The major symptoms of MOE involve pain in the auditory canal,
edema, abscess, and fluid discharge from ear. Imaging techniques such as CT scan
and magnetic resonance imaging along with tissue sampling and culture are utilized
for the diagnosis of MOE [235].

7.11.2 Myringotomy as an Assessment Tool in Malignant
Otitis Externa

Myringotomy is a surgical procedure which involves making a small incision in
tympanic membrane of ear. The incision is made in order to access the middle ear
and drain fluid in case of otitis media with effusion. Fluid drainage from middle ear
is carried out by placing a tube called myringotomy tube into the incision [236].

Semicircular canals
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Fig. 7.19 Malignant otitis externa. Malignant otitis externa is an aggressive infection of external
auditory canal and temporal bone. The infection is often initiated by iatrogenic trauma or self-
inflicted injury to the external auditory canal. There are clinical findings of granular tissues in the
auditory canal at the bone-cartilage junction
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Otoscopy and Tympanogram is performed before the procedure of Myringotomy to
determine the response of ear drum toward the changes in pressure [237]. Otitis
media is an infection of middle ear that may occur as an extended infection of otitis
externa and considered as a potential reason for hematogenous spread [238]. The
extent and severity of infection is determined by diagnostic imaging techniques
such as CT scan, MRI or radiography. Drainage of fluid from ear is required prior to
the treatment of infection and administration of adjunctive therapies like
HBOT. Myringotomy helps in relieving the pain and pressure built in the ear along
with reducing the chances of infection to spread further.

7.11.3 Management of Malignant Otitis Externa by HBOT

The patients of MOE are extensively administered with antibiotics for 4-6 weeks to
check the spread of infection. HBOT has been shown to exert anti-microbial effect
on P. aeruginosa and thus recommended as an adjunctive therapy for the treatment
of MOE [239]. There are no control studies regarding the use of HBOT in the treat-
ment of MOE. However, there are several case reports advocating its efficacy against
MOE. Bath et al. successfully treated a case of MOE with the involvement of optic
nerve [240]. Similar results were obtained by Gilain et al. for a case of MOE involv-
ing facial nerve [241]. Shupak et al. worked with two patients of MOE involving
infection in the face and skull [242]. There are several other reports involving a
larger number of patients who benefitted from HBOT. Davis et al. treated 16 patients
of MOE successfully using HBOT out of which 6 were presented with severe com-
plications [243]. Similarly, in two separate cases, Martel et al. and Tisch et al. utilize
HBOT as an adjunctive treatment along with antibiotics and immunoglobulins,
respectively, for the treatment of 22 patients with MOE [244, 245]. Overall, it can
be stated that HBOT functions as a useful technique against MOE due to its well
established anti-microbial activity. The recommended protocol for utilizing HBOT
in the treatment of MOE involves administration of 100% oxygen at 1.5 ATA for
60-90 min [246, 247]. The HBOT sessions can be carried out for up to 8 weeks if
required to limit the chances of recurrence and spreading of infection to the ner-
vous system.

7.12 Compromised Skin Grafts and Flaps
7.12.1 Considerations for Skin Grafts and Flaps

Skin grafts and flaps are indispensable for the management of wounds requiring
reconstructive surgery [248, 249]. In case of grafts and flaps, wound healing is a
complex process as it requires overcoming ischemic and hypoxic conditions in
order to heal. Adequate perfusion and oxygenation of tissues to the local environ-
ment of wound are critical factors for the success of graft [250]. Apart from these,
antibiotics and suitable wound dressing are required for the proper management of
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wound. Similar to the healing of a normal wound, skin grafts and flaps goes through
the process of granulation, epithelization, and contraction [251]. Reconstructive
surgeries often involve transfer of skin grafts or flaps derived from healthy body part
to the affected area (Fig. 7.20). Survival of skin grafts or flaps depends upon mul-
tiple factors and failure of any stage of healing process reduces the chances of graft
survival. Production of free radicals by the neutrophils plays an important role in the
ischemic damage caused to the graft tissues. There is a constriction of lumen in the
microvasculature due to edema and necrosis of muscle cells and endothelial lining
of blood vessels. Level of creatine kinase in the plasma is considered as an indicator
of graft survival since its levels are significantly higher in case of graft failure [252,
253]. Thus, in order for successful establishment of skin grafts and flaps several
factors such as free radical damage, ischemia and tissue hypoxia needs to be taken
into consideration.

7.12.2 Wound Management on Compromised Grafts and Flaps

Skin grafts consist of a segment of skin to be transferred to a new site in the body. It
is primarily composed of dermis and epidermis without any vascular support. The
viability of skin graft in the transplant site depends on the oxygen diffusion from the
wound bed until new vasculature develops via angiogenesis [254]. During the initial
period after transplant, there is low level of oxygen in the skin graft. Thus, it is criti-
cal to provide optimum conditions in order to establish the skin graft in the recipient
bed. Skin grafts can be taken from the donor site as a split thickness skin graft

Donor Site
Skin graft
A skin graft meshing applied to site
device will be used to of defect

createa meshed graft

Fig.7.20 Procedure of skin grafts and flaps. Skin grafts and flaps are removed from the donor site
and transferred to the recipient site in the body. Skin grafts are devoid of any vascular support
while flaps have their blood supply intact via a pedicle
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(consisting of entire epidermis and apart of dermis) or full thickness skin graft (con-
sisting of entire epidermis and dermis). On the basis of tissue composition, grafts
can be classified as simple or composite grafts. Simple grafts consist of a single type
of tissue while a composite graft is composed of more than one tissue type along
with subcutaneous fat, full thickness skin and cartilage. The conditions for survival
of a composite graft are more complex than for a simple graft. Based on the origin
of the donor, grafts can be defined as autografts (derived from self), allografts
(derived from a different person) or xenografts (derived from another species) [251,
255-257].

Flaps differ from grafts in having intact vasculature along with tissues. Flaps are
more favored in reconstructive surgeries where the recipient bed has a poor or
impaired vasculature [249]. Flaps can be distinguished by the site of their removal
with respect to the recipient site as local flaps (derived from the tissue in proximity
to the recipient site), regional flaps (derived from the tissues from the same general
area of recipient site), and distant flaps (derived from the area away from the recipi-
ent site). On the basis of blood supply, flaps can be classified as random, axial,
pedicle or free [258-260].

In case of both skin grafts and flaps, ischemia is the major cause for transplant
failure. Freshly incorporated grafts or flaps are poorly oxygenated leading to inad-
equate metabolic functions. The hypoxic condition, in general, interferes with
proper wound healing. Ischemia-reperfusion injury occurs under hypoxic condi-
tions and increased production of free radicals leading to lipid peroxidation and
adherence of leucocytes to the blood vessels [261]. Skin grafts and flaps get com-
promised due to occlusion in the vessels which restricts the passage of blood cells.
Prolonged ischemic conditions result in tissue necrosis due to ischemia-reperfusion
injury and failure to re-establish blood flow to the transplanted graft or flap [262].
There are other factors such as age of the patient, other elative therapy, smoking or
systemic diseases that may interfere with the proper healing of wound after graft or
flap transplant. Change in appearance of graft tissue is indicative of viability of graft
and the progress in the re-establishment of graft vasculature [263, 264]. Methods
like transcutaneous oxygen pressure, tissue pH, laser Doppler and radioisotopic
analysis are employed for the prognosis of transplanted skin graft and flaps [265,
266]. The chances of survival of skin grafts and flaps can be greatly improved by
administration of adjunctive strategies such as vasodilators, free radical scavengers,
fibrinolytic agents, dextranes, and HBOT [267-271].

7.12.3 HBOT for Treatment of Compromised Grafts and Flaps

Administration of HBOT as an adjunct to reconstructive surgery reduces the failure
rate to 4.5% from the usual rate of 10% [272]. Although, HBOT is not as widely
used as a modality in reconstructive surgeries; its utilization is known to greatly
improve the outcomes. HBOT is recommended when there is any doubt in the via-
bility of graft or flap due to ischemia-reperfusion injury. HBOT helps in resolving
the tissue edema and re-establishment of proper blood flow to the graft [273]. The



82 7 Evaluating the Recommended Indications of HBOT

patients are administered with HBOT after surgery at 2-2.5 ATA of 100% oxygen
for 120 min for 3 days [274]. HBOT has been studied as an adjunctive therapy in a
group of 24 patients where 92% surface area of graft was observed to survive in
comparison to 63% in the control group. In the same study overall 65% of patients
experienced completely successful graft as compared to 17% of patients in the con-
trol group [267]. Graft tissue is hypoxic in the early stages of transplant with low
rate of survival. Administration of HBOT increases the tissue oxygen tension in the
dermis and elevates the fraction of diffused oxygen to the graft from the recipient
bed [275]. Also, the donor site shows accelerated healing under hyperbaric condi-
tions. The role of HBOT in the revascularization is not fully understood yet but
reattachment by microvascular anastomosis has been reported by the use of HBOT
[276, 277]. Diagnosis of compromised graft and its response to HBOT need to be
carefully assessed by the surgeon and hyperbaric physician to improve the chances
of successful graft.

7.13  Crush Injuries
7.13.1 Classification of Crush Injuries and Challenges

Crush injuries are defined as a spectrum of mechanical injuries to the body as a
result of being subjected to high degree of force or pressure. The impact of injury is
severe affecting two or more tissue types (muscles, bones, nerves, etc.) [278]. The
major concern with crush injuries is to retain the viability of the injured tissues and
even if it is possible to salvage the tissues, patient may suffer with functional defi-
cits. The presentation of injuries ranges from minor contusions to severe irreversible
damage, requiring limb amputation. There is often severe damage to soft tissues
along with bones, nerves, and vascular structures. The extent of damage to the tis-
sues depends on the impact of traumatic force and can manifest as open wound
injury, fracture, severe bleeding, and compartment syndrome [279, 280].

The complications arise in case of crush injuries due to the involvement of mul-
tiple types of tissues. There is a high risk of infection and impaired tissue healing
which may lead to loss of function in the affected limb. Maintaining the viability of
tissues after crush injury is the major immediate challenge since the vascular dam-
age and blood loss results in ischemic conditions [281, 282]. There is a decreased
supply of blood and thrombosis affecting microvasculature of the affected region.
Thus, it is essential to take measures in order to salvage injured but still viable tis-
sues before necrotic conditions sets in. In case of mild injuries, there are less com-
plications and the condition can be managed by minimal medical interventions.
However, severe injuries pose greater threats as they are characterized by soft tissue
loss, compound fractures, arterial injuries and marginally viable tissues. There is a
risk of irreversible damage and several delayed complications may also occur in the
form of osteomyelitis, non-joining fractures, and requirement of delayed amputa-
tion [283, 284]. Crush injuries are classified primarily by using Gustilo’s
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classification system of open fractures which helps the physician to plan their treat-
ment strategy and management of patient’s condition [285, 286] (Table 7.3).

7.13.2 Physiological and Biochemical Aspects of Crush Injuries

Tissues affected by crush injuries undergo edema and ischemia which may lead to
the necrosis of partially viable adjacent tissues. Extensive vascular damage and
edema generates tissue hypoxia which in turn impairs the process of wound healing
and tissue regeneration. Hypoxia originates partially as a result of blood cell clump-
ing at the site of injury interfering with the microcirculation [287]. Cellular hypoxia
also leads to the downregulation of cellular metabolism further reducing their via-
bility. The hypoxic conditions compromise immune functions as well as different
stages of wound healing such as collagen production and neovascularization [288].
Oxygen supply to the tissues within the site of injury is largely dependent upon
plasma dissolved oxygen but it is not sufficient to fulfill the metabolic demand of
cells. Other complications may also arise due to severity of crush injuries. The fluid
pressure gets elevated in a closed compartment upon injury which impairs perfusion
within the compartment and creates ischemic conditions. The extent of tissue dam-
age is analyzed by monitoring the value of serum myoglobin, potassium, BUN
(blood urea nitrogen), and creatinine [289]. In order to assess the condition of
patient and top categorize the crush injury various methods such as measurement of
compartment fluid pressure, radiography to analyze fractures and angiography to
determine the neurovascular damage are employed [290, 291].

7.13.3 Effect of HBOT on Wound Healing in Crush Injuries

Crush injuries require immediate medical intervention in order to prevent perma-
nent damage to the affected region and to stabilize the patient’s condition. In severe

Table 7.3 Gustilo classification of crush injuries

Infection Amputation

Type| Mechanism Expected outcome rate rate
I Small laceration <1 cm Not different from a Minimal
closed fracture
II | Large laceration with minimal Not different from a 3%
soft tissue damage closed fracture
IIT | Crush Injuries
A | Sufficient soft tissue to close <10% complication 4% 0%
wound (primary or delayed) rate
B Requirement of flaps or grafts to | >50% complication 52% 16%
cover bone rate
C | Major vessel injury About 50% 42% 42%

complication rate




84 7 Evaluating the Recommended Indications of HBOT

cases of crush injuries, the risk of complications is high and may require multiple
surgeries [292, 293]. The primary goal of crush injury treatment is restoring blood
circulation to avoid tissue ischemia and ischemia associated secondary complica-
tions. Apart from the usual treatment regimens for crush injuries, HBOT is consid-
ered as a useful adjunct treatment (Fig. 7.21). HBOT enables several functions
critical for wound healing which promotes body’s ability to heal effectively [294,
295]. The typical HBOT protocol for treatment of crush injury requires 2 ATA of
100% oxygen for 90 minutes. The treatment is initiated within first 24 hours of
primary treatment followed by two sessions daily for 3 days [296]. The duration of
treatment can be extended based on the clinical judgment of physician so as to man-
age wound healing and support reparative surgeries.

HBOT results in the hyperoxygenation of plasma promoting its availability to the
hypoxic margins of wound. This helps against tissue hypoxia and ischemia, thus
keeping the tissues viable during the treatment [288]. There are various other sec-
ondary effects of hyperoxygenation which enables effective healing of wound.
Vasoconstriction occurs under hyperbaric conditions resulting in reduced edema.
Oxygen dependent processes such as fibroblast functions, collagen production,

Fig.7.21 Effect of HBOT on crush injury
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neutrophil mediated anti-microbial action, and osteogenesis are enhanced promot-
ing effective wound healing [294, 297, 298]. Under high oxygen tension, the pro-
cess of angiogenesis is triggered which aids in restoring blood supply to the viable
tissues. It is evident in various reports that the use of HBOT in crush injuries
improves the status of wound healing and reduces the probability of taking drastic
measures in the form of limb amputation [295].

7.14 Severe Anemia
7.14.1 Clinical Scenario of Severe Blood Loss and Complications

Hemoglobin (Hb) is the oxygen carrying pigment in the red blood cells which dis-
tributes oxygen to all organ systems through micro-capillary beds. In case of a
marked decrease in the red blood cell mass due to hemorrhage, hemolysis or apla-
sia, there is an insufficient oxygen supply to the tissues leading to development of
anemia [299, 300]. The symptoms of anemia are manifested as feeling of dizziness,
chest pain, weakness, increased heart rate, and shortness of breath (Fig. 7.22). Hb
can carry 1.38 ml of oxygen per gram while approximately 0.003 ml of oxygen is
carried in dissolved form in 1 ml of plasma at normal atmospheric pressure [301].
The overall arterial oxygen content (Ca0O,) can be determined by using the follow-
ing formula:

: Dizziness Chest Pain il

Headache Increased Shortness of
heart rate breath

Sympton'!s of Anemia

Normal Blood Anemia

Fig.7.22 Symptoms of anemia. Anemia is a condition of inadequate red blood cells in the blood
to ensure optimum transport of oxygen to the tissues. As a result of improper oxygen supply to the
tissues, symptoms such as dizziness, chest pain, headache increased heart rate, and shortness of
breath are experienced by the anemic patients
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Ca0, =|Hblevel in blood(gm/dL)]x1.38ml0,)+[0.003ml O, x paO, (mm Hg) |

Under normal conditions, 5-6 ml of oxygen is carried by 100 ml of blood which
is distributed to the entire body through the network of microvasculature. The nor-
mal Hb content of a healthy individual is 12—-16 gm/dl [302]. The oxygen delivery
mechanism becomes inadequate as the Hb level in the blood drops down to a critical
value (below 5 gm/dl). Severe anemic conditions arise in case of exceptional blood
loss. This creates a condition of cellular hypoxia due to insufficient supply of blood
to the tissues. As a result, there is an accumulation of oxygen debt in anemic patients
[303, 304]. The metabolic demand in hypoxic conditions is not fulfilled by aerobic
respiration. This leads to the initiation of anaerobic respiration in the form of lactic
acid pathway [305]. Thus, there is a deficit of oxygen required to remove the accu-
mulated lactic acid in the tissues. Blood transfusion is the frequently used measure
to overcome oxygen debt and to relieve anemic conditions [306]. However, blood
transfusion may not be always possible due to immunological conditions or non-
availability of required blood. Such patients need to be administered alternative
treatment to alleviate the complications of severe anemia. HBOT has been found to
be effective in overcoming the situation of accumulating oxygen debt and highly
beneficial for the acute anemic patients.

7.14.2 Management of Severe Anemia by HBOT

In 1960, Boerema demonstrated the use of HBOT in sustaining the life of exsangui-
nated (drained of blood) piglets. The amount of blood removed from the piglets was
replaced by acellular saline solution. The piglets were administered with HBOT at
3 ATA pressure showed sustenance of life due to the increased availability of oxy-
gen in the dissolved form [307]. HBOT should be administered as soon as possible
in order to relive the patient of oxygen debt. Other treatment strategies and substi-
tute of blood can be employed along with HBOT to accelerate the recovery process.
HBOT is recommended at 2-2.5 ATA for duration of 3—4 h [274, 308]. It is often
provided either in pulsed state or intermittently to avoid the complications of oxy-
gen toxicity. Intermittent durations of hyperbaric and normobaric conditions is
known to increase the hematocrit levels by upregulation of endogenous erythropoi-
etin in addition to increased red blood cell mass [308, 309]. Overall, administration
of HBOT in untransfusible patients is highly beneficial as it enhances oxygen flow
to the organs, lowers oxygen debt, and raises overall red blood cell mass.
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7.15 Sickle Cell Anemia

7.15.1 Pathophysiology and Clinical Aspects of Sickle
Cell Anemia

Sickle cell disease comprises of a group of autosomal recessive diseases marked by
the high concentration of hemoglobin S (HbS) in the blood instead of the normal
form hemoglobin A (HbA). Sickle cell anemia is the most common form of sickle
cell disease which affects the individuals homozygous for the abnormal f-globin
gene at chromosome 11 while the individuals carrying one copy of this gene are
carriers of the disease. The abnormal HbS exists due to a single nucleotide polymor-
phism (SNP) in the pB-globin gene, which cause a substitution of glutamate residue
with valine residue at position 6 of p-globin polypeptide chain (Fig. 7.23). Under
normal condition, the mutation is benign and does not affect the structural integrity
of Hb. However, under hypoxic conditions, polymerization of HbS takes place due
to exposure of hydrophobic patches resulting in clumping of blood cells. The blood
cells get deformed in the shape of a sickle obstructing the normal flow of blood
[310-314].

The pathology of sickle cell anemia arises primarily due to the loss of elasticity
of red blood cells. Red blood cells (RBCs) assume abnormal sickle shape under
conditions of low oxygen availability. Normal RBCs are biconcave disc shaped and
flexible to pass through fine capillaries while the sickle shaped RBCs are rigid and
get stuck in the narrow capillaries obstructing the blood flow. These abnormal RBCs
are short lived as compared to normal blood cells and rapidly undergo hemolysis
due to damage to the cellular membrane [310, 315-317]. This creates anemic

Sickle-cell Anemia
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Fig. 7.23 Sickle cell disease. Anemia is a condition of inadequate red blood cells in the blood to
ensure optimum transport of oxygen to the tissues. As a result of improper oxygen supply to the
tissues, symptoms such as dizziness, chest pain, headache increased heart rate, and shortness of
breath are experienced by the anemic patients. Conversely, sickle cell trait provides resistance
from malaria
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conditions affecting the oxygen carrying capacity of blood and generating ischemic
conditions. The rate of destruction of RBCs is usually higher than the production of
new blood cells in the bone marrow. There are three independent factors affecting
the rate of HbS polymerization—Hb concentration, presence or absence of fetal Hb
and degree of intracellular deoxygenation. Cell clumping in the microvasculature is
promoted by other related factors induced by HbS [318]. The amount of circulatory
endothelial cells is increased along with the increased expression of adhesion mol-
ecules both on endothelial cells (VCAMI1 and CD36) and RBCs (a4p1 and CD36)
[319, 320]. VCAMI is upregulated in hypoxic conditions induced by insufficient
oxygen supply to tissues. Increased activity of VCAMI is injurious to tissues caus-
ing severe organ damage. Also, increased platelet activation has been observed
which greatly accelerate the process of cell adhesion to the capillaries [321].
Increase in the granulocyte count is considered as a risk factor in elevating the
pathology of sickle cell anemia. Sickle cell RBCs and endothelial cells are known
to interact with granulocytes which get triggered to produce inflammatory cytokines
and cytotoxic molecules causing cellular damage in organs like lungs and brain [322].

Patients suffering from sickle cell anemia experiences severe chest pain, pain in
the abdomen, and extremities. Due to the obstruction of blood capillaries, vaso-
occlusive crisis (VOC) occurs, which is marked by pain, cell necrosis, ischemia, and
organ damage. Other serious complication of sickle cell anemia includes stroke,
cognitive impairment, acute lung damage, retinopathy, renal insufficiency, osteone-
crosis, and osteomyelitis [323-325]. Factors such as extreme temperature, physical
or emotional stress, and contracting infection have been reported to stimulate epi-
sodes of pain in sickle cell anemia patients [326]. The quality of life of sickle cell
anemia patients is tremendously affected and their life expectancy is remarkably
reduced. Blood transfusion and bone marrow transplant are often used for the man-
agement of sickle cell anemia and to minimize the risk of its associated clinical
complications [327, 328]. HBOT has been recommended for relieving the patho-
physiological effects of sickle cell anemia since HbS shows lower affinity for oxy-
gen compared to HbA. Thus, HBOT can be beneficial in acute episodes of anemia
by replenishing the availability of oxygen and by preventing ischemia.

7.15.2 HBOT in Management of SCA

HBOT has been tested and proved beneficial in three clinical complications of
sickle cell disease, i.e.,vaso-occlusive crisis, ocular surgeries with complications of
sickle cell and leg ulcers in patients homozygous for HbS [329-331]. Sickle cell
disease induced retinopathy results by the obliteration of retinal arterioles and
venules cutting retinal supply and causing retinal detachment. Administration of
supplemental oxygen at 70% was found to inhibit retinal cell death in a cat model
of retinopathy [332]. Also, oxygen helps to reduce the hypertrophy of Muller cells
which is responsible for proliferative vitreo-retinopathy and lowers the complica-
tions during surgery [333].
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HBOT is helpful in the management of sickle cell anemia by alleviating the
symptoms of cellular hypoxia as well as by inducing cytoprotective effects. One of
the most important aspects of HBOT induced cellular protection is triggered via
nitric oxide synthase (NOS) mediated mechanism. Administration of HBOT results
in decreased regional cerebral blood flow. This results in enhanced nitric oxide
(NO) production and helps in preventing neuronal excitotoxicity by inhibition of
N-methyl D-aspartate (NMDA) receptors [334, 335]. HBOT has also been reported
to reduce the harmful effects of cell adhesion and platelet activation by inducing a
decrease in cytostatic activity, peroxynitrite synthesis, and inducible NOS (iNOS)
mRNA in mouse peritoneal macrophages activated by lipopolysaccharide (LPS)
and gamma interferon [336]. HBOT also triggers induction of endothelial NOS
(eNOS) which in turn helps in downregulating the adhesion molecule ICAM1 in
endothelial cells [337].

Utilizing HBOT in clinical management of sickle cell disease is highly important
in acute cases of sickle cell anemia and in cases where blood transfusion is not pos-
sible. The recommended protocol for HBOT against sickle cell disease requires
administration of 100% oxygen at 2-2.5 ATA pressure for 60—90 min [274, 338].
The clinical symptoms of sickle cell disease can be usually reversed in a single ses-
sion but HBOT may be repeated according to the clinical presentations or as directed
by the physician.

7.16 Decompression Sickness
7.16.1 Pathophysiology and Effects of Decompression Sickness

Decompression sickness (DCS) is a clinical condition that arises due to a sudden
decline in ambient pressure. The reduction in atmospheric pressure affects the gases
in the body cavity and fluids resulting in the formation of inert gas bubbles due to
super-saturation. The bubbles are formed when the decompression is rapid enough
to allow tissue inert gas partial pressure to exceed the ambient pressure causing their
super-saturation [339]. The trapping of these bubbles in the arteries or veins gener-
ate a condition known as arterial gas embolism (AGE) or venous gas embolism
(VGE) [340]. There are various clinical manifestations of decompression sickness
which affects dysfunction in various organs. DCS can be caused by activities which
results in acute decompression. It usually occurs when there is a transition from the
atmospheric pressure at ground level in to a lower pressure at a high altitude or
decompression experience after returning to ground level after a dive [341].
Similarly, returning to ambient atmospheric pressure after hyperbaric treatment can
give rise to DCS.

In the nineteenth century, miners working in the pressurized chambers called
“caisson” designed for coal mining complained of joint pain and neurological dis-
turbance after returning to normal pressure conditions. The resulting clinical condi-
tion was initially termed as caisson’s disease and later recognized as DCS [342].
Major clinical symptoms of DCS include joint pain or bends, neurological deficits,



920 7 Evaluating the Recommended Indications of HBOT

cardio-respiratory problems, and pulmonary edema [343]. The bubbles formed
from inert gases due to super-saturation creates serious clinical complications such
as occlusion of blood flow, triggering platelet aggregation, complement system acti-
vation, activation of inflammatory pathways, endothelial dysfunction, capillary
leakage, mechanical disruption of tissues, and initiation of coagulation cascade
(Fig. 7.24) [340, 344, 345]. More serious complications of DCS may lead to hemo-
concentration and hypotension and manifest as ataxia, motor dysfunction, shock,
and death [346]. The patient needs to be assessed for the clinical symptoms of DCS
on the basis of time of onset and progression of symptoms, index of gas burden
determined as depth-time exposure and any evidence of barotrauma including rapid
ascent during diving, holding breath while ascending, dyspnea, and chest pain. The
diagnosis and evaluation of DCS is carried out on the basis of an empirical criteria
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Fig. 7.24 Effects of decompression sickness. Decompression sickness may lead to lung edema
and ischemia due to obstruction of blood flow and initiation of tissue injury
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involving careful assessment of physiological and neurological symptoms, motor
weakness, seizures as well as patient’s response upon recompression [347-349].
Patient’s clinical history and chest radiography are required to rule out the condition
of pneumothorax before starting the recompression. Earlier, recompression with air
was used for treatment as it is observed to relieve the patients from the symptoms of
DCS. In 1897, a human study using pure oxygen for recompression showed
improved results in the form of rapid gas diffusion and bubble resolution [350].
HBOT has been reported to be highly beneficial in the alleviation of DCS related
clinical symptoms as it promotes accelerated gas diffusion from bubbles in to tis-
sues along with relieving from tissue ischemia, edema and lessen capillary occlu-
sion by inhibiting neutrophil adhesion to endothelium.

7.16.2 Use of HBOT as a Therapeutic in Treatment
of Decompression Sickness

The use of HBOT in DCS treatment is based on the effect of providing 100% oxy-
gen under high pressure to increase the diffusion of inert gas bubble enabling its
rapid washout from the body. Hyperbaric oxygen has additional advantages against
clinical symptoms of DCS due to the therapeutic nature of oxygen. Most often oxy-
gen is administered in combination of a different inert gas such as helium which is
less soluble than the inert gas (mostly nitrogen) in the bubbles. This enhances the
rate of bubble resolution without generating neurological deficit in patient which
can otherwise manifest by using 100% oxygen at high pressure for prolonged time
[351, 352]. Patients showing any signs or symptoms of DCS can be subjected to
HBOT. However, supportive measures such as airway protection and monitoring
blood pressure are recommended. Also, administration of isotonic IV fluid is rec-
ommended during the treatment to overcome the compromised microcirculation
and to relieve endothelial damage associated plasma extravasation [353].

Initially, patients are provided with 100% oxygen under normobaric conditions
and HBOT is administered after excluding the chances of pneumothorax which
need to be managed using tub thoracostomy before starting recompression [346].
The recommended protocol for HBOT in DCS treatment as per US navy Table 5
involves initial recompression at 2.82 ATA with 100% oxygen or oxygen in combi-
nation of suitable inert gas for 30 minutes (Fig. 7.25). It is followed by an initial
period of 15 minute decompression at 1.9 ATA which is then prolonged for 60 min
before the final decompression at normobaric condition (1 ATA) for 15 min. HBOT
protocol to manage DCS with neurological manifestations involves 30 minutes of
initial decompression at 1.9 ATA instead of 15 min [351]. Majority of cases of DCS
shows reversal of clinical symptoms after a single treatment but HBOT sessions
may be repeated to ensure the stability of the patient. For treatment of severe symp-
toms of DCS, 100% oxygen can be administered using a tight fitted mask for 2 h
along with aggressive oral rehydration using US navy table 6 [354].
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Recompression Treatment
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Fig.7.25 Recompression protocol for decompression sickness

7.17 Intracranial Abscess

7.17.1 Pathogenic Condition and Host Defense
in Intracranial Abscess

Intracranial abscess (ICA) is referred to an infection in the cerebral parenchyma
which includes pathological conditions such as cerebral abscess, subdural empy-
ema, and epidural empyema. The infection is developed in the form of focal, encap-
sulated region and can be caused by a variety of microorganisms including bacteria,
fungi, protozoa or sometimes helminths [355, 356]. The occurrence of ICA is rare
and mostly affects immunocompromised individuals such as patients with HIV or
AIDS [357]. Also, patients with malignant condition or undergoing chemotherapy
are highly susceptible to fungal infections of brain. Fungal infection such as
Aspergillus or members of mucorales family can cause angioinvasive infection
leading to septic arteritis and thrombophlebtis [358]. The infection in ICA may
originate from hematogenous seeding and cranial trauma. These infections have a
tendency to develop in to multiple abscesses. Contiguous infections such as sinus-
itis, mastoiditis, otitis or dental infections may also be the source of infection in [CA
[358, 359]. Development of brain edema and inflammation is associated with ICA
due to activation of resident astrocytes and resting microglia in brain (Fig. 7.26).
Majority of infections of bacterial origin are caused by Streptococcus and
Staphylococcus. Other anaerobic microorganisms have also been isolated from
ICA, which usually originate from normal oral flora. The local environment within
the ICA is hypoxic and acidic which promotes the growth and survival of anaerobes.
ICA may develop into secondary hypoxic lesions in the surrounding region of brain
due to the formation of perifocal edema [360]. Also, the development of abscess in
the deeper regions of brain results in inaccessibility of anti-microbial agents. This
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Fig. 7.26 Immunopathology of intracranial abscess. Intracranial abscess may be contracted by
mode of contiguous spread or hematogenous spread resulting in the infection of brain parenchyma.
Activation of resident astrocytes and resting microglia takes place via recognition of bacterial toll-
like receptors 2 (TLR2) resulting in the release of various pro-inflammatory cytokines causing
inflammation in the affected region of brain

may have serious life-threatening complications in the form of elevated intracranial
pressure and inflammation.

ICA is a rare condition but the mortality rates were typically higher in patients of
brain abscess before the advent of better diagnostic, surgical and therapeutic tech-
niques in past few decades [361]. One meta-analysis study showed that the case
fatality rate has reduced from 40% to 10% in the past six decades while the patient
recovery rate has improved significantly from 33% to 70% [362]. Availability of
better imaging techniques like CT scan is considered to be a vital factor in reducing
the mortality rate in patients of [CA. According to a retrospective study, the mortal-
ity rate in ICA patients has reduced from 40% to 20% in the first decade after the
advent of CT scan imaging [363]. Improvement in the imaging techniques has
enabled rapid and precise diagnosis of infectious condition. Additionally, introduc-
tion of less invasive and more effective surgical procedures like stereotactic
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aspiration of abscess and use of anti-microbial therapy has improved the outcomes
of treatment in ICA patients [364].

7.17.2 HBOT as an Adjunctive Therapy for Management
of Intracranial Abscess

HBOT has been approved as an adjunct therapy for the treatment of ICA both by
European committee for hyperbaric medicine (ECHM) and Undersea and hyper-
baric medical society (UHMS) [365]. HBOT is suggested for a patient with ICA
when multiple abscesses are present, abscesses are located in deep inaccessible
regions, compromised host, contraindications in surgery, and poor response to stan-
dard antibiotic therapy and surgical procedures [366]. The recommended HBOT for
ICA involves administration of 100% oxygen at 2-2.5 ATA for duration of
60-90 minutes treatment session. The number of treatment sessions and duration is
based on the patient’s response to the treatment and radiological assessment of
patient after initial treatment [274]. Evidence of contraindication for HBOT should
be ruled out by evaluating the presence of untreated pneumothorax [367]. HBOT
has proved to be effective in management of ICA due to multiple therapeutic effects
of hyperbaric oxygen. HBOT eradicates the condition of hypoxia in abscesses
through enhanced oxygen availability. Hypoxic conditions interfere with the action
of antibiotics minimizing their effect. Also, low oxygen tension environment pro-
motes the anaerobic microbial growth as well as interfere with normal functioning
of immune cells. HBOT helps in the enhancement of leukocytes mediated defence
mechanism promoting microbial clearance from the abscesses along with augment-
ing the effect of antibiotics [368]. The presence of blood-brain barrier minimizes
the penetration of antibiotics in the affected region of abscesses. HBOT is known to
enable reversible opening of blood-brain barrier, thus promoting increased avail-
ability of antibiotics through non-inflamed meninges [369]. Vasoconstriction is
mediated under hyperbaric conditions helps in relieving focal brain swelling and
reducing of intracranial pressure [370]. It is evident that treatment of ICA has
become more plausible after the advent of improved diagnostics tools, effective
antibiotics, and utilization of HBOT as an adjunctive measure to manage the com-
plications of disease.

7.18 Femoral Head Necrosis

7.18.1 Pathogenesis and Staging of Femoral Head Necrosis

Femoral head necrosis (FHN) is a clinical condition which arises due to a compro-
mised blood supply to the femoral head (Fig. 7.27). FHN is also known as avascular

necrosis, aseptic necrosis or ischemic necrosis signifying the characteristics of the
disease [371-373]. Femoral joint is the major weight bearing joint of the body and
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Fig. 7.27 Femoral Head Necrosis. Femoral Head Necrosis is the necrotic condition of femoral
head due to disruption in the blood supply to the subchondral region in proximal femur

hence it is highly vascularized for adequate blood supply. There are multiple factors
which can hinder the local blood supply to the subchondrial bone of femoral head
resulting in osteonecrosis. The structural integrity of the femoral head gets compro-
mised due to insufficient blood supply causing death of osteocytes. Due to the simi-
larity between the ischemia of heart, FHN is sometimes referred as “coronary
disease of the hip” [374, 375]. FHN affects relatively young population, usually in
the third or fourth decade of their life. As the disease progresses to advanced stages,
most of the patients (approx. 70%) require total hip replacement due to destruction
of femoral head.

On the basis etiological factors, FHN can be classified as idiopathic or primary
FHN (having no clear etiological factor) and secondary FHN (having well identified
etiology) [376]. Multiple factors may be responsible for the manifestation of FHN
with trauma being the major risk factor. Other etiological factors for FHN includes
dietary or environmental factors such as alcohol abuse, cigarette smoking and dys-
baric conditions, iatrogenic factors such as corticosteroids, hemodialysis, radiation
exposure, cytotoxic treatment or laser surgery and hematologic factors such as
hemophilia, sickle cell anemia, polycythemia or thalassemia. Genetic predisposi-
tion and metabolic abnormalities leading to osteonecrosis and femoral dysfunction
may also lead to the development of FHN [377-379]. The patient experiences limi-
tations in the range of motion and severe pain in groin region which worsens upon
bearing weight. Traumatic injuries such as joint dislocation and fracture results in
the damage to vascular structure around femoral head hampering the blood supply.
Nearly 15-50% cases of femoral neck fractures and 10-25% cases of hip disloca-
tion lead to the development of FHN [380].
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Diagnosis of FHN is carried out by using various techniques namely radiogra-
phy, CT scan, scintigraphy, and MRI. Plain radiographs used as preliminary imag-
ing assessment tools but are incapable of detecting FHN in its early stages. CT scans
are sensitive and useful in determining the subchondrial fracture of femoral head.
MRI is considered as the best investigation technique for FHN having high sensitiv-
ity (99%) and specificity (99%) as compared to other imaging techniques [381-
383]. It is especially useful in quantitative analysis of necrotic damage and
determining the stage of disease. The staging system for FHN is based on major
three factors for prognosis—extent of lesion, location of lesion in the femoral head
and presence of bone marrow edema in the proximal femur. There are two classifi-
cation system for staging of FHN—Ficat and Arlet classification system and
Steinberg classification system. Ficat and Arlet classification system is most com-
monly used but Steinberg classification system is preferred with MRI based progno-
sis [384, 385] (Tables 7.4 and 7.5).

7.18.2 HBOT as an Aid against Femoral Head Necrosis

There are several medical and surgical interventions for the treatment of FHN aimed
to delay the need of total hip replacement. Patients with small lesions are usually
subjected to treatment strategies focused on preserving femoral head while for the
patients with larger lesions total hip replacement is more suitable option [386].
Biophysical interventions such as use of extracorporeal shock waves and pulsed
electromagnetic fields have been used with limited success [387, 388]. Progression
of primary femoral osteonecrosis can be prevented by using Enoxaparin while use
of drugs like Alendronate for inhibiting the osteoclast activity has been debatable
[389, 390]. Surgical procedures for the treatment of FHN focus on either preserva-
tion of femoral head or hip arthroplasty. Core decompression is primarily used pro-
cedure for preservation of femoral head in the early stage osteonecrosis which helps
in reducing intraosseous pressure in the femoral head and restoring vascular flow
[391]. In order to provide mechanical support, allograft insertion or non-vascularized
autografts are often carried out along with core decompression. Osteotomy can be
performed to avoid femoral head collapse which aim at shifting of necrotic regions

Table 7.4 Ficat and Arlet system for staging of FHN

Stage | Symptoms X-ray findings Scintigraphy findings
0 None Normal Reduced capture

1 None to mild Normal Reduced capture

2 Mild Change in density Increased capture
2A Sclerosis or cysts observed

2B Applanation or Crescent sign

3 Mild to Moderate Loss of sphericity Increased capture

4 Moderate to Severe Reduced articular space Increased capture
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Table 7.5 Steinberg Stage | Criteria
classification system for
staging of FHN

Steinberg classification system

0 Normal or non-diagnostic X-ray,
MRI or Bone Scan

I Pain—Normal X-ray—abnormal
MRI or Bone Scan

A—Mild (<15% of head)
B—Moderate (15%-30%)
C—Severe (>30%)

I Sclerotic changes or cystic lesions
A—Mild (<15%)

B—Moderate (15%-30%)
C—Severe (>30%)

111 Subchondral collapse without
flattening

A—Mild (<15% of articular surface)
B—Moderate (15%-30%)
C—Severe (>30%)

v Flattening of the femoral head
A—Mild (<15% of surface

and < 2 mm depression)
B—Moderate (15% - 30% of surface
or 2—4 mm depression)

C—Severe (>30% of surface

and >4 mm depression)

\'% Joint narrowing and/or acetabular
involvement

A—Mild

B—Moderate

C—Severe

VI Advanced degenerative changes

from weight bearing area to a non-weight bearing area of hip joint to transfer the
mechanical stress toward healthy bone [392].

HBOT is recommended measure for joint preservation when administered in the
early stages of symptomatic FHN. The benefits of HBOT are found to be most
prominent in stage 1 and stage 2 of the disease [393, 394]. The characteristic feature
of FHN is disruption of blood supply leading to bone tissue hypoxia and ischemia.
Administration of HBOT results in the modification of bone metabolism by reduc-
ing the dependency of osteogenesis on Hb derived oxygen supply [395]. HBOT
enhances the levels of plasma dissolved oxygen, thereby relieving the conditions of
hypoxia and ischemia in the affected bone tissues. Additionally, it helps in the
reduction of edema in the joints which further facilitates the blood flow and reduc-
tion of pain [396]. The recommended HBOT protocol for the treatment of FHN
involves administration of 100% oxygen at 2.2-2.5 ATA for 60—120 min. Multiple
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treatment sessions are required (60-90 sessions) for the improvement in the condi-
tion of osteonecrosis [396, 397].

Several studies have been conducted regarding the use of HBOT against
FHN. Strauss and Dvorak conducted a meta-analysis study of 15 different research
findings or case reports involving a total of 189 patients. It was found that HBOT
has a success rate of 97% in 12 months and 81% in 24 months of treatment [398].
Reis et al. performed a review of 12 patients (16 hip joints) characterized by Ficat 1
classification. The patients were given a total of 100 HBOT sessions and followed
up for duration of 24 months. It was observed that 13 hip joints were entirely recov-
ered within 8 months of treatment [394]. Another retrospective analysis by Ditri and
Montanari on 227 patients of FHN diagnosed with Ficat stage 1 and 2A indicates
the effectiveness of HBOT in recovery from the osteonecrotic condition [399]. It is
evident from the available reports that treatment of FHN largely depends on the
assessment of extent of damage to the femoral head. Early diagnosis and prevention
of irreparable damage is critical for the successful treatment of FHN. HBOT has
been a useful aid in the preventing the progression of bone necrosis as well as restor-
ing the process of repair and regeneration.

7.19 Thermal Burns
7.19.1 Pathophysiology of Burn Wounds

Thermal burns constitute a complex and dynamic injury resulting in the coagulation
of cellular elements in epidermis and dermis. The intensity of heat and duration of
heat exposure is critical to the extent of damage which manifests both as local and
systemic repercussions [400]. Burn injury is characterized by a central coagulation
zone, surrounded by an area of stasis with a border constituting erythema. Heat
exposure results in the disruption of vessels and tissues with extravasation of inter-
stitial fluid. There is an increased vasodilation and capillary permeability causing
the drainage form microvasculature to the damaged area. Increased inflow of poly-
morphonuclear neutrophilic leucocytes and monocytes at the site of injury leads to
inflammation and edema. As an early event of inflammation, leucocytes and plate-
lets begin to adhere to the vascular endothelial which leads to ischemic conditions
in the tissues surrounding injury. Hyperactivation of inflammatory pathways extend
their effect to the regions other than the site of injury. Systemic release of vasoactive
modulators such as prostaglandins causes edema and inflammation in distant organs
[401-403]. There is a high risk of infection due to compromised integrity of skin,
impaired immune system and tissue necrosis [404]. The ischemic condition created
by occluded capillaries is reinforced by hematological factors such as platelet
microthrombi and hemoconcentration. Progressive ischemia sets in during the early
days of thermal injury as the surrounding tissues are deprived of oxygen and nutri-
ents compromising their viability [405]. Hypoproteinemia and obliteration of
microvascular structure affects the osmotic balance and excessive fluid loss from
tissues [406, 407]. Immune system gets downregulated in both cellular and humoral



7.19 Thermal Burns 99

aspects with impaired function of phagocytosis and decreased levels of immuno-
globulins respectively [408].

After the initial inflammatory events, formation of new capillaries, collagen
fibers, and immature fibroblasts takes place in order to repair the damaged tissues
and generate neovasculature. However, the robustness of regenerative mechanisms
depends upon attainment of homeostasis first; otherwise, wound healing would be
retarded. The patient’s condition needs to be stabilized by applying measures to
reduce edema, salvaging viable tissues, and replenishing lost fluids. Treatment of
burn patient poses a great challenge and the outcome depends on the severity of
burn injury, site of injury, and the affected surface. Initial treatment strategies influ-
ence the mortality rate of burn patients and usually involve resuscitation of fluid to
stabilize patient’s situation [409]. Application of topical agents are used to manage
pain, edema and reduces the chances of infection. Burn injuries are classified into
three different degrees on the basis of severity and depth of cellular destruction
(Fig. 7.28) [401, 410]. The burned tissues are carefully excised while the debrided
area is covered to avoid fluid loss and infections. Second degree burns or partial
thickness burns are associated with massive fluid loss leading to dehydration which
can deepen the wound and forming wounds with full thickness loss [411]. Treatment
strategies are focused on preserving maximum viable tissues so that natural course
of healing can take place. Surgical measures are implemented which involves tan-
gential excision and grafting procedures of second and third degree burns especially
in the regions of functional and aesthetic importance.

7.19.2 Role of HBOT in Treatment of Thermal Burns

Effectiveness of HBOT in treatment of burn injuries was first evidence in 1965
when Wada observed that coal miners treated with HBOT for CO poisoning also
exhibited rapid healing of second degree burns [412]. Later, in 1970, Gruber et al.
determined that administration of HBOT in burn patients restores oxygen levels in
hypoxic tissues subadjacent to full thickness injury [413]. HBOT is recommended
as a treatment modality in the early stages of second and third degree burns while it
is helpful as an adjunctive treatment measure in the later stages of healing. It is sug-
gested that HBOT should be employed within 6 h of injury or earlier to accomplish
its maximum benefits [414]. The benefits of HBOT are more apparent in case of
burn injuries accompanied by CO poisoning or cyanide poisoning [415]. There are
multiple physiological aspects which can be positively altered by the use of HBOT
in burn injury treatment. HBOT promotes pre-capillary vasoconstriction which aids
in reducing plasma extravasation and reduction of edema. High levels of oxygen at
the site of burn injury and surrounding tissues results in relief from ischemic and
hypoxic conditions and preservation of viable tissues. Overall microcirculation is
improved under hyperoxic conditions while the adhesion of platelets and neutro-
phils is inhibited. Oxygen has an anti-microbial effect with respect to its ability to
promote free radical formation as well as activation of polymorphonuclear leuco-
cytes [416]. HBOT is especially beneficial in the later stages of treatment in
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Fig. 7.28 Degrees of thermal burn injuries. Thermal burn injuries are categorized into degrees
based on the extent of injury or damage to the affected site of burn injury. First degree burn injuries
affects only the outer layer of skin and are relatively mild. Second degree burns affect the outer
skin layer and underneath dermis. Blisters will appear on skin which will hurt on touch. Third
degree burns, also called as full thickness burn results in complete damage to two outermost skin
layers and presents charred appearance. Nerve endings and subcutaneous fat layer are also affected
in third degree burn injuries. Fourth degree burns are potentially life-threatening as it affects all the
skin layers as well as muscles, bones and tendons

regenerative processes like angiogenesis, collagen formation, and deposition [417].
The effect of HBOT on angiogenesis also increases the chances of graft survival
since grafts are dependent on the availability of oxygen and proper blood circulation
to ensure their viability. Thus, integration of HBOT with the usual treatment module
for burn injuries greatly enhances the positive outcomes of treatment (Fig. 7.29).
HBOT for treatment of burn injuries is recommended to be performed at 2-2.5
ATA of 100% oxygen for up to 2 h. The treatment is usually carried out at a fre-
quency of two sessions daily until the patient’s condition is improved [418]. Initial



7.20 Delayed Radiation Injuries 101

Fig.7.29 Effect of HBOT on thermal burns

fluid resuscitation is provided to the patient as soon as possible before administra-
tion of HBOT and other treatment modalities [418].

7.20 Delayed Radiation Injuries

7.20.1 Pathology and Complications of Delayed
Radiation Injuries

Radiation injury has been approved by undersea and hyperbaric medical society as
one of the indications where HBOT can be used for treatment [419]. Radiation inju-
ries mainly arise due to the therapeutic use of ionizing radiations for the treatment
of cancer patients (Fig.7.30). Cancer patients undergo multitactical treatment plan
which includes surgery, chemotherapy and radiation therapy. Both chemotherapy
and radiation impart cellular toxicity and acts on malignant cancer cells as well as
surrounding healthy tissues.

Ionizing radiations triggers free radical production in cells which eventually suf-
fer DNA damage and undergoes mitotic or reproductive death. As far as the healthy
tissues are concerned, radiation induced damage can be observed as acute, subacute
or delayed radiation injuries [420]. Acute radiation complications occur in the tis-
sues which have a high rate of cellular loss and mitosis such as oral, gastric, and
colorectal mucosa [421, 422]. The severity of acute radiation injury is subjected to
the dosages of radiation and treatment time. The patients can be treated symptom-
atically alongside augmenting their nutritional care. However, in some cases, acute
radiation injuries can evolve to develop chronic or delayed radiation injury [420].

Delayed or late radiation injuries are progressive in nature and can limit the clini-
cal dose of radiations. These develop characteristically when the patient experi-
ences only mild acute side effects. There is usually a latent period of 6 months or
more and occurrence of any surgery physical trauma or wound triggers the onset of
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Fig.7.30 Radiation induced injuries. Radiation therapy results in the increased production of free
radicals targeted toward malignant cells. However, healthy cells are also affected in the process
causing mitotic cell death apoptosis and necrosis

delay radiation injury [423]. The radiation dosage administered during the course of
cancer treatment is based on the balance between tolerance level and minimal dose
required for radiation therapy. Complications due to radiation therapy are unavoid-
able and thus the dosage levels are adjusted such that optimum therapeutic effects
are sustained with minimal side effects. The radiation tolerance levels of some
patients are lower making them highly susceptible to radiation induced damage.
Certain genetic conditions such as ataxia telangiectasia, Nijmegen breakage syn-
drome, and Fanconi’s anemia pose increased risk to patients by lowering their radia-
tion tolerance [424, 425]. Apart from these, collagen vascular disorders and patients
subjected to higher dose of radiation than the standard dosage can also increase the
chances of radiations induced complications [426]. In order to reduce the extent of
damage to healthy tissues during radiation therapy, modern radiation therapy is
focused on precise targeting of malignant tissues by using advanced imaging, com-
puting and equipment. The radiation field is modulated continuously as it encoun-
ters the targeted area so as to affect only the malignant tissues without causing
damage to surrounding normal tissues. Radioprotector drugs like amifostine, which
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functions as a free radical scavenger, are used in preventing radiation induced inju-
ries [427].

The mechanism of delayed radiation injury was earlier considered to be related
to its effect on vascular system characterized by obliterative endarteritis [428].
However, clinical evidences suggest the involvement of bioactive molecules released
in response to radiation and implicates damage to normal tissues. These molecules
comprise primarily of fibrogenetic cytokines and their effect is termed as fibro-
atrophic effect. This model emphasizes that delayed radiation injury is caused due
to the depletion of stem cells and parenchymal cells rather than due to the effect of
vascular changes. Fleckenstein et al., reported TGF-f as one of the major cytokines
associated with radiation injury while interleukins IL-1, IL-2, IL-4, ILS, IL-6, IL-7,
IL-8, IL-10, IL-12, IL-13, and IL-17 are some other cytokines involved in radiation
induced cytotoxic effect [429].

7.20.2 HBOT as an Aid in Treatment of Delayed Radiation Injuries

HBOT has been widely used in the treatment of delayed radiation injuries and in
some conditions known to prevent it when used as a prophylactic intervention [430].
The tissue damage in delayed radiation injury is caused as a result of three different
factors—fibrosis, stem cell depletion, and vascular obliteration. HBOT acts on dif-
ferent physiological aspects to counteract the damage induced by these three fac-
tors. Hyperbaric and hyperoxic conditions has been demonstrated to enhance overall
tissue oxygenation, increasing vascular density, neovascularization, and enhanced
mobilization of stem cells to the site of injury to promote regeneration and healing
(Fig. 7.31) [431, 432]. Site-specific applications of HBOT in the treatment of
delayed radiation injuries have been well studied and documented. The recom-
mended protocol for administration of HBOT in delayed radiation injuries involves

Fig. 7.31 Effect of HBOT on radiation induced wounds
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providing the patient with 100% oxygen at 2.4 ATA pressure for 90 min [274].
Multidisciplinary management of delayed radiation injury is required involving sur-
gical intervention, use of radiosensitizer to minimize the radiation damage and
administration of HBOT.

7.20.3 Marx’s Protocol for Radionecrosis Treatment Using HBOT

At United states Air force (USAF) Medical center, Dr. Robert Marx and colleagues
devised a staging system for management of radionecrosis using HBOT in collabo-
ration with Davis and his co-workers from USAF hyperbaric medicine center [433].
The patients were assigned stages on the basis on the extent of radionecrotic dam-
age. Marx’s protocol involves administration of HBOT in a multiplace hyperbaric
chamber at 2.4 ATA of 100% oxygen for 90 minutes [433, 434]. There are two basic
elements which are emphasized in Marx’s protocol:

1. Administration of presurgical HBOT (before debridement or resection) having
30 HBOT sessions and an additional 10 HBOT sessions after surgery.

2. Necrotic bone should be surgically extirpated even in case of bone discontinuity
or requirement of surgical reconstruction.

The staging system in Marx’s protocol for utilization of HBOT in radionecrosis
treatment is as follows:

(a) Stage I: Patients with minimal necrotic damage are administered 30 HBOT ses-
sions at 2.4 ATA for 90 min. If the improvement is observed after initial treat-
ment, additional 10 HBOT sessions are provided after debridement.

(b) Stage II: If no improvement is observed in stage I, the patient is advanced to
stage II. More formal surgical debridement procedure is required for the patient
in order to eliminate all necrotic bone. Patients are administered 30 HBOT ses-
sions at 2.4 ATA for 90 minutes after debridement is carried out. After all
necrotic bone is eliminated, an additional 10 HBOT session are administered. If
the resection is further required for removing the necrotic bone completely, the
patient is advanced to stage III.

(c) Stage III: Patients with orocutaneous fistula, fracture or with necrosis that
extends to inferior cortical border of mandible are presented in stage III. The
patients are provided 30 HBOT sessions at 2.4 ATA for 90 min prior to resec-
tion. Additional 10 HBOT sessions are carried out post-operatively. The patients
are prepared for bone graft reconstruction by administering 20 additional
HBOT sessions 10 weeks after resection.
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8.1 Standard and Emergency Indications for HBOT

It is essential for hyperbaric physician and other hyperbaric oxygen therapy person-
nel to be familiar with all the relevant procedures and protocols to manage the treat-
ment of patients. Based on the risk assessment for a given indication, either standard
operating procedure (SOP) or emergency procedure (EP) may be followed which
should be properly documented and revised by the hyperbaric facility.

Emergency indications involve serious clinical conditions which require imme-
diate medical attention. Administration of HBOT has the potential to affect the
pathophysiological manifestations of these emergent conditions by direct allevia-
tion of clinical symptoms. The treatment plan involves several sessions of HBOT
within the first 24 hours in order to stabilize the condition of the patient [1].

The approach of administrating HBOT for emergency conditions may be sub-
jected to technical constraints within hyperbaric facilities as well as condition of
patients and availability of medical equipment and trained personnel in the hyper-
baric facility. Some of the emergency procedures handled by the administration of
HBOT can be listed as mentioned below. However, there may be few inclusions or
exclusions based on the risk assessment of patients or capability of hyperbaric facil-
ity [2] (Table 8.1).

Training should be provided to all the personnel in a simulated environment in
order to develop decision-making capability in a given emergency situation. Safety
protocols should be placed in accordance with the operating procedures and utmost
care and precautions must be taken to avoid any accident or hazard in the hyperbaric
environment.
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Table 8.1 List of potential Emergent condition
emergency procedures © Seizure
handled by HBOT . DCS

e Gas embolism
¢ Pulmonary barotrauma
¢ Pneumothorax

* Ear or sinus barotrauma

¢ CRAO

e Cardiac or pulmonary arrest
* Claustrophobia

e Burn injuries

e Accidental extubation
e Carbon monoxide poisoning
* Loss of life support system

* Aggressive patient behavior

8.2  Potential Benefits of HBOT in Emergency Conditions

Subjecting an individual to a hyperbaric environment triggers numerous physiologi-
cal and biochemical functions beneficial in maintaining homeostasis. Ischemia and
tissue necrosis may arise in situations such as burn injuries or crush injuries due to
arterial insufficiency and vascular damage. HBOT helps in the maintenance of tis-
sue viability and aids in their survival by ensuring optimum oxygen supply.
Additionally, it helps in reducing edema and inflammation at the site of the injury.
HBOT is effective to restore oxygen supply to an extensive affected area in case of
injury as well as in smaller focal applications such as CRAO. The function of retinal
tissues is greatly affected by oxygen availability and requires adequate oxygen sup-
ply. HBOT enables replenishment of oxygen supply to ischemic retinal tissues in
CRAO and helps in recanalization of central retinal artery [3]. The emergent effects
of HBOT are evident in emergency conditions such as carbon monoxide poisoning
and severe anemia as overall dissolved oxygen in various body fluids becomes ele-
vated. Further indirect effects of HBOT are manifested by the activation of various
protective mechanisms by promoting anti-oxidant function, anti-inflammatory
effect, and immune activation. In case of CO poisoning, HBOT aids in rapid oxy-
genation of Hb by dissociating CO-Hb complex and forming HbO within a short
time. High oxygen tension environment is toxic to many pathogenic microorgan-
isms. Emergent conditions associated with a risk of infection derive benefit from
HBOT administration as hyperoxic conditions curb down the growth of microor-
ganisms and minimize the levels of toxins. Furthermore, high oxygen tension in
blood has been shown to have synergistic role with many commonly used antibiotics.
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9.1 Patient Evaluation Before HBOT

According to Undersea and Hyperbaric Medical Society (UHMS), there are 14 indi-
cations that are approved for treatment using HBOT. These include both urgent and
non-urgent indications. In order to establish the candidature of a patient for HBOT,
a thorough examination is required along with the assessment of their medical his-
tory. Comprehensive examination prior to starting hyperbaric treatment is essential
to review and manage the possibility of any absolute or relative contraindications.
Pneumothorax is one of the major absolute contraindications to hyperbaric treat-
ment which need to be managed after proper assessment of risk to benefit ratio.
Evaluation of lung imaging and application of chest tube before HBOT is consid-
ered as an appropriate measure to manage the condition of pneumothorax. There are
several other relative contraindications which need to be addressed before the initia-
tion of HBOT. Following are some of the examples of such relative
contraindications:

* Recent thoracic surgery/cataract or retinal surgery
e Obstructive lung disease/asthma

e Chronic sinus condition

e Claustrophobia

e Fever

* History of seizures

* Use of contact lenses

e Untreated cancer

e Diabetes mellitus

* Congestive heart failure.

Additionally, the treatment plan using HBOT must be planned considering the
pharmacological interactions with hyperbaric environment. In case of any
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pharmacological interaction with HBOT, medications must be discontinued before
the treatment. HBOT protocols and treatment plans should be designed according to
the physical evaluation of the patient to obtain maximum benefit and to ensure mini-
mum risk [1].

9.2 Patient Selection Criteria

Potential candidates to receive HBOT include individuals presented with indica-
tions approved for adjunct treatment with prophylactic hyperbaric oxygen or indi-
viduals enrolled as control subjects in therapeutic trials for HBOT. Healthcare
professionals working in the facility providing HBOT must be aware of the indica-
tions appropriate in order to refer patients. Counseling and consultation should be
provided to the patients regarding the applications, limitations, and safety regula-
tions with respect to hyperbaric chamber. The effectiveness of HBOT is dependent
upon the early prognosis and assessment of any given recommended indication and
appropriateness of using HBOT for its management. Thus, the potential risk and
benefits of using HBOT for a given patient should be evaluated with the help of
appropriate diagnostic parameters as well as patient history [1, 2].

Transcutaneous oxygen pressure (TcPO,) has been considered as an important
parameter in the selection of patients for HBOT. TcPO, measurements at three dif-
ferent sites are taken under normobaric conditions. In selecting the HBOT candi-
dates for treatment of wounds, the TcPO, at the wound site is recorded. The TcPO,
at the wound site is usually lesser than the reference due to hypoxic conditions. The
patient is subjected to hyperbaric condition by providing 100% oxygen at 2.5
ATA. HBOT administration must lead to the normalization of TcPO, at the wound
site indicating its possible therapeutic effect. In case there is no change or insignifi-
cant change in the TcPO, after initial HBOT administration, utilization of HBOT is
not justified for the treatment of patient. TcPO, provides a useful measure in patient
selection for indications where localized oxygen pressure is essential for the effec-
tiveness of treatment, e.g. diabetic foot lesions, skin grafts or flaps, problems
wounds, skin ulcer, etc. [3].

Assessment of risk factors must be carefully carried out pertaining to the use of
HBOT as an adjunct treatment. Monitoring of vital signs of the patient, i.e. blood
pressure measurement, pulse rate, respiratory rate, and body temperature helps the
physician in formulating a risk vs benefit profile of the patient. Similarly, monitor-
ing blood glucose levels of diabetic patients is essential prior to HBOT as well as
during the procedure to avoid any complications. Other factors which need to be
assessed while deciding the candidature of patient for HBOT include pulmonary
function assessment, assessment of CNS oxygen toxicity, and assessment of cardiac
functions. Also, if the patient is febrile before the initiation of HBOT, it may lead to
complications in the form of oxygen neurotoxicity and pulmonary toxicity. In such
case, medications should be provided to reduce fever. There are various other con-
cerns which may pose risk during the course of hyperbaric treatment. There may be
complications related to possible barotrauma such as otitic, sinus, dental, or
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pulmonary barotrauma. Conversely, administration of high oxygen pressure may
lead to oxygen toxicity related complications. Thus, potential HBOT patient must
be subjected to mandatory investigations in the form of chest X-ray radiography,
spirometry, CT scan (if required), and complete otorhinolaryngological examina-
tion in order to rule out any possibility of contraindication [4]. Apart from these,
other routine laboratory examinations like lipid profile, ECG, hemoglobin, blood
glucose, etc. need to be performed before enrolling the patient for the procedure
of HBOT.
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10.1 Aging and Regeneration

The process of aging is complex and multi-factorial which leads to progressive dete-
rioration of physiological processes and reduced efficiency of critical organs. There
have been many proposed theories each focused on different factors to explain the
advent of aging [1]. However, aging process is more likely a cumulative effect of all
such factors. The interplay of these factors manifests as reduced efficiency of sig-
naling pathways, energy transduction mechanisms, weakened musculoskeletal sys-
tem, reduced skin elasticity, and several other signs of aging (Fig. 10.1) [2].
Programmed theory and damage and error theory are the two broad categories of
theories of aging. Programmed theory is based on the assumption that aging is a
process governed by the inherent biological clock of an organism similar to all other
biological events in their life span. It is further categorized into theory of pro-
grammed longevity, endocrine theory, and immunological theory of aging [3].
Conversely, damage and error theory takes into account the role of external factors
in culminating the effects of aging. It is also divided into sub-categories as wear and
tear theory, rate of living theory, cross-linking theory, free-radical theory, and
somatic DNA damage theory [4].

The common denominator of all the theories of aging essentially involves the
progressive loss of ability of an individual to maintain homeostasis. There is an
increased rate of mutations, excessive oxidative damage due to mitochondrial dys-
function, loss of connective tissues, loss of elasticity, and muscular atrophy. All
these detrimental effects arise due to an imbalance between the anabolic and cata-
bolic functions of body [5-7]. The repair and regenerative capacity of cells get
reduced with age throughout the organs which affects the function of vital organs
such as heart, brain, liver, muscles, lungs, and kidneys. During the lifetime of an
individual, all the cells except neurons are constantly regenerated to replace the
senescent cells. The restriction in this regenerative ability with age occurs as the
cells have limitations to re-entering cell cycle [8]. The regenerative process is
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Fig. 10.1 Progression of age and age-associated changes. Human age progression involves mul-
tiple physiological changes throughout the life cycle of an individual in each stage of life. As the
age progresses, multiple factors contribute to the decline in overall health due to a net change
toward degenerative bodily processes

activated upon cellular injury and orchestrated by the release of various systemic
factors. Regenerative therapies are designed to enhance the organ and tissue specific
components which regulate the repair and regeneration process. Current scenario of
research in aging has been focused on understanding the molecular mechanisms of
aging and the factors which govern the process as well as to enhance the regenera-
tive capability of cells and tissues.

10.2 HBOT as a Regenerative and Anti-Aging Therapy

HBOT has been implemented in a large number of clinical conditions where it is
found to be highly beneficial. HBOT enables increased bioavailability of oxygen
throughout the tissues by elevating the partial pressure of oxygen in the blood. The
therapeutic effects of HBOT arise from the direct effect of oxygen in preservation
of oxidative environment and indirectly by modulating a wide array of physiologi-
cal functions (Fig. 10.2) [9]. The higher partial pressure of oxygen triggers the
release of various regulatory factors involved in physiological functions such as
immunological response, anti-oxidant functions, regeneration, and repair process
[10-12]. The effects of HBOT in wound healing and tissue regeneration have been
well studied [13, 14]. Its role in promoting cell viability and regeneration capacity
has drawn attention toward its potential use as a regenerative therapy and anti-aging
therapy.

In the cellular level, cell senescence and telomere shortening are the two major
factors responsible for limitations of cellular regeneration [15]. As the cell complete
its life span, it becomes senescent, i.e. destined to go through programmed cell
death via apoptosis. The rate of cellular senescence becomes higher with age due to
accumulation of genetic mutations and shortening of telomeres which arrests its
further propagation into nascent cells [16]. Telomeres are non-coding sequences of
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Fig. 10.2 Effect of HBOT in aging and regeneration. HBOT can be beneficial as an anti-aging
therapy as it affects the functions directly associated with aging like suppressing inflammatory
pathways, activating stem cells renewal, enhancing telomerase activity, and promoting angiogenesis

DNA which are important in safeguarding genetic integrity by protecting the chro-
mosomal DNA from exonucleases. Telomerase is a ribozyme which functions in
replenishing telomeres after each successive cell division. Since most somatic cells
lack telomerase, the length of telomeres gets shortened over time leading ultimately
to their programmed cell death. Telomeres shorten at a rate of 20-40 bases per year
during the lifetime and as the age progresses, a higher number of senescent cells get
accumulated [15, 17, 18]. Extrinsic factors like lifestyle, food habits, pollution, etc.
affect the rate of telomere shortening [19, 20]. Conversely, rate of telomeric shorten-
ing can be reduced by using therapeutic measures. HBOT has been studied for its
effect on rate of telomere shortening in peripheral blood mononuclear cells
(PBMCs). There was a decline in the number of senescent cells by 10-37% upon
exposure to HBOT. In an aging population of blood cells, there was 20% increase in
the telomere length [21]. Intermittent HBOT exposure resulted in increase in telo-
mere length, decreased rate of telomere shortening, and enhanced cellular lifetime.
Similar effects have been observed in case of aerobic exercise where telomere
length was found to increase by 5% in a duration of 6 months of aerobic endurance
training [22]. The effects may be attributed to the hyperoxic—hypoxic paradox mani-
festing due to intermittent hyperoxic conditions [22]. Initial hyperoxic conditions
result in an increased ROS production which in turn leads to overexpression of anti-
oxidant genes such as superoxide dismutase (SOD), glutathione peroxidase (GPx),
and glutathione reductase (GRx). Eventually, the levels of ROS drop rapidly, while
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the levels of anti-oxidant enzymes prevail due to their longer half-life time in the
blood [22, 23]. This creates a protective cellular environment with minimal oxida-
tive damage to DNA and cellular membranes. Hyperoxic environment is also
accompanied with enhanced expression of hypoxia induced factors (HIF). HIF play
a role in cellular regeneration by promoting vascularization and angiogenesis
through activation of vascular endothelial growth factor [24, 25]. HBOT has also
been found to enhance the mobilization of stem cells, cell proliferation, and angio-
genesis in a study with mouse model for diabetes, suggesting its regenerative poten-
tial [26]. The oxygen carrying capacity reduces with age reducing the availability of
oxygen in the regenerative processes. HBOT ensures adequate supply of oxygen to
the tissues which compensate the lack of oxygen availability in older individuals.
Hyperoxic conditions also promote the functioning of natural immune response by
enhancing the function of phagocytic cells dependent on oxygen for their activity
[27]. The promising results of HBOT in regenerative therapy and anti-aging therapy
show minimal side effects and it would pose as an important tool in slowing down
the effects of aging.
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11.1  Oxygen Toxicity

The toxicity of oxygen was first documented by Paul Bert in 1878 through his
experiments on the effects of hyperbaric oxygen on central nervous system. Oxygen
toxicity affects the CNS resulting in manifestation as seizures which is referred as
“Paul Bert effect” [1]. Apart from the detrimental effects on CNS, the toxic effects
of oxygen were also evident on pulmonary system. The pulmonary toxicity of oxy-
gen was first reported by Lorraine Smith and is known as “Lorraine Smith effect”
[2]. Most of the effects of oxygen toxicity are reversible but prolonged exposure to
pure oxygen or continuous administration of oxygen under hyperbaric conditions
may lead to irreversible neurological damage or even death. Extreme detrimental
effects of oxygen toxicity were first discovered by John Bean in 1945 and named as
“John Bean effect” [3].

11.2 Mechanism of Oxygen Toxicity

The primary basis of oxygen toxicity involves the damage caused by the excessive
generation of free radical species. The mitochondrial function in the generation of
cellular energy depends on oxygen as the final electron acceptor in the electron
transport chain [4]. Free radicals in the form of superoxide anion are formed in the
cells under normal conditions which are scavenged by anti-oxidant enzymes.
However, under hyperbaric conditions, the rate of superoxide free radical genera-
tion is markedly increased leading to formation of other reaction products of oxygen
metabolism such as hydrogen peroxide, singlet oxygen species, and hydroxyl radi-
cals [5]. The reactive oxygen species can act on membrane lipids, DNA, and
enzymes leading to detrimental effects. There is an overall disturbance in the cel-
lular integrity due to shift in cellular redox potential of glutathione in oxidative
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state, DNA damage, enzyme inactivation of enzymes with sulthydryl group (-SH)
active site, and damage to biomembrane [6-8].

11.3 Physiological Manifestations of Oxygen Toxicity

The ill-effects of oxygen toxicity are manifested mainly in the form of pulmonary
oxygen toxicity, CNS toxicity, and retinopathy [9]. The limits of safe administration
of HBOT in humans have been determined to be 3 h at 3 ATA and 30—40 min at 4
ATA [10]. Prolonged exposure to hyperoxic conditions leads to the manifestation of
clinical symptoms of oxygen toxicity. The nervous system is affected upon expo-
sure to 3 ATA pressure, while the disruptions in pulmonary functions begin under 2
ATA pressure for long time period [11]. Lorraine Smith documented the toxic effect
of oxygen on pulmonary system in 1899. He described that the toxic effect of oxy-
gen is dependent on the partial pressure (pO,) and the effects become more promi-
nent as pO, increases. Pulmonary oxygen toxicity is observed upon oxygen inspired
at 0.45 ATA to 1.6 ATA, while CNS oxygen toxicity begins manifesting at pressures
above 1.6 ATA [12].

Breathing oxygen at hyperbaric pressure can cause acute lung injury due to the
action of ROS and increase in pulmonary vascular pressure leading to barotrauma
[13]. Hyperoxic conditions stimulate the sympathetic nervous system which in turn
causes depression in the left ventricular function. This results in acute left atrial and
pulmonary hypertension. One of the major factors that deteriorate the pulmonary
function under hyperbaric conditions is the occurrence of alveolar and interstitial
edema [14]. Hyperoxia also activates type II epithelial cells and fibroblasts in lungs
leading to collagen deposits and fibrosis [15]. Pulmonary oxygen toxicity depends
on the duration of exposure as the fibrosis and emphysema in lungs are not reverted
to normal condition even after the discontinuation of hyperbaric conditions. Serial
pulmonary function studies are employed to monitor the progression of pulmonary
toxicity. Unit pulmonary toxic dose (UPTD) is used to determine the toxic dose of
oxygen in the treatment protocols. UPTD is an arbitrary measure to express the
toxic effect of oxygen in terms of equivalent exposure of oxygen at 1 ATA pres-
sure [16].

The manifestation of CNS oxygen toxicity in humans occurs at a higher oxygen
pressure as compared to the pressure required to cause pulmonary oxygen toxicity.
The most common clinical feature of CNS oxygen toxicity is the occurrence of
seizures. The hyperoxia related seizures are reversible in nature and cause no per-
manent neurological damage. The clinical symptoms of hyperoxia induced CNS
toxicity are alleviated upon subjecting to normobaric pressure. The symptoms
appear in the form of minor neurological disturbances such as nausea, twitching of
eyes and lips, headache, dizziness, blurred vision, or tunnel vision [ 17]. Neurological
manifestations of CNS oxygen toxicity arise due to decrease in excitability of neu-
rons and hampering in nerve impulse conduction. There is an increase in the spon-
taneous release of neurotransmitters and reduction in inhibitory nerve transmission
at the neuromuscular junction leading to seizures and convulsions [9, 18]. Hyperbaric



11.4 Side Effects of HBOT 137

conditions affect the release of neurotransmitters such as GABA, acetylcholine, glu-
tamate, dopamine, and NO. Prolonged exposure to hyperbaric conditions results in
NO overproduction and increased oxygen delivery to brain due to cessation of vaso-
constriction under the effect of NO [19]. Administration of NMDA antagonists
MK-801 or NOS inhibitor L-N (G)-nitro-arginine methyl ester has been found to be
protective against hyperoxia induced neurological problems [20, 21].

There are several factors which are found to be responsible for enhancing the
toxic effects of oxygen. Administration of intravenous perfluorocarbon along with
supplemental oxygen enhances oxygen delivery to brain [22, 23]. Higher CO, con-
centration is a risk factor for oxygen toxicity as it can enhance the production of
ROS and promote cellular stress [24]. Mild hyperthermic conditions can also
enhance oxygen toxicity by promoting increased uptake of oxygen by tissues [25].
Similarly higher humidity has been considered as risk factor for oxygen toxicity
[26]. In order to safely administer HBOT for therapeutical purpose, assessment of
risks and benefits needs to be carefully performed by the practitioner. Use of free
radical scavengers and anti-oxidants is proved to be beneficial in minimizing the
free radical induced cellular damage. Intermittent HBOT exposure within the safe
limits also helps in reducing the risk of toxicity by allowing time for recovery from
harmful oxygen induced physiological changes.

11.4 Side Effects of HBOT

HBOT finds its use as an adjunctive therapy in multiple pathological conditions.
The administration of HBOT is carried out by following strict treatment protocols
in order to gain maximum benefits. However, as with any medical procedure, HBOT
administration can have potential risks and side effects which need to be carefully
considered while planning treatment strategy. Most of the side effects of HBOT are
mild and reversible in nature but there is a potential risk to the patients with pre-
existing medical conditions. The mechanism of HBOT depends on the direct effect
of pressure and hyperoxic environment as well as indirect effects with respect to
modulation of various physiological functions. Although these direct or indirect
effects are of significance from therapeutic point of view, adverse effects may be
experienced by the patients undergoing hyperbaric treatment.

The increased partial pressure of oxygen affects the air cavities in the body which
may lead to potential side effects. Sudden changes in pressure during the phase of
compression or decompression give rise to a condition called barotrauma. Different
types of barotraumas are distinguished based on the affected site as follows.

11.4.1 Pulmonary Barotrauma
Change in the volume of air in the closed body cavity occurs under the influence of

pressure. Lungs are the cavities with open system and do not show any adverse
effect of increased barometric pressure under normal conditions. However, in case



138 11 Oxygen Toxicity and Side Effects of HBOT

of pre-existing lung pathology such as asthma, bullous lung disease, or chronic
obstructive pulmonary disease, there is a risk of pulmonary barotrauma [27, 28].
The expansion of gas during decompression leads to disruption of lung parenchyma
and manifestations of intrapulmonary hemorrhage, simple pneumothorax, and ten-
sion pneumothorax. Pulmonary pneumothorax can be potentially dangerous espe-
cially if it leads to occurrence of tension pneumothorax from simple pneumothorax.
Cardiovascular collapse can be caused under the condition of tension pneumothorax
leading to death. In such cases, thoracostomy tube insertion needs to be performed
in order to relieve the tension pneumothorax [29, 30]. The patients scheduled to
undergo hyperbaric treatment are thoroughly screened for the presence of any pul-
monary disease which could lead to the development of tension pneumothorax. The
HBOT protocols need to be designed involving slower decompression rate for such
patients to minimize the risk of pulmonary barotrauma.

11.4.2 Middle Ear Barotrauma

Middle ear barotrauma (MEB) is the most common side effect experienced by
patients during the administration of HBOT [31]. MEB occurs during the compres-
sion phase of HBOT resulting in ear pain, problems related to ear equalization,
general discomfort in ear, and feeling of pressure. Although common, MEB can
lead to middle ear edema or rupture of tympanic membrane causing hearing impair-
ment. In some cases, MEB can progress toward inner ear and may result in oval
window membrane rupture and sensorineural hearing loss [32]. The risk of occur-
rence of MEB depends on the rate of compression during the procedure of HBOT.

11.4.3 Sinus/Paranasal Barotrauma

Sinus and paranasal barotrauma may occur during HBOT procedure and is charac-
terized by sensation of pressure in the frontal sinus during the compression phase
leading to a condition called barosinusitis. Occlusion of sinus takes place during
compression due to formation of a negative pressure gradient causing inflammation
of sinus mucosal surface [33, 34]. Inflammatory conditions lead to pain and edema
which further obstructs and traps the air in the sinus cavity during decompression
phase. Sinus/paranasal barotrauma is experienced by patients with incidence of
upper respiratory tract infection, mucociliary dysfunction, or allergic rhinitis. In
order to control the severity of sinus/paranasal barotrauma, nasal decongestant and
antihistamines are usually administered before HBOT.

11.4.4 Dental Barotrauma

The pressure changes during both compression and decompression phase of HBOT
affect the dental cavity causing a sensation of pain in tooth. There is an expansion
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of air within the dental cavity during decompression causing stimulation of noci-
ceptors in the maxillary sinuses. The dental stress caused by expanding air bubbles
may cause dental fracture which is also termed as odontecrexis [35, 36]. Presence
of dental infections or different expansion manner of dental enamel and dental pulp
makes the patient more susceptible to dental barotrauma. Precautionary measures to
avoid dental barotrauma should be taken in the form of thorough dental examination
and treatment of any dental infection prior to the administration of HBOT.

11.4.5 Other Side Effects of HBOT

HBOT administration results in an increase in the production of ROS which may
affect various tissues in the body. Especially tissues sensitive to cellular stress such
as ocular tissues are more sensitive to ROS and lead to manifestations of ocular side
effects such as hyperoxic myopia, cataracts, or retrolental fibroplasia [37]. Increased
partial pressure of oxygen affects vascular system resulting in irregularity in blood
pressure. Patients may also undergo mild hypoglycemia due to increased metabolic
rate and utilization of blood glucose under hyperoxic conditions [33]. Claustrophobia
may be experienced by some patients due to enclosed space of hyperbaric chamber
which needs to be addressed before the hyperbaric treatment [38].

11.5 Specific Drug Interaction with HBOT

Oxygen itself functions as a drug and can have potential interaction with many com-
monly used drugs. The effect of drugs may either be reduced or enhanced based on
the behavior of drug under hyperbaric and hyperoxic condition. Antibiotics shows
synergistic effect with oxygen as the production of ROS during HBOT enhances the
microbial killing. Similarly, carbapenem drugs such as imipenem, which is used
against P. aeruginosa, show enhanced effectiveness under hyperoxic conditions.
The production of superoxide ions by macrophages is elevated during HBOT pro-
moting the eradication of P. aeruginosa infection in burn wounds [39]. Hypoxia is
a hallmark of cancerous tissues and the drug response is affected by its local envi-
ronment. The effect of anti-cancer drugs is modulated during HBOT due to elevated
oxygen supply to cancerous tissues. In general, the effect of anti-cancer drugs gets
enhanced under hyperoxic conditions. Cytotoxicity in cancer cells has been found
to be reduced with simultaneous treatment with adriamycin and HBOT, while treat-
ment with adriamycin after or before HBOT enhances cytotoxicity. The chemo-
therapeutic effects of doxorubicin were also found to be increased when conjugated
with HBOT [40, 41]. However, there may be a risk of cardiotoxicity with its simul-
taneous use with HBOT. Similarly, potentiation of sorafenib has been shown in
inhibiting the growth and promotion of apoptosis in case of hepatocellular carci-
noma [42]. Cardiovascular drugs such as f-blockers, adrenomimetics, and ganglion
blockers show hypotensive effect when administered along with HBOT, while car-
diac glycoside drugs like digoxin exhibit reduced effect with HBOT [43, 44]. Drugs
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acting on CNS mostly show unfavorable effects in conjunction with HBOT. CNS
stimulants like amphetamines and narcotic drugs result in depressed respiration and
increase in incidence of oxygen toxicity. There are other drugs which are known to
increase oxygen toxicity such as acetazolamide which prevents vasoconstriction
and promotes oxidative damage to neuronal tissues. Disulfiram promotes superox-
ide ions mediated tissue damage by inhibiting superoxide dismutase [11].
Conversely, therapeutic interventions that enhance the action of anti-oxidants are
helpful in reducing the oxygen toxicity. Supplementation of vitamin E, magnesium,
ergot derivatives during the procedure of HBOT is beneficial in protection against
oxidative damage [45].

11.6 Effect of HBOT on Drug Mechanism

Pharmacological active compounds interact with the biological system to impart
their effect. There are various factors which can affect the functions of these drugs
and can alter their therapeutic action. HBOT can potentially interact with certain
drugs resulting in the modulation of their efficiency. Oxygen can itself be consid-
ered as a pharmacological agent as it is known to show therapeutic effects in the
form of reducing edema, promoting vasoconstriction, modulating immunological
functions and other effects. Most patients undergoing hyperbaric treatment are also
prescribed a drug regimen for their existing clinical condition. HBOT can either
reduce or potentiate the effects of these drugs depending on their interaction. Also,
some drugs can give rise to side effects under the influence of hyperbaric and hyper-
oxic conditions. HBOT may affect the absorption rate of drug by the tissues as well
as their pharmacodynamics and pharmacokinetics [46]. The rate of blood flow and
cardiac output is reduced under hyperbaric and hyperoxic conditions which also
reduces the rate of drug absorption. Drug clearance from the body is dependent
upon the systemic blood flow in liver and activity of hepatic enzymes. Reduced rate
of hepatic blood perfusion decreases the rate of drug clearance from liver. Similarly,
decreased renal perfusion rate and glomerular filtration rate also reduce the drug
elimination and excretion through kidneys [47]. Additionally, the increase in ROS
occurs in cells and tissues during hyperbaric treatment. ROS induced lipid peroxi-
dation and alteration of membrane proteins can potentially modulate the mechanism
of drug action as protein-drug binding and membrane permeability of drugs can be
reduced [33]. Hyperbaric practitioners need to consider the potential side effects
and interaction of drugs with HBOT in order to avoid any harmful effect during the
procedure.
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Contraindications of HBOT 1 2

In 1994, European Committee for Hyperbaric Medicine issued recommendations
on the functioning of hyperbaric facilities [1, 2]. The hyperbaric facility should
be well equipped with respect to technical as well as staff competence to carry
out and continue HBOT for the required period of time. Also, proper safety mea-
sures should be in place to handle any potential accident or derangement in the
course of hyperbaric treatment. The utilization of HBOT for therapeutic purpose
depends on careful risk assessment and to minimize complications during the
procedure.

12.1 Risk Assessment of Barometric Changes

Sudden changes in the barometric pressure can cause injuries affecting the
physiological functions of an individual. Such injuries are termed as baro-
trauma. HBOT subjects an individual to a large variation in barometric pressure
making them susceptible to barotrauma. Barometric pressure changes affect the
gas filled cavities of body such as ears, sinuses, gut, and lungs. HBOT involves
changes in barometric pressure during both the compression phase and decom-
pression phase. In the compression phase, mainly ear and sinuses are the affected
regions if the air entry to these cavities is obstructed. Middle ear barotrauma is
the most common complication during the compression phase of HBOT [3]. The
incidence of ear barotrauma varies according to the clinical condition of the
patient as well as clinical settings, supervision, and variations in compression
protocols [4]. In the decompression phase, lung barotrauma is most frequent
which may cause pneumomediastinum, hemoptysis, pneumothorax, subcutane-
ous emphysema, or arterial gas embolism. Decompression can cause
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development of tension pneumothorax from simple pneumothorax which may
lead to cardiovascular dysfunction, respiratory distress, or cardiac arrest.
Patients with previous history of lung disorders or cardiac disorders are at high
risk of contracting pulmonary barotrauma during the procedure of HBOT. Thus,
the clinical history of patient needs to be assessed before administration of
HBOT [5-7].

12.2 Risk Assessment of Oxygen Breathing Under
Hyperbaric Conditions

Consideration of the adverse effects of oxygen toxicity is important in order to
ensure safe administration of HBOT. Oxygen toxicity may lead to complications
affecting different organ systems. Patients administered with HBOT intake oxy-
gen at elevated pressures result in hyperoxic conditions. Development of oxygen
toxicity may occur as frequent as 1 in 2000 treatment sessions. The duration of
HBOT and operating pressure is critical in this case and the risk factor varies
accordingly. The risk factor could be as high as 1 in 200 treatment sessions at
2.8-3.0 ATA pressure to as low as 1 in 10,000 treatment sessions at 2.0 ATA pres-
sure [8].

The manifestation of oxygen toxicity has been observed primarily in ocular,
pulmonary, or neurological functions [9]. HBOT may cause visual disturbance in
some patients in the form of temporary myopia, problems in night vision, or
progressive cataract formation. The patients may also experience visual halluci-
nations and transient unilateral loss of vision. Most of these effects are reversible
in nature and return to normalcy after the discontinuation of HBOT. The occur-
rence of pulmonary toxicity is rare during HBOT as the protocols for treatment
are designed to avoid such incidences [10]. Symptoms of pulmonary toxicity
may appear after prolonged exposure to hyperoxic conditions which manifests as
histological changes in the lungs. Major adverse effects of hyperoxia on lungs
include pulmonary edema, intra-alveolar hemorrhage, fibrosis, interstitial thick-
ening, and pulmonary atelectasis [11, 12]. Hyperoxic condition also affects the
central nervous system which may manifest as a condition called tonic-clonic
seizure. The symptoms of oxygen toxicity induced seizure are facial twitching,
vomiting, nausea, tachycardia, and disturbance in the vision. The patients with a
low seizure threshold or reduced seizure threshold due to various medical condi-
tions such as low glucose and high fever are more susceptible to hyperoxia
induced seizures [13, 14]. HBOT protocols are designed to reduce the risks of
oxygen toxicity along with appropriate accessory treatment and constant
monitoring.
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12.3 General Contraindications to HBOT

There are certain general considerations for the risk assessment for administration
of HBOT with respect to the clinical condition of patients. The contraindications
may be absolute or relative depending upon the intensity of their potential risks [15].

12.3.1 Absolute Contraindications

Absolute contraindications of HBOT include repercussions of pulmonary disorders
and effect of oxygen toxicity. Unvented pneumothorax and acute severe broncho-
spasm are two such conditions which are considered as risk factors during the admin-
istration of HBOT. During the decompression phase of HBOT, untreated
pneumothorax can turn into tension pneumothorax. Tube insertion is carried out for
venting before the procedure to minimize the risk of iatrogenic pneumothorax [16].
Chest radiograph is used to ensure the correct positioning of tube in order to vent
cavities where gas could be trapped. Acute severe bronchospasm may arise during
the procedure of HBOT as a result of entrapped intrapulmonary gases which expands
during the decompression phase. Patients with acute severe bronchospasm need to be
provided with bronchodilators and steroids to avoid any complications during admin-
istration of HBOT [17]. Similarly, risk of oxygen toxicity and insufficiency of HBOT
equipment and staff are also considered as absolute contraindications to HBOT.

12.3.2 Relative Contraindications

Relative contraindications to HBOT are based upon the potential risks with limited
intensity and can be managed with relative ease [15]. Barotrauma is one of the com-
mon risk factors in HBOT use which can be managed by informing and educating
the patients about autoinsufflation techniques to reduce the risks. Similarly, the inci-
dences of oxygen induced convulsions and seizures can be avoided by keeping the
administered barometric pressure below seizure threshold. Ocular oxygen toxicity
and effect of hyperoxic conditions on cardiac functions need to be managed by
providing frequent air breaks, use of anti-oxidants, and constant monitoring of
transcutaneous oxygen tension.

12.4 Specific Cases for Contraindications

Specific physiological or pathological status of patients needs to be considered in
the use of HBOT to avoid any complications. Special measures are required for the
treatment of infants and young children since their respiratory capacity is not fully
developed as compared to adults. Protective measures in the form of air breaks, use
of anti-oxidants, and constant monitoring are employed to manage the treatment by
HBOT in such cases [18]. Similarly, older patients are at higher risk of barotrauma
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and oxygen induced physiological disturbances due to their weakened respiratory
and cardiac functions. Proper monitoring and air breaks help to manage their treat-
ment in a safe manner. Pregnant women may experience complications during the
procedure of HBOT due to the adverse effects of high pressure and hyperoxic con-
ditions on fetus. Protocols are specifically designed in such cases to ensure the
administration of HBOT in safe conditions [19]. Several pathological conditions
like malignancy, diabetes mellitus, patients under specific medications, patients
with medical implants, and claustrophobic patients require specific management
strategies for safe HBOT administration.
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